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PREFACE

Manufacture of ordinary Portland cement (OPC) requires the min-
ing of limestone and releasing of carbon dioxide. For each ton of lime-
stone mined, one-third is released as carbon dioxide that has been
locked beneath the surface of the earth for millions of years. Emissions
of greenhouse gases through industrial activities have a major impact on
global warming and it is believed that at least 5-7% of CO, released to
the atmosphere is due to the production of OPC. This has led to signifi-
cant research on eco-friendly construction materials such as geopolymers
and binary- and ternary-blended OPC concretes. Handbook of Low-

Carbon Concrete is a collection of high-quality technical papers to provide

the reader a comprehensive understanding of the ways in which carbon

reductions can be achieved by careful choices of construction materials.

The demand for worldwide cement production is increasing by
approximately 30% per decade as of 2016.The need for new infrastructure
construction in developing nations is projected to force the demand up
for cement in the coming years.

Manufacture of Portland cement is the fourth largest contributor to
worldwide carbon emissions and is only behind petroleum, coal, and natu-
ral gas in releasing carbon dioxide that has been locked beneath the earth’s
surface for millions of years. The new cement factories that are being built
mostly in developing nations to meet this forthcoming demand are unsus-
tainable in the long term for the following reasons:

1. Capital Intensive: Cement factories are extremely capital-intensive
developments. Once the capital is invested, the investor is committed
to cement-production tonnages to recoup their capital investments.
Cement manufacturers are notoriously well connected in the con-
struction industry and are resistant to any new low-carbon technolo-
gies to protect their investments. Once capital investments are locked
into new cement factories, there is little incentive for the cement man-
ufacturers to embrace low-carbon technologies. For example, accord-
ing to a Lafarge report, a new dry process cement line producing
1 million tons annually can cost up to $240 million.

2. Low Employment/Capital Dollars Invested: Cement manufacture is
largely automated with low labor intensity. Despite large capital

XV
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investments, it offers very few employment opportunities. A modern

plant usually employs less than 150 people.

3. Energy Intensive: Each ton of cement produced requires 60—130kg of
fuel oil or its equivalent, depending on the cement variety and the
process used, and about 110kWh of electricity.

Alternative low-carbon technologies utilize fly ash, slag, and other
materials instead of calcination of limestone. Worldwide, there are 780
million tons of fly ash, only half of which is utilized in some form. The
worldwide production of blast furnace slag is about 400 million tons
per year and steel slag is about 350 million tons per year. In Australia, for
example, there are 14 million tons of fly ash and about 3 million tons
of slag produced per annum in comparison with the 9 million tons of
cement demand per annum.

There is a serious case for the construction industry to utilize low-
carbon concrete to meet the additional demand rather than investing in
new cement factories.

This book has collected some of the most recent advances in low-
carbon concrete technologies. The first six chapters are related to
low-carbon OPC concretes, where other reactive cementitious materi-
als are substituted for OPC. The last nine chapters are related to geopoly-
mer concrete, eco-friendly materials with much lower CO, emissions that
are produced from industrial byproducts such as fly ash, slag, or metaka-
olin, which are considered as the main possible low-carbon alternatives to
Portland cement concrete.



CHAPTER 1

Greenhouse Gas Emissions
Due to Concrete Manufacture

D.J.M. Flower' and J.G. Sanjayan?
ISwinburne University of Technology, Melbourne, Australia
2Swinburne University of Technology, Hawthorn, VIC, Australia

1.1 INTRODUCTION

Concrete 1s the most widely used construction material. Current average
consumption of concrete is about 1t/year per every living human being.
Human beings do not consume any other material in such tremendous
quantities except for water. Due to its large consumption, even small reduc-
tions of greenhouse gas emissions per ton of manufactured concrete can
make a significant global impact. This chapter presents a systematic approach
to estimate carbon dioxide (CO,) emissions due to the various compo-
nents of concrete manufacture. Reliable estimates of greenhouse gas emis-
sion footprints of various construction materials are becoming important,
because of the environmental awareness of the users of construction mate-
rial. Life cycle assessment of competing construction materials (e.g., steel
and concrete) [1] can be conducted before the type of material is chosen
for a particular construction. This chapter provides greenhouse gas emissions
data collected from typical concrete manufacturing plants for this purpose.

The basic constituents of concrete are cement, water, coarse aggregates,
and fine aggregates. Extraction of aggregates has considerable land use
implications [2|. However, the major contributor of greenhouse emissions
in the manufacture of concrete is Portland cement. It has been reported
that the cement industry is responsible for 5% of global anthropogenic
CO, emissions [3]. As a result, emissions due to Portland cement have
often become the focus when assessing the greenhouse gas emissions of
concrete. However, as demonstrated by the data presented in this chapter,
there are also other components of concrete manufacture that are respon-
sible for greenhouse gas emissions that need consideration. With users
beginning to require detailed estimates of the environmental impacts of
the materials in new construction projects, this study was intended to pro-
vide the basis for a rating tool for concrete, based on CO, emissions.

Handbook of Low Carbon Concrete. © 2017 Elsevier Inc.
DOI: http://dx.doi.org/10.1016/B978-0-12-804524-4.00001-4 All rights reserved. 1



2 Handbook of Low Carbon Concrete

Other cementitious components considered include ground granu-
lated blast furnace slag (GGBES), a byproduct of the steel industry, and fly
ash, a byproduct of burning coal. These two materials are generally used
to replace a portion of the cement in a concrete mix. The use of water
in concrete leads to minimal CO, emissions, which leaves cement, coarse
and fine aggregates, GGBEFS, and fly ash as the main material contributors
to the environmental impacts of concrete. In addition to the production of
materials, the processing components of concrete production and place-
ment were considered. Transport, mixing, and in situ placement of con-
crete all require energy input leading to CO, emissions. Fig. 1.1 shows the
system that was considered for this research.

The CO, emissions from most of the activities involved in concrete
production and placement result from the energy consumed to accomplish
them. Hence, to find the CO, emissions associated with an activity, the
energy consumption per unit of material produced had to be audited. The
exception to this rule is cement, where approximately 50% of the emis-
sions are process based, due to the decomposition of limestone in the kiln
with the remainder associated with kiln fuels and electricity [3,4]. Previous

Carbon
Dioxide
Emissions

System Boundary

Admixtures
Production LPG Fuel
Diesel Fuel
Fine
Aggregates
Production
——
S AN,
Cement
Production Transport of
Raw Transport of Placement One Cubic
Unexploited — Materials to Concrete Concrete to (Pumping) of Meter of
Resources —_— Concrete Production Construction Concrete on Concrete in
Batching Site Site Structure
Fly Ash Plants
Processing
— —
SR
GGBFS
Processing
Electricity
I
-
Coarse Explosives
Aggregates
Production

Figure 1.1 Concrete CO, emissions system diagram.
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research into the environmental impacts of cement production has already
yielded several estimates of the CO, emissions per ton of cement pro-
duced. Similarly, fly ash and GGBES have also both been investigated pre-
viously, and their emissions quantified. So the research that was conducted
for this chapter covered the production of coarse and fine aggregates
and admixtures, raw materials transport, concrete batching and transport,
and onsite placement activities.

1.2 METHODOLOGY

The procedures used to calculate CO, emissions due to various energy
sources in this study were obtained from the Australian Greenhouse Office
Factors and Methods Workbook [5]. Table 1.1 shows the emission factors
that were sourced from this publication. It should be noted that CO,-e
(CO, equivalents) are used as the unit, which is adjusted to include the
global warming eftects of any CH, or N,O emitted from the same fuel or
process. These figures are appropriate for Melbourne, Australia, and may
vary elsewhere around the world, due to differences in energy or fuel pro-
duction methods. In 2004-05 the electricity mix in Melbourne was gen-
erated from brown coal (91.3%), oil (1.3%), gas (5.4%), hydro (1.4%), wind
(0.5%), and biogas (0.1%) [6].

1.3 EMISSIONS DUE TO COARSE AGGREGATES

Data to estimate the CO, emissions due to the production of coarse
aggregates was gathered from two quarries. The first produced granite
and hornfels aggregates, and the second produced basalt aggregates. Note
that the two quarries that were chosen for analysis were considered to be

Table 1.1 Full fuel cycle CO, emission factors [5]

Energy source Emission factor Unit

Diesel 0.0030 t CO,-¢/L
Electricity 0.001392 t CO,-¢/kWh
Riogel® 0.1439 t CO,-¢/ton product
Bulk emulsion® 0.1659 t CO,-¢/ton product
Heavy ANFO? 0.1778 t CO,-¢/ton product
LPG 0.0018 t CO,-e/L

“Explosives.

Liquefied petroleum gas.
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typical examples. The production of both these types of coarse aggregates
commences with the use of explosives to blast the rock from the quarry
faces into medium-size boulders and rocks. Diesel-powered excavators
and haulers then remove the rubble and dump it into electric crushing
and screening equipment. Finally diesel-powered haulers move the final
graded products into stockpiles. As part of this study two coarse aggregates
quarries (basalt and granite/hornfels) were audited for energy consump-
tion and total productivity over a 6-month period. This information was
taken from fuel, electricity and explosives invoices, and site sales figures.
The fuel, electricity, and explosives data was used to calculate the amount
of CO, produced per ton of aggregate produced at each site. Using the
emission factors presented in Table 1.1, CO, emissions per ton of gran-
ite/hornfels was found to be 0.0459t CO,-e/ton. CO, emissions per ton
of basalt were found to be 0.0357t CO,-e/ton. These figures include the
average contribution from transport from the quarry to the concrete-
batching plants. Fig. 1.2 shows the contribution of each energy source.
Electricity is responsible for the majority of CO, emissions for each
type of aggregate. This labels the crushing process as the most significant
part of the coarse aggregates production process from an environmental
perspective. Onsite blasting, excavation, and hauling, in addition to off-
site transport, comprise less than 25% of the total emissions for coarse
aggregates. It should be noted that while the explosives have very high
emission factors, they contribute very small amounts (<0.25%) to the
overall emissions, since such small quantities are used. To achieve signifi-
cant environmental improvements in the production of aggregates, the
crushing process needs to be targeted. Intelligent placement of explosives
during the initial blasting process can reduce the demand on the electri-
cal crushing equipment by blasting the rock into smaller fragments prior

A) ANFO ®B) ANFO

. 0.001% Diesel 0.001%

0
Bulk
Emulsion
Riogel
Riogel 0.2%
Electzicity Electricity
7% 80%

Figure 1.2 (A) Basalt and (B) granite/hornfels CO, emissions breakdowns.
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to crushing. Maintenance of crushing equipment is another way to lower
electricity demands. Clearly the replacement of old, inefficient machinery
will lead to lower energy demands.

1.4 EMISSIONS DUE TO FINE AGGREGATES

The fine aggregates investigated in this study begin as raw sand, which
is strip mined by excavators and loaded into haulers. The haulers dump
the sand where it 1s washed into a pumpable slurry that is piped to the
grading plant. Electric vibrating screens filter the sand into standard grades,
which are then stockpiled. One fine aggregates quarry was audited for
energy consumption and total productivity over a 6-month period. The
amount of CO, released during the production and subsequent transport
of 1t of concrete-sand was found to be 0.0139t CO,-e/ton. This is 40%
of the figure for basalt coarse aggregate, and 30% of the figure for gran-
ite coarse aggregate. The lack of a crushing step explains the difference
between the emissions of fine and coarse aggregates. Fig. 1.3 shows the
contribution of each energy source to the CO, emissions associated with
fine aggregates.

Diesel and electricity contribute almost equally to the CO, emis-
sions from the production and transport of fine aggregates. The diesel is
nearly all consumed by the strip mining and on-/offsite transport opera-
tions. The efficiency of these processes is largely dictated by the quality
of the machinery being used. The replacement of aging excavators and
haulers will lead to greater fuel efficiency, and hence lower CO, emis-
sions. Electricity is consumed by the pumping and grading equipment.
The emissions associated with these processes are largely fixed. Savings
could be made by periodically relocating the screening plant closer to the
source of the slurry, but the emissions associated with moving the equip-
ment would need to be assessed before this course of action was taken. In
general, the sand-mining process is fairly well established, and intentionally
or otherwise, is already organized to generate minimal CO,.

) Electricity
Diesel 48%

52%

Figure 1.3 Fine aggregates CO, emissions breakdown.
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1.5 EMISSIONS DUE TO CEMENT, FLY ASH, GGBFS,
AND ADMIXTURES

The environmental impacts associated with cement production have been
investigated thoroughly in recent times [3,4,7-9]. Decomposition of lime-
stone is an essential process in Portland cement production that takes place
in the cement kiln. The chemical reaction for this process is CaCO; —
CaO + CO,.This process releases 0.5t of CO, for every ton of CaO pro-
duced. The high-energy consumption of the kiln produces additional CO,
emissions, which are added to obtain the total emissions due to Portland
cement manufacture. All of the figures for cement production in Australia
lie around 0.8t CO,-¢/ton, which is within the range of the other fig-
ures from around the world, which vary from approximately 0.7 to 1.0t
CO,-¢/ton [3,10,11]. The most recent and extensively researched figure
was found to be that presented by Heidrich et al. 8], which was adopted
for this project. The final emission factor that was used for cement in this
project was 0.82t CO,-e/ton, which includes transport of cement to con-
crete-batching plants.

A part of the CO, emissions due to decomposition of limestone is
reabsorbed from the atmosphere by concrete due to a chemical reaction
called carbonation. The free lime, Ca(OH),, in the pores of the concrete,
reacts with the atmospheric CO, and produces CaCOj;. This chemi-
cal reaction, Ca(OH), + CO, — CaCOj; + H,O, is what is commonly
described as the carbonation of concrete. Sometimes it is mistakenly
referred to as the reaction process involved in the hardening of concrete.
Hardening of concrete is an entirely different reaction involving hydration
of cement, which does not have any CO, implications. The carbonation of
concrete structures only occurs near the surface of concrete. For a typical
concrete structure, the carbonation depth would be about 20mm from the
surface after 50 years. Further, the major part of the CaO in cement is tied
up as part of the hardened concrete in the form of calcium silicate hydrates
that are not available for carbonation. Therefore, reabsorption of CO, by
concrete during its lifetime would only be a very small proportion, and is
not considered in the calculations in this chapter. Further discussions and
estimates of CO, uptake by concrete can be found in Ref. [12].

The figures for the two supplementary cementitious materials (SCMs)
considered in this study were also sourced from Heidrich et al. [8]. The
emission factor adopted for fly ash was 0.027t CO,-e/ton. The emis-
sion factor adopted for GGBES was 0.143t CO,-¢/ton. Both fly ash and
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Table 1.2 CO, emissions associated with admixture manufacture

Admixture type Primary raw Production CO, emissions
material energy (kWh/L)  (t CO,-e/L)
Superplasticizer Polycarboxylate | 0.0037 52 % 107°
Set accelerating Calcium nitrate | 0.0380 53 x 107°
Mid-range water reducing | Calcium nitrate | 0.0290 40 x 107°
Water reducing Lignin 0.0016 2.2x107°

GGBFEFS are byproducts of industries (burning coal and producing steel,
respectively) that would operate regardless of the production of these use-
ful materials. So the emissions quoted here are based purely on activities
conducted subsequent to initial production, including capture, milling,
refining, and transport (100km) processes.

Concrete often contains admixtures to enhance early age properties,
such as the workability and strength-development characteristics. In this
study, four different admixture types were considered, for which a large
manufacturer supplied the typical figures presented in Table 1.2.

It can be seen that the CO, emissions associated with the manufac-
ture of concrete admixtures are very small. The total volume of admixtures
included in a typical mix design is generally less than 2L/m?. Hence, the
contribution to the total emissions per cubic meter of concrete is negli-
gible. As a result of this, the CO, emissions generated by admixtures can
justifiably be omitted from the calculations of the total CO, emissions of
concrete.

1.6 EMISSIONS DUE TO CONCRETE BATCHING,
TRANSPORT, AND PLACEMENT

Concrete batching is generally conducted at plants located at various strate-
gic positions around a city or town to minimize transport time. Raw mate-
rials are mixed in elevated bins and placed directly into concrete trucks for
final transport. This process is primarily powered by electricity, with small
amounts of other fuels used on each site by small excavators used to move
raw materials, etc. Over a 6-month summer/autumn period, the energy
consumption and production levels of six difterent concrete-batching plants
were audited. The average CO, emissions due to batching per cubic meter
of concrete produced were found to be 0.0033t CO,-e/m”. Fig. 1.4 shows
the contributions of each energy source to the total CO, emissions.
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LPG
Diesel 0.5%
4%
Electricity
96%

Figure 1.4 Concrete-batching CO, emissions breakdown.

The electric mixing equipment is the most significant contributor to
the emissions generated by concrete batching. It has been demonstrated
in an internal review by a large concrete manufacturer that substantial
improvements can be made to the efficiency of batching equipment by
commissioning independent electrical contractors to report on the effi-
ciency of batching equipment and making improvements. Aging equip-
ment often contains inefficient wiring and switches. Often equipment is
left running by old switching equipment during zero-load cycles when it
could be paused. Thermal losses in poorly planned or low-quality wiring
can be reduced by replacement. Installation of high-efficiency motors can
reduce energy demands substantially. However, it should be noted that rel-
ative to other components of the concrete production process, the amount
of CO, released through batching activities 1s fairly low, so it may be more
critical to spend money on upgrading other more critical processes.

The transport of batched concrete consumes diesel fuel. Through truck-
ing records taken over a 5-month period, the average amount of fuel con-
sumed per cubic meter of concrete transported was found to be 3.1L/m?,
which was found to be responsible for 0.009t CO,-e/m?. Note that this
figure includes empty return trips, since the total fuel consumption for the
entire fleet of trucks was used. Since the trucking records included trucking
to and from a wide range of construction sites and batching plants, it was
assumed that the distances traveled were average for metropolitan concrete-
transport activities.

Onsite placement activities such as pumping, vibrating, and finishing
concrete consume liquid fuels. The amount of diesel consumed to pump
1m? of concrete was found to be approximately 1.5L/m?’, found by a
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survey of local pumping companies. The quantities of fuel consumed by
other placement activities were impossible to accurately quantify, due to
a lack of records and consistency between sites. Occasionally, concrete is
craned into place instead of pumped, and this was also impossible to quan-
tify. Hence, the original figure of 1.5L/m?> was doubled to account for all
other placement activities. The final figure of 3L/m® was assumed to be
purely diesel fuel, and was found to be responsible for emissions of 0.009t
CO,-e/m>. This is a conservative figure that is important since in very tall
buildings, for example, the amount of fuel consumed by pumping could
be higher than the average estimate, and the slack in this estimate allows
room for such anomalies.

1.7 SUMMARY OF CO, EMISSIONS

The emissions associated with each activity in the concrete production
and placement process were combined into a total figure based on mix
design. The factors that were found are summarized in Table 1.3.

1.8 EMISSIONS GENERATED BY TYPICAL COMMERCIALLY
PRODUCED CONCRETES

To investigate two of the methods by which the amount of CO, gener-
ated by concrete can be reduced, four mixes were selected with binders
including SCMs. The first two mixes (25 and 32 MPa) have 25% of the
general purpose (GP) cement replaced by fly ash. The second two mixes
(25 and 32MPa) have 40% of the GP cement replaced by GGBFS. These
percentages are chosen because they are commonly used in construction

Table 1.3 Final CO, emission factors

Activity Emission factor Unit

Coarse aggregates: granite/hornfels 0.0459 t CO,-¢/ton
Coarse aggregates: basalt 0.0357 t CO,-e/ton
Fine aggregates 0.0139 t CO,-e/ton
Cement 0.8200 t CO,-e/ton
Fly ash (F-type) 0.0270 t CO,-e/ton
GGBFS 0.1430 t CO,-e/ton
Concrete batching 0.0033 t COy-e/m’
Concrete transport 0.0094 t CO,-e/m’
Onsite placement activities 0.0090 t CO,-e/m’
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Table 1.4 CO, emissions generated by typical commercially produced concretes

Strength (MPa) 100% GP cement 25% Fly ash 40% GGBFS

25 32 25 32 25 32
Emissions (t COy-¢/m%) |0.290 |0.322 0.253 [0.273 |0.225 |0.251
% CO, reduction 0 0 13 15 22 22

CO, Emissions Breakdown

0.3500 -
0.3000
0.2500
mE ] ==
5 0.2000 1 |
. H
o 0.1500 1
0.1000 -
0.0500
0.0000
25MPa  32MPa 25MPa 32MPa 25MPa 32MPa
(FA) (FA) (GGBFS) (GGBFS) (GP) (GP)
B GP Cement Fly Ash GGBFS
O Coarse Aggregates Fine Aggregates O Concrete Batching

m Construction Activities B Concrete Transport

Figure 1.5 CO, emissions generated by typical commercially produced concretes.

projects. It is noted that large cement replacements in lower-grade con-
cretes such as these will not result in efficient construction because prop-
erties such as set time and early strength development can be affected. In
addition, 25 and 32 MPa concretes are commonly used standard strengths.
Table 1.4 and Fig. 1.5 show the results of this analysis, with two Type GP
cement concretes as a benchmark.

Type GP cement is the dominant source of emissions in all of the con-
cretes, blended or otherwise. The fly ash—blended concretes show reduced
CO, emissions (13—15%), but it is the GGBFS-blended concretes that
show more substantial reductions (22%). This is because more GGBFS is
typically included in a blended mix without significantly changing the
engineering properties of the concrete, due to its natural cementitious
properties. So while GGBFES has a higher material-emission factor than fly
ash, it can replace more cement, which leads to lower total emissions.
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1.9 CASE STUDY: THE ROLE OF CONCRETE IN SUSTAINABLE
BUILDINGS

The result of a design competition held in 2001 by the Victorian Office
of Housing, the K2 public housing project in Melbourne, Australia, is an
excellent example of innovative sustainable building design. The com-
petition required the core structure to have a 200-year lifespan, generate
renewable energy onsite, consume no nonrenewable energy, and halve
mains water consumption [13]. In the final design, currently under con-
struction, these requirements have been subjected to some interpretation,
but generally they have all been achieved in some capacity. The winning
design, by architects Designlnc Melbourne Pty Ltd, supported by engi-
neering firm Arup, features four medium-rise buildings, with a total of 96
apartments suitable for public housing.

The main environmentally sustainable design (ESD) features of the
design are: (1) maximized incident solar energy through building orien-
tation, (2) passive ventilation through building orientation and apart-
ment design, (3) photovoltaic cells for onsite renewable energy generation,
(4) strategic placement of thermally massive materials for energy storage,
(5) strategic placement of insulation to prevent unwanted energy migra-
tion, (6) use of low embodied-energy materials (structural and otherwise),
(7) solar-powered hydronic heating for extreme winter weather, (8) gray-
and storm-water recycling, and (9) water-efficient appliances and fittings.

Based on predictive models compiled by the design team, it can be
estimated that the probable annual operational energy consumption at
K2 (lighting, elevators, hot water, and appliances) will be approximately
1000 MWh, depending on ongoing tenant education and choice of appli-
ances [14]. This energy is sourced from both electricity and natural gas.
Note that depending on the uptake of tenant education, annual opera-
tional energy could be substantially lower than this, under the predicted
best-case scenario. The most probable energy-consumption scenario was
used for this case study.

When predicting the total operational energy consumption over the
lifespan of the structure, it is appropriate to consider only 100 years of
operation. Due to the demographic changes expected over 100 years, the
purpose of the structure may change after that period of time. Hence, it is
expected that a major refit will be required after 100 years. According to
the design team’s probable development scenario, 1000 MWh/year equates
to approximately 850t CO,-e/year including contributions from both gas
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Table 1.5 Concrete volumes and target embodied-energy CO, emissions

Strength  Structural element Quantity  Emission factor  Emissions

(MPa) (m3) (t COy-e/m3) (tCOy-e)

15 Blinding 589 0.20 119

32 Footings 489 0.24 119

32 Slabs 1948 0.27 533

40 In situ columns and walls | 235 0.27 63

40 Precast walls 1067 0.33 351
1185

and electricity. Hence, over 100 years, building operations will generate a
total of approximately 85,000t CO,-e.

This figure is based on the current electricity and gas emission factors.
However, the methods of electricity generation in Melbourne may change
substantially over the next 100 years, from burning brown coal to more
sustainable techniques.

It is now interesting to investigate the initial material-based CO, emis-
sions associated with concrete. There are a range of other sources of initial
CO, emissions at K2, including glass, steel, aluminum, photovoltaics, and
fitout materials; however, this investigation will focus on concrete alone.

Based on the K2 bill of quantities and the component emission fac-
tors outlined earlier, the volumes of concrete and associated target CO,-
equivalent emissions shown in Table 1.5 were found. On average across
the whole structure, the design target is to replace 30% of total Portland
cement with fly ash. Note that this target has not yet been achieved, since
construction is not complete.

To quantify the target CO, savings that will be made by substituting
fly ash for some of the cement content of the concrete, a similar investiga-
tion was performed using mix designs containing only pure GP cement.
The total CO,-equivalent emissions generated by the pure GP cement—
based concretes were found to be 1391t CO,-e. Hence the target savings
that will be made by replacing a portion of the GP cement with fly ash
are approximately 206t CO,-e.

According to the design team’s estimated energy consumption as
described earlier, the yearly CO, emissions associated with building opera-
tions will be approximately 850t CO,-¢/year. Over the 100-year build-
ing lifespan, the CO, emissions generated by the structural concrete will
be less than 1.4% of the emissions associated with operation, assuming all
design targets are met.
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Furthermore, as a result of the energy-efficient design of K2, the most
probable estimated energy consumption is already expected to be reduced
by 57% [14], or approximately 1125t CO,-¢/year. So by designing the
building with passive energy measures and educating the tenants to mini-
mize energy consumption, the target tonnage of CO,-e that will be saved
per year will be over five times greater than that predicted to be saved
initially by the use of fly ash in the structural concrete. Hence, over 100
years, the tonnage of CO,-e that will be saved due to the efficient build-
ing design will be approximately 500 times greater than that estimated to
be saved by the use of fly ash in the structural concrete, again assuming all
design targets are met.

This case study shows that passive design measures, which enhance
the operational energy performance of a building, have the potential to
make a greater impact on the overall greenhouse gas emissions of a build-
ing than using fly ash substitution in concrete mix designs. However, the
short-to-medium-term benefits of using low embodied-energy concretes
are still significant and valuable. It is worth noting that using fly ash in
structural concrete results in accurately quantifiable capital CO, savings.
Passive energy measures have the capacity to be more effective in the long
term, but depend on a large number of variables, such as tenant behavior,
which can be difficult to control.

This case study also shows that for comparison of CO, emissions of
alternative construction materials such as steel with concrete, the emis-
sions associated with concrete should be considered rather than just the
cement component alone, since emissions due to cement are only part of
the concrete emissions, albeit a significant part.

1.10 CONCLUSIONS

While there have been many studies conducted to estimate the CO,
emissions due to Portland cement manufacture, very few reliable estimates
are available for the emissions due to concrete manufacture. The figures for
the emissions for two types of coarse aggregates, fine aggregates, cement,
fly ash, slag, concrete batching, and transport have been developed based
on a large number of records obtained from aggregates quarries, concrete-
batching plants, and other sources. Although the data presented above was
collected from locations around Melbourne, Australia, it can be used as a
guide to estimate the emissions due to concrete production and placement
in other parts of the world with similar production methods.
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The following conclusions can be drawn from the data collected in

this study:

1.

10.

11.

12.

The equivalent CO, emissions generated by a particular concrete
with known mix proportions can be estimated using the emissions
contributions from the constituents of concrete.

Portland cement was found to be the primary source of CO, emis-
sions generated by typical commercially produced concrete mixes,
being responsible for 74-81% of total CO, emissions.

The next major source of CO, emissions in concrete was found to be
coarse aggregates, being responsible for 13-20% of total CO, emissions.
The majority contribution of CO, emissions in coarse aggre-
gates production was found to from electricity, typically about 80%.
Blasting, excavation, hauling, and transport comprise less than 25%.
While the explosives have very high emissions, they contribute very
small amounts (<0.25%) to coarse aggregate production, since only
small quantities are used.

Production of a ton of fine aggregates was found to generate 30—40%
of the emissions generated by the production of a ton of coarse
aggregates. Fine aggregates generate less equivalent CO, since they
are not crushed.

Diesel and electricity were found to contribute almost equally to the
emissions due to fine aggregates.

Emission contributions due to admixtures were found to be
negligible.

Concrete-batching, transport, and placement activities were all found
to contribute very small amounts of CO, to total concrete emissions.
The CO, emissions generated by typical normal strength concrete
mixes using Portland cement as the only binder were found to range
between 0.29 and 0.32t CO,-e/m”.

GGBFS was found to be capable of reducing concrete CO, emissions
by 22% in typical concrete mixes.

Fly ash was found to be capable of reducing concrete CO, emissions
by 13—15% in typical concrete mixes.

The target CO, emissions due to the structural concrete at the sus-
tainable apartment complex considered as a case study will form
less than 1.4% of the estimated probable total lifetime CO, emis-
sions generated by the building. Note that the award-winning design
of this particular building is estimated to reduce operational energy
consumption by 57% under the most probable operational scenario
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compared to a typical conventional apartment building of comparable
size designed without any ESD features.

13. The case study showed that passive design measures, which enhance
the operational energy performance of a building, have the potential
to make a greater impact on the overall greenhouse gas emissions of a
building than using fly ash substitution in concrete mix designs.

1.11 RECOMMENDATIONS AND PERSPECTIVES

The various rating schemes used to compare alternative construction
materials should use models that are based on hard data, such as the one
presented in this chapter, so that reliable comparisons can be made. A case
study is presented in the chapter demonstrating how the results may be
utilized.
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CHAPTER 2

Life Cycle CO, Evaluation on
Reinforced Concrete Structures
With High-Strength Concrete

S.Tae', C. Baek? and S. Roh'

1Hanyang University, Ansan, Republic of Korea
*Korea Institute of Civil Engineering and Building Technology, Goyang, Republic of Korea

2.1 INTRODUCTION

Global warming, resource depletion, and pollution are causing many
countries to adopt environmentally friendly policies. According to the
report of the Environmental Protection Agency, energy consumption and
CO, emissions of buildings in the United States are responsible for 70%
of the entire energy consumption and 38% of the entire CO, emissions of
the country [1,2]. Construction is an environmentally demanding indus-
try requiring mass consumption and disposal. Architectural production
activities should focus on sustainable development to reduce the environ-
mental load of design, construction work, maintenance, and disposal [3-5].
Under the World Trade Organization system, international organizations
such as the United Nations, Organization for Economic Cooperation and
Development, and International Organization for Standardization have
considered techniques to reduce global warming, create environmentally
sound and sustainable practices, and set up compulsory regulations for
environmental load reduction [6,7].

Skyscrapers have been constructed more frequently since the early
2000s due to their increased land efficiency and recent progress in modern
construction techniques, and recently a considerable amount of attention
has been paid to environmentally sound and sustainable “green” buildings.
Skyscrapers are advantageous for supporting broad greens and open space,
and reducing the building-to-land ratio. Their weak points include lack of
social contact and ground connections, and difficulty with natural ventila-
tion. Research and development under the principle of environmentally
sound and sustainable development is now firmly established as an inter-
national paradigm [8—10].

Handbook of Low Carbon Concrete. © 2017 Elsevier Inc.
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Hence, the purpose of this study is to evaluate the environmental per-
formance of buildings by the application of high-strength concrete, mainly
used in supertall buildings as a material of environmental stress reduction
(hereinafter “high-strength concrete building”).

This study proposed a plan for the evaluation of energy consumption
amount and CO, emission amount throughout the life cycle of building,
and calculated energy consumption amount and CO, emission amount
throughout the life cycle of a tall apartment building actually constructed
(hereinafter “existing building”) by using this plan.

Thereafter, this study evaluated energy consumption and CO, emission—
reduction performance for the life cycle of the building by the decrease of
concrete and reinforcing-bar quality obtained through conversion from the
existing building’s concrete compressive strength to 40 MPa high-strength
concrete.

2.2 METHOD OF EVALUATING ENVIRONMENTAL LOAD FOR
THE LIFE CYCLE OF BUILDING

This study assessed the environmental load of a structure through its
life cycle with stages classified into construction, use/maintenance, and
removal/disposal. Construction included material production, transporta-
tion, and construction work on the site. Interindustry relations analyses
were carried out to measure the CO, released during material production.
Use/maintenance was divided into use of a building and its maintenance
steps, and it was analyzed by considering the assessment period and the life
of the building, based on the annual energy consumption. Removal/dis-
posal was divided into removal of a structure and disposal of the removed
wastes [11]. Fig. 2.1 and Table 2.1 show the classification of buildings by
the method of environmental load evaluation and evaluation items for
the life cycle of the building proposed in this study, respectively. In addi-
tion, Eqs. (2.1) and (2.2) show the calculations of energy consumption and
CO, emission for the life cycle of the building [12].

LCE=2_E; 2.1)
LCCO,=3CO,; (2.2)

where, LCE is life cycle energy consumption (MJ/m?), LCCO, is life
cycle CO, emission (kg-CO,/m?), Ej is life cycle energy consump-
tion (MJ/m?) for each stage (i) and material (j), COy; is life cycle CO,
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Sector of construction materials required (et Jati b
Gl e nterindustry relations analysis
Sector of construction materials used for Interindust Jati ysi
improvement and repair works nierindustry relations analysis
Sector of operation like air-conditioning, Making out a model for estimating energy consumption
heating, hot-water piping and lighting and CO, emission based on field study data
Sector of construction materials required . . .
for removal and demolition Interindustry relations analysis
Sector of equipment operation used for Use of interview data with removal and demolition
removal and demolition companies and specialists

Figure 2.1 Method of environmental load assessment.

Table 2.1 Classification of environmental load assessment

Stage Classification Subclassification
1. Construction 1. Material ® Construction work @ Public
stage production step work ® Facility work
2. Transportation step | @ Transportation
3. Construction ® Construction work ® Public
work step work ® Landscaping work
@ Power consumption
2. Use/maintenance | 1. Use step @ Power consumption
stage ® Heating energy
® City gas consumption
2. Maintenance step ® Improvement and repair
3. Removal/disposal | 1. Removal step ® Removal
stage 2. Disposal step ® Loading @ Returning

emission for each stage (i) and material (j), and E = 1: construction stage
(1-1 = material production step, 1-2 = transportation step, 1-3 = con-
struction work step), 2: use/maintenance stage (2-1 = use step, 2-2 =
maintenance step), 3: removal/disposal stage (3-1 = removal step, 3-2 =

disposal step).

2.2.1 Construction Stage

The construction stage, which generally makes up 30% of the building
LCCO, emissions, was divided into three steps: material production, trans-
portation, and construction work [13]. The material production step ranged
from gathering raw materials to producing building materials to be used in
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the construction work stage. The transportation step refers to the energy
consumption by freight vehicles transporting building materials to the con-
struction sites. The construction work step refers to the energy consumption
by construction machinery, field offices, and other facilities from starting
construction to construction completion. The construction stage was also
divided into three kinds of work: construction work, public work, and facil-
ity work. The energy consumption and CO, emissions were determined for
each kind of work. The construction work included 17 types of subwork,
including temporary, pile, reinforced concrete, masonry, waterproofing, tile,
stone, and steel works. The public work was composed of three types of
subwork: a retaining wall and waterproofing, pile, and appurtenant public
works. The facility work included 17 types of subworks including facility,
piping of machine rooms, and gas piping works.

The energy consumption and CO, emissions during construction
material production were calculated by applying a unit of a construction
material, which was drawn by interindustry relations analyses, to the mate-
rial volume to be used for buildings [14].

2.2.1.1 Material Production Step

Energy consumption and CO, emission for the production of each con-
struction material are computed, as described above, based on the interin-
dustry relation analysis.

The material production step is the stage of calculating the CO, emis-
sion and energy amount consumed to produce the construction materials
used in building construction. The energy consumption and CO, emis-
sion to produce each construction material are based on interindustry
relation analysis as mentioned above. Therefore, through identification of
the material quantity put into the construction of buildings, the energy
consumption and CO, emission in the production of the construction
materials used in the building intended for evaluation can be calculated.

Ecy =2 M - COST,, - Uy (2.3)

m

CO,e =X M, - COST,, - Uy con 2.4

where Ec (MJ/m?) is energy consumption of the material produc-
tion step, M;; (Unit/ m?) is the amount of construction material (j) used
for the construction type (i), COST,, (Won/Unit) is the cost of construc-
tion material (m), Uy g (Mj/Won) is the energy consumption factor for
construction material (m), CO,¢ p(kg-CO,/m?) is CO, emission of the
material production step, and Uy con(kg-CO,/Won) is the CO, emission
factor for construction material (m).
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2.2.1.2 Transportation Step

Energy consumption and CO, emission of the transportation step can be
computed based on transportation method, transportation distance, load
on the transportation vehicle, and expenditure of oil and power used for
transportation. However, records on equipment use are often omitted in
construction diaries furnished at construction sites, and in many cases it
is difficult to secure sufficient data because of conditions at the site [15].
Therefore, this study used Egs. (2.5) and (2.6) to compute energy con-
sumption and CO, emission for transportation. Eqs. (2.5) and (2.6) cal-
culate energy consumption and CO, emission for the transportation of
materials used in general construction work. Transportation distance
is based on a travel distance of 30km, a value suggested by the Korean
Ministry of Environment for an energy consumption factor and CO,
emission factor for transportation equipment.

— 2

COye.p =7.4kg-CO,/m” 2.6)

where E_ 1 is energy consumption (M]/m?) of transportation step and
CO,_t is CO, emission (kg-CO,/m?) of the transportation step.

2.2.1.3 Construction Work Step

This study is programmed to use Egs. (2.7)—(2.12) for the computa-
tion of energy consumption and CO, emission of the construction work
step by classifying construction work, engineering work, landscape work,
and electricity use. Existing studies that proposed Egs. (2.7)—(2.12) classi-
fied the energy source of construction work into oil and electricity [14].
In addition, oil consumption for each construction item was computed by
analyzing the data on oil consumption per unit of machine time. Power
consumption, as shown in Eq. (2.12), was computed by investigating the
actual power expended during construction. Energy consumption com-
putation results can be substituted into Egs. (2.7) and (2.8) to compute the
CO, emission of the construction work step.

EC—C :Eca +Ecc +Ec1 +Ece

2.7)

CO,e ¢ =(E, +E. +E4)X3.06+E, X1.64 2.8)
_ 2

E,=95.13MJ/m (2.9

— 2
E. =1529MJ/m (2.10)
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_ 2

E =3.04M]/m (2.11)
_ 2

E_=100.71MJ/m (2.12)

where E¢ ¢ is the energy consumption (M]/m?) of the construction work
step and COx¢ - is the CO, emission (kg-CO,/m?) of the construction
work step, E, is the energy consumption factor (MJ/m?) for the construc-
tion type during construction work, E_. is the energy consumption factor
(MJ/m?) for civil construction, E is the energy consumption factor (M]/
m?) for landscape construction, E,, is the electric power consumption
factor (MJ/m?) during construction work.

2.2.2 Use/Maintenance Stage

This stage, which makes up about 70% of the building LCCO, emis-
sions, considers the CO, emissions due to energy consumed during
the service life of the building. Energy sources used for air condition-
ing, lighting, and cooking were classified into electric, heating, and gas
energy. Heating energy was divided into district, central, and individ-
ual heating in terms of heating method and into LPT, heavy oil, light
oil, and kerosene by heating source type. The total emission of CO, was
calculated by adding the CO, emission from each type of source. This
study presently sets the heating type ratios as follows: city gas (65%),
heavy oil (25%), incineration heat (9%), and light oil (1%). The ratio
can be configured by users. Egs. (2.13) and (2.14) show the energy con-
sumption and CO2 emission in the use step.

Energy consumption and CO, emission in the maintenance step can
be calculated, based on the life of a structure, by using data on repaired
and replaced volumes of building materials due to wear-out, damage, and
destruction, and by using breakdowns of oil and electric power for repair
and replacement work. This study sets the energy consumption and CO,
emission used in the maintenance step as 6.24 MJ/m>/year and 0.59 kg-
CO,/m?/year, respectively.

EU :(Eue +Euh +Eug) Y (213)
CO2U :(Eue +Euo +Eug) Y- UE,COZ (214)
E,, =6.24MJ/m*/year - Y 2.15)

CO,y =0.59kg-CO,/m”/year - Y (2.16)
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Here, E;; and CO,y indicate the energy consumption amount (M]/m?)
and CO, emission (kg-CO,/m?) of each use step. E,. indicates the
amount of electric energy used (MJ/m?/year), E,, the amount of heat-
ing energy used (M]/m?/year), E,, the amount of city gas used (M]J/ m?/
year), Ug cop the CO, emission factor by the consumed energy sources
(kg-CO,/M]J), and Y the number of years the building is used (year). Ey
and CO,y, indicate energy consumption (MJ/m?) and CO, emission
(kg-CO,/m?).

2.2.3 Removal/Disposal Stage

The removal/disposal stage included the removal and disposal of build-
ings at the end of their life cycle, or replacement and transportation to
handle building waste. The recycling of building wastes was left for future
consideration. The objects of analyses were materials and equipment used
for removal, vehicles, oil and electric power required for the transportation
of waste. Disposal included loading and returning, and the energy con-
sumption of a vehicle’s return trip to a waste-generating place from a dis-
posal area was assumed to require half of the energy of the loading case.

Ep =1.07MJ/m”

(2.17)

CO,p =0.0734kg-CO,/m” 2.18)
Ep=0; - Ugg (2.19)
CO,p =0 - Up con (2.20)

Here, Ep and CO,p respectively indicate the energy consumption (M]/
m?) and CO, emission (kg-CO,/m?) of the removal step. Ej, and CO,,
respectively indicate the energy consumption (MJ/m?) and CO, emis-
sion (kg-CO,/m?) of the disposal step. O; is the amount of oil used by
transporting vehicle by (i) the wastes, and Upg and Ugcop the energy
consumption factor (MJ/L) and CO, emission factor (kg-CO,/L) of oil,
respectively.

2.3 EVALUATING ENVIRONMENTAL LOAD BY THE
APPLICATION OF HIGH-STRENGTH CONCRETE

This chapter evaluated energy consumption amount and CO, emission—
reduction effects by the application of high-strength concrete on the tall
apartment building actually constructed based on Section 2.2, Method of
Evaluating Environmental Load for the Life Cycle of Building.
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The target building for evaluation is a tall apartment building made of
reinforced concrete with a total floor area of 14,424 m?, 35 stories above
the ground, which had its construction completed in May 2004.

In this chapter, the life cycle of the case building was classified into
construction stage, use/maintenance stage, and removal/disposal stage to
calculate energy consumption and CO, emission, and the energy con-
sumption and CO, emission of each stage were calculated.

In addition, we selected the concrete compressive strength that can
support more than a 100-year lifespan in an urban environment (carbon-
ized environment) and applied it to the case building, and evaluated the
effects of the reinforcing bar and concrete reduction and lifespan exten-
sion on the environmental load.

Table 2.2 shows the evaluation conditions of the existing building and
high-strength concrete building. In Table 2.2, the evaluation period was set
to 100 years, which is the lower limit of the lifespan of the high-strength
concrete structure set in this study. The evaluation condition is at level 3
of cases 1-3. Case 1 is the case in which the 100-year evaluation period
is reached through the reconstruction work step, after reaching 50 years
of its lifespan without a repair process on the carbonization of the exist-
ing building. On the other hand, case 2 is the case where the lifespan of
the existing building is extended up to 100 years through maintenance

Table 2.2 Overview of the building assessed

Building overview * Apartment with 35 stories above ground
* RC structure

o Total area: 14,424 m?>

* Building-to-land ratio: 59.22%

Assessment conditions * Assessment period: 100 years
» Service life: Case 1: Existing building
(50 years)

Case 2: Existing building renovation (50 years)
Case 3: High-strength concrete building (100

years)
Concrete compressive e 27-35 stories: 24 MPa
strength e 20-26 stories: 27 MPa

e 10-19 stories: 30 MPa
e 1-9 stories: 35 MPa
Minimum concrete-cover e 20mm

thickness
Deterioration environment * Carbonation environment
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of structure members that were deteriorated by carbonization, and case 3,
the case of the high-strength concrete building, is the case in which the
100-year evaluation period can be reached without a maintenance of
structural members by carbonization.

2.3.1 Evaluation Method

2.3.1.1 Materials Production Step
The energy consumption and CO, emission of the material production
stage were calculated as the sum of the amount of energy consumed and
that of CO, emitted in the process of production of the construction
materials used in building construction. The construction materials used
in building construction were identified by obtaining the actual quantity
sheet of existing apartment houses, and for the energy consumption factor
and CO, emission factor of each construction material, the energy con-
sumption factor and CO, emission factor calculation results deduced with
the use of the 2003 interindustry relation analysis of Korea were applied
[13]. Table 2.3 shows the energy consumption factor and CO, emission
factor for the main construction material applied in this chapter.
Specifically, case 1, the case where reconstruction is done after
removal/disposal without maintenance when the building reaches 50 years
of its limit lifespan by the carbonization phenomenon, calculated the CO,
of the construction work step provided that construction is done twice
within 100 years of the average period. Also, case 2, the case where lifespan
1s extended up to 100 years through maintenance of the concrete deterio-
rated by carbonization, gains one session of construction work step within
100 years of the average period, but with the amount of CO, by the use
of additional construction materials used in the maintenance stage added
to the amount of CO, emitted during the maintenance stage. On the
other hand, case 3, the high-strength concrete building having 100 years
of lifespan, gains one session of construction work step within 100 years
of the average period, and was evaluated as not having any additional CO,
emission by maintenance.

2.3.1.2 Transportation Step

The energy consumption and CO, emission during transportation step
were calculated with the use of Eqs. (2.5) and (2.6). While Egs. (2.5) and
(2.6) are calculation equations that can evaluate the amount of energy
consumption and that of CO, emitted during the transportation step with
the use of the total floor area of the case building for evaluation, cases 1-3
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Table 2.3 Energy consumption factor and CO, emissions factor for main construction

materials
No. Article Interindustry analysis (domestic and
overseas)
Amount of energy Amount of CO,
consumption emission
1 REMICON 2420.993 MJ/m? 186.493 CO,-kg/
3
m
2 Deformed iron bar 35.300 MJ/kg 3.052CO,-kg/kg
3 Waterproof plywood 22.574M]/kg 1.516 CO,-kg/kg
4 Rectangular lumber 17.885M]/kg 1.216 CO,-kg/kg
5 Wire 90.953MJ/kg 6.813 CO,-kg/kg
6 Nail 61.512M]/kg 4.607 CO,-kg/kg
7 Concrete brick 2.679MJ/each 0.206 CO,-kg/

each

8 Concrete block 21.886 MJ/kg 1.683 CO»-kg/kg
9 Concrete tile 15.575M]J/kg 1.197 CO,-kg/kg
10 Cement 6.916 M]/kg 0.556 CO,-kg/kg
11 Sand 72.936 MJ/m? 5.033 CO»-kg/m?
12 Gravel 70.537 MJ/m? 4.868 CO,-kg/m?
13 Foamed polystyrene board 140.014 MJ/kg 10.229 CO,-kg/kg
14 PVC ceiling panel 99.947 MJ/kg 7.302CO»-kg/kg
15 PVC rain leader pipe 708.421 MJ/kg 50.872 CO,-kg/kg
16 Water-based paint 652.690 M]J/kg 48.017 CO,-kg/kg
17 Ceramic paint 489.419MJ/kg 36.005 CO,-kg/kg

applied the same total floor area of 14,424m?> However, since there are
two sessions of construction work steps, case 1 was evaluated as having
double the energy consumed and CO, emitted during the transportation
stage in comparison with cases 2 and 3 during one session of construction
work step.

2.3.1.3 Construction Work Step

The energy consumption and CO, emission during the construction
work step were calculated with the use of Eqs. (2.7)—(2.12). Egs. (2.7)—
(2.11) calculate the amount of oil used in the construction work step
with the use of the total floor area and apartment complex area of the
case building for evaluation, and Eq. (2.12) means the amount of elec-
tric energy used during the construction work step with the use of total
floor area. The energy consumption and CO, emission were calculated by
substituting such deduced amounts of oil and electric energy used into
Egs. (2.7) and (2.8). The total floor areas and apartment complex areas of
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cases 1-3, 14,424 and 3291 m>, respectively, were evaluated to be the same.
However, since case 1 involves two sessions of construction steps just as
with the construction work step, this case was evaluated to have double
the energy consumption and CO, emission of the construction work step
in comparison with cases 2 and 3, which include only one session of the
construction work step.

2.3.1.4 Use Step

The energy consumption and CO, emission during the use step of cases
1-3 were calculated by obtaining the data on the amount of energy used
for years in practice in existing apartment houses. The energy sources
of existing apartment houses were classified into electric power, heat-
ing energy, and city gas, and heating was evaluated provided that city gas,
heavy oil, incineration heat, and light oil are used at 65%, 25%, 9%, and
1%, respectively, in the local heating method. For the amount of energy
used for years in cases 1-3, the energy consumption for years taken above
was applied in the same way, and the total amount of energy for the aver-
age 100-year period was evaluated assuming that the surveyed amount of
energy per year used in the apartment house in practice has been the same
for 100 years.

2.3.1.5 Maintenance Step

The energy consumption and CO, emission during the maintenance step
in cases 1-3 were calculated based on Eqs. (2.13) and (2.14), respectively.
However, in case 2, the amount of CO, emitted by concrete used in the
maintenance step of the structure deteriorated by carbonization within
the average 100-year period was added in the calculation. At this time,
only the amount of CO, emitted in the concrete-production step was
added in the calculation, and the amount of CO, occurring in the trans-
portation and construction work steps, being judged as negligible, were
excluded in this calculation process.

2.3.1.6 Removal Step and Disposal Step

The energy consumption and CO, emission during the removal steps of
cases 1-3 were calculated with the use of Egs. (2.15) and (2.16). If Egs.
(2.15) and (2.16) are used, the energy consumption and CO, emission
during the removal process can be calculated by substituting the total floor
area. In the meantime, the removal step can be divided into loading and
returning, and in case the vehicle returns to the place where construction
wastes occur to load again after transporting construction wastes to the
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landfill, it was assumed that half the amount of energy consumed during
loading is consumed. The amount of energy used during loading in the
construction step was calculated by deducing the amount of light oil con-
sumed 1in transporting the construction wastes that occurred after removal
to the landfill in a vehicle. At this time, the amount of construction wastes
that occurred was set to 3.5m?®/m? and one-way transportation distance
to 30km. In addition, with a transportation vehicle assumed to be a 16-t
dump truck, fuel consumption rate and loading weight were respectively
set to 2.74km/L and 20m>. Egs. (2.17) and (2.18) calculate the energy
consumption and CO, emission during loading.

2.3.2 Selection of High-Strength Concrete

The minimum value of concrete strength that can guarantee at least 100 years
of lifespan in an urban environment (carbonation environment) was selected
as the target. The use of high-strength concrete reduces the cross-section of
structural members, and thus reduces the number of reinforcing bars and
concrete used in those structural members. Accordingly, energy use and CO,
emission during the production of reduced reinforcing bars and concrete are
also reduced. By performing structural analysis on the building with high-
strength concrete, the size of the cross-section of a structural member and the
amount of reduction in reinforcing bars and concrete were computed.

2.3.3 Calculation of Quantity Reduction Effect by Application
of High-Strength Concrete
Structural analysis was performed by replacing the four compres-
sive strengths (24, 27, 30, and 35MPa) with 40 MPa high-strength con-
crete. Based on this result, the quantity of concrete and reinforcing bars
was computed and compared with existing designs. Reductions in cross-
sections by the application of high-strength concrete were limited to ver-
tical members (column, wall, core wall, and wall column). As a result, the
reduction in concrete and reinforcing bars of vertical members was 8.8%
and 30.3%, respectively, and such reduction is converted to a 5.7% and
19.7% reduction rate for the entire concrete and reinforcing bars on the
entire building. Computed reduction rate was used to decrease the quan-
tity of concrete and reinforcing bars. Such a decrease in quantity is caused
by a reduction in the cross-section of vertical members from using high-
strength concrete. Table 2.4 shows the reduction of the volume of con-
crete and reinforcing bars by applying high-strength concrete.

Relatively more CO, is emitted when high-strength concrete is
used because the amount of cement used is increased compared to
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Table 2.4 The reduction of the volume of concrete and reinforcing bars by applying
high-strength concrete (40 MPa)

Previous Design of Reduction
design high-strength rate (%)
concrete
application
Vertical members Concrete (1113) 11,377.30 | 10,374.10 8.8
Steel (ton) 545.33 379.94 30.3 |
Total members Concrete (m3) 17,596.06 | 16,589.57 5.7% |
Horizontal + Steel (t) 1667.94 1339.44 19.7% |
vertical

normal-strength concrete. In order to solve this problem, methods such
as substitution of a portion of cement with industrial wastes like blast fur-
nace slag are being proposed [16—18]. This study assumed a mixture with
20% blast furnace slag in the cement. If a different mixture composition
is used, an increase or decrease in concrete composition materials results,
and such changes must be taken into consideration when calculating the
amount of CO,. Fig. 2.2 shows the changes in the amount of cement,
coarse aggregate, and fine aggregate with application of 40 MPa pressure.
According to Fig. 2.2, the amount of cement increased by 1156t, coarse
aggregate increased by 490t, and fine aggregate decreased by 1649t when
the high-strength concrete mixture composition was used. CO, emission
from the production of 1kg of blast furnace slag is 0.0263 kg-CO,/kg,
which is about 4% of the CO, emission by 1kg of cement at 0.7466 kg-
CO,/kg. Table 2.5 shows the mixture compositions of concrete for each
strength.

2.3.4 Calculation of Building Lifespan

Carbonation is a phenomenon in which CO, in the atmosphere prop-
agates into concrete to react with calcium hydroxide to form calcium
carbonate, reducing the pH of the concrete pore solution down to 8.3—
10.0. Once the pH inside the concrete is reduced, the stability of rein-
forcing bars buried inside the concrete is lost, and they begin to corrode.
Corrosion in reinforcing bars by carbonation is a representative deteriora-
tion phenomenon of reinforced concrete structures [19-21].

The infiltration rate of CO, into concrete must be computed in order
to compute the life cycle of reinforced concrete in a carbonation envi-
ronment, and the infiltration rate of CO, in general can be expressed as
the square root of time, as shown in Eq. (2.21). In addition, the velocity
coefficient A used in Eq. (2.21) is calculated from Eq. (2.22), and A is
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Figure 2.2 Change in quantity of materials upon application of high-strength
concrete.

Table 2.5 Mixture compositions of concrete for each strength

Strength Water/  S/A? Unit weight (kg/m?3)
[
(MPa) cerpent (%) Water Cement Fine Coarse Slag
ratio (%)

(kg/m3) (kg/m3) aggregate aggregate (kg/m?3)
(kg/m3) (kg/m3)

24 50 48 169 337 859 919 0
27 46 47 167 362 833 924 0
30 43 46 169 392 796 931 0
35 38 44 165 435 752 945 0
40 33 39 165 400 629 983 99

*Sand (fine aggregate) to aggregate (fine aggregate + coarse aggregate) ratio.

a coefficient dependent on (1) type of concrete, (2) type of cement, (3)
water—cement ratio, and (4) temperature and humidity. The coefficient A
for this study was determined using the method proposed by an existing
study [22], and carbonation depth versus time was computed. Table 2.6
shows the values of variables that determine the velocity coefficient of
carbonation. This study used the values for each variable shown in Table
2.6 to compute carbonation velocity.

C=At (2.21)
A=y oy oy - B - By - B (2.22)

where C is the carbonation depth (cm), A is the carbonation velocity
coeflicient, ¢ is the time (year).
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Table 2.6 Variables of carbonation velocity coefficient A

Variable Details Applied value
a, Concrete type Normal concrete = >1
a Cement type Normal concrete = >1
as Water-to-binder ratio W/B =0.6=>0.22
P Temperature Annual average temperature 15.9°C = >1
B> Humidity Annual average humidity 63% = >1
/R Carbon dioxide CO, concentration 0.05% = >1
concentration
40
3
24 MPa
30
20

Concrete cover thickness (mm)

..’
*
10| ¢
.
o,
[\

0
0 25 50 75 100

Service life (years)

Figure 2.3 Results of carbonation velocity for each strength.

Fig. 2.3 shows an estimation of carbonation velocity. Among the four
types of concrete strength (24, 27, 30, and 35MPa) in existing buildings,
the time needed for carbonation to reach 20mm of cover thickness (dis-
tance from concrete surface to buried reinforcing bar) is 14, 32, and 81
years for a building with compressive strengths of 24, 27, and 30 MPa,
respectively. Carbonation reached the 20-mm cover thickness in less than
100 years in all cases. Based on such results, this study selected 40 MPa as
the compressive strength of concrete with at least 100 years of durability
in a carbonation environment. This value took into consideration various
safety factors, such as flaws resulting from construction error. Such con-
sideration corresponds to a 40% water—cement ratio (W/C) (corresponds
to a compressive strength of about 40 MPa), generally known to be safe
in a carbonation environment, and a 10% safety factor. Table 2.7 shows
the compressive strengths of existing buildings and high-strength concrete
building for each floor.
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Table 2.7 Redesign of high-strength concrete

Previous design (MPa) Redesign of high-strength
concrete (MPa)
27—top 24 40
20-26 stories 27 40
10-19 stories 30 40
1-9 stories 35 40

2.4 THE RESULTS OF ENVIRONMENTAL PERFORMANCE BY
THE APPLICATION OF HIGH-STRENGTH CONCRETE

The results of environmental performance evaluation on the evaluation
conditions cases 1-3 were shown in classes of construction stages and life
cycle. That is because reinforcing bar and concrete quantity reduction and
lifespan extension by the application of high-strength concrete occur in
the form of energy consumption amount and CO, reduction in the con-
struction stage.

2.4.1 Energy Consumption and CO, Emission in

Construction Stage

Figs. 2.4 and 2.5 show the energy consumption and CO, emission of the
construction stage respectively. According to Figs. 2.4 and2.5, energy con-
sumption and CO, emission appear in the sequential order of material
production, transportation, and construction regardless of evaluation condi-
tions, and energy consumption and CO, emission tended to be the highest
in case 1 and the lowest in case 3, 1.¢., a high-strength concrete building.

In particular, the energy consumption of case 3 decreased 51.89% and
3.79%, respectively, compared with cases 1 and 2, and CO, emission also
decreased 52.06% and 4.12%, respectively, compared with cases 1 and 2.
The energy consumption and CO, emission—reduction effects of case 3
were analyzed due to the reduction of concrete and reinforcing bar quan-
tity by the lifespan extension of the building by the application of high-
strength concrete and the cross-section decrease of the vertical member.
In particular, case 3 could obtain more than double the lifespan com-
pared with cases 1 and 2 by the application of high-strength concrete,
and through this, energy consumption and CO, emission were evaluated
without one session of construction work step and separate maintenance
stage by carbonization for a 100-year evaluation period.
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Figure 2.4 Energy consumption for construction stage.
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Figure 2.5 CO, emission for construction stage.

However, in case 1, a relatively large amount of energy consumption
and CO, are evaluated to be emitted in construction stage compared with
cases 2 and 3 as two sessions of construction work step is done for a 100-
year evaluation period. In practice, in Korea, many buildings have been
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reconstructed for 20-30 years since construction, although a lifespan of over
40 years is required by tax law in reinforced concrete structures. Through
this study, buildings reconstructed after a short period of use are evaluated
to emit a relatively large amount of energy consumption and CO, com-
pared with long-lifespan buildings, and the rate of CO, reduction in the
construction stage 1s evaluated to reach about 50% by doubling the lifespan.

On the other hand, case 2 is the case where lifespan is extended up
to a 100-year evaluation period through sustainable maintenance of the
structure members that were deteriorated by carbonization for an exist-
ing building. According to Figs. 2.4 and 2.5, case 2 was evaluated to
consume more energy and emit more CO, compared with case 3, but
showed a dramatically lower energy consumption amount and CO, emis-
sion amount compared with case 1. However, case 2 consumes energy
and emits CO, in the process of maintenance of the structure members
that were deteriorated by carbonization during the evaluation period.
However, such additional energy consumption and CO, emission are
added to the maintenance part during the life cycle stages, and are not
expressed in the construction stage, so the energy consumption and CO,
emission of the construction stage of case 2 is considered to be evaluated
very low compared with case 1.

As a result of discussion in this chapter, application of high-strength
concrete 1s evaluated to have an outstanding reduction effect of energy
consumption and CO, emission by the lifespan extension of building,
along with the effects of construction material reduction.

There is a method of extending building lifespan through maintenance
up to a target lifespan level without applying lifespan extension tech-
nology in the initial construction stage. However, such a method would
increase the CO, emission of the maintenance stage during the life cycle
stages of a building, and involves apprehension of decrease of residential
performance in the maintenance stage. Therefore it is desirable to suffi-
ciently secure building lifespan through high-strength concrete and other
lifespan extension technologies at the initial stage of construction.

2.4.2 Energy Consumption and CO, Emission for Life Cycle

Figs. 2.6 and 2.7 show the energy consumption and CO, emission for the
building life cycle. According to Figs. 2.6 and 2.7, the energy consumption
amount and CO, emission amount tended to be very high in the construc-
tion stage and using stage, which indicates that an effective practice for the
reduction of environmental load is to apply energy consumption and CO,
emission of reduction technology in the construction stage and using stage.
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Figure 2.6 Energy consumption for building life cycle.

In particular, the energy consumption of case 3, a high-strength concrete
building, in total 34,617 Mj/mz, was evaluated at 29% in the construction
stage, 70% in the using and maintenance stage, and 1% in the disposal stage.
In addition, the stage that involves the largest energy consumption was the
heating energy consumption sector of the using and maintenance stage fol-
lowed by the electric energy consumption sector and building construction
material production stage. Such a trend appeared in cases 1 and 2 as well.

In addition, CO, emission, in total 2,918kg—COz/m2, was evaluated at
31% in construction, 68% in the using and maintenance stage, and 1% in
the removal and disposal stage, and the results were similar in cases 1 and 2.
Table 2.8 shows the energy consumption and CO, emission by each stage
of cases 1-3.

According to Table 2.8, the amounts of energy consumption of case 3. a
high-strength concrete building, decreased 15.53% and 2.95%, respectively,
compared with cases 1 and 2, and CO, emission was also evaluated to show
16.70% and 3.37% reduction eftects, respectively, compared with cases 1 and 2.

The reduction effects of case 3 are evaluated to be due to the reduc-
tion of concrete and reinforcing bar quantity by the lifespan extension of
the building and the cross-section reduction of the vertical member by
the application of high-strength concrete as is described in Section 2.4.1,
Energy Consumption and CO, Emission in Construction Stage.
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Figure 2.7 CO, emission for building life cycle.

Table 2.8 Life cycle energy consumption and CO, emission

LCE (MJ/m?) LCCO, (kg-CO,/m?)
Case 1 Case 2 Case3 Case 1 Case 2 Case 3
Production 9608 4804 4611 833 416 397
Transportation 209 105 105 15 7 7
Construction 400 200 200 78 39 39
Use 24,250 24,250 24,250 1981 1981 1981
Maintenance 0 695 0 0 66 0
Removal 2 1 1 0 0 0
Disposal 148 74 74 11 5 5
Total 34,617 30,129 29,241 2918 2514 2429

On the other hand, case 2 was evaluated to consume less energy and emit
less CO, compared with case 1, and that indicates that an eftective method
of reducing environmental load is to obtain a lifespan up to the target years
through maintenance for a deteriorated environment. However, case 2 was
evaluated to consume more energy and emit more CO, compared with cases
2 and 3, and that is because in case 3, concrete and reinforcing bar quan-
tity decreased in the construction material stage by the application of high-
strength concrete, which produced the effect of reducing environmental load
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by it, and in case 2, energy consumption and CO, emission of the mainte-
nance stage were added through the maintenance repair process.

Therefore, according to the results of the above study, when high-
strength concrete is applied to a building, energy consumption and CO,
emission—reduction effects are evaluated to be outstanding for life cycle as
well as for the construction stage. In addition, use of the method of evalu-
ating environmental load for the life cycle of buildings proposed in this
study can possibly evaluate energy consumption and CO, emission for the
case where high-strength concrete is applied to various buildings.

2.5 CONCLUSIONS

This chapter proposed a plan for the evaluation of energy consumption
and CO, emission for the life cycle of a building in order to evaluate the
environmental performance of building by the application of high-strength
concrete, and evaluated the energy consumption and CO, emission—
reduction performance for the life cycle of a high-strength concrete build-
ing. Now, the following conclusions can be made:

1. We propose a plan for the evaluation of the energy consumption and
CO, emission for the life cycle of a building.

2. The distribution of the energy consumption and CO, emission of
concrete building was evaluated within 30% in the construction stage,
70% in the using and maintenance stage, and over 1% in the removal
and disposal stage, roughly.

3. The energy consumption of a high-strength concrete building in the
construction stage (case 3) decreased by 51.89% and 3.79%, respec-
tively, compared with cases 1 and 2, which were general-strength con-
crete buildings, and CO, emission also decreased 52.06% and 4.12%,
respectively, compared with cases 1 and 2.

4. The energy consumption of case 3, a high-strength concrete building,
for the life cycle decreased 15.53% and 2.95%, respectively, compared
with cases 1 and 2, which were general-strength concrete buildings,
and CO, emission also decreased 16.70% and 3.37%, respectively,
compared with cases 1 and 2.

5. Such reduction eftects of energy consumption and CO, emission in
case 3, a high-strength concrete building, are attributed to the reduc-
tion of concrete and reinforcing bar quantity by the lifespan extension
of the building and cross-section reduction of vertical members by the
application of high-strength concrete.
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CHAPTER 3

Assessment of CO, Emissions
Reduction in High-Rise Concrete
Office Buildings Using Different
Material-Use Options

C.K. Chau, W.K. Hui, W.Y. Ng, T.M. Leung and J.M. Xu

The Hong Kong Polytechnic University, Hung Hom, Kowloon, Hong Kong

3.1 INTRODUCTION

Buildings account for 40% of the worlds energy sources and 36% of
the energy-related carbon emissions in industrialized countries [1]. In
the United States, buildings account for around 40% of energy use,
which is equivalent to 7.7% of global carbon emissions [2]. The build-
ing sector in the European Union accounted for 40% of total energy
use, and the building sector in the United Kingdom accounted for
50% of its total CO, emissions [3]. The building sector in Hong Kong
consumes even more, i.e., more than 80% of total electricity and fuel
energy, due to the absence of large industrial bases in Hong Kong [4].
In response to imminent climate change issues, substantial efforts have
been spent on reducing the operating energy consumption of build-
ings. High-efficiency lighting installations and appliances, high-
efficiency ventilation and cooling systems, waste heat recovery, smart
glass, smart meters, advanced insulation, reflective building materials,
and multiple glazing systems have been incorporated into many new
buildings [5-10].

On the other hand, substantial attention has also been diverted to
lowering the embodied energy contents of buildings so as to reduce the
total carbon emissions associated with buildings. As buildings become
more energy efficient and their functional obsolescence becomes
more rapid, the relative importance of energy embodied in, or carbon
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emissions associated with, building materials on the overall life-cycle
energy use or carbon emissions will become higher [11-13]. Building
materials play a more and more important role in CO, emissions.
Different types of buildings have different structures, which will influ-
ence the distribution of building materials. Previous studies showed
a maximum of 30% carbon emissions can be reduced through careful
selection of low-environmental-impact materials in residential houses in
Valladolid [14]. Constructing a steel-framed and concrete-framed office
building would incur similar energy and CO,-emission implications
over a 50-year lifespan [15]. Using 40-MPa high-strength concrete in
supertall buildings could reduce their total CO, emissions up to 17%
[16]. Increasing the recycling rate of concrete from deconstructed build-
ings from 27% to 50% could yield a 2-3% reduction in buildings’ green-
house gas emissions [17].

In this chapter, we intended to determine the carbon footprint of
materials and building elements for the superstructure of a high-rise con-
crete-framed office building. The CO, emissions reduction resulting from
the implementation of various material-use options were also evaluated.
Accordingly, the major building superstructure elements were identified
before examining the impacts of different material-use options on the
CO, emissions reduction.

3.2 SYSTEM DEFINITIONS AND BOUNDARIES

Given no consensus on the scope and boundaries for the CO, emis-
sions study, it is vital to define them clearly at the outset. The scope of
the emission-impacts study covers the emissions associated with extrac-
tion and production of materials and components, their transportation
from countries of origin to ports in Hong Kong, construction of build-
ing elements onsite, and replacement of materials. For concrete products,
net CO, emissions due to calcination and carbonation are also considered.
Although calcination reactions of concrete products only occur during
the production of cement in the kiln, they take significant impacts on the
net CO, emissions of concrete products [18]. Carbonation is also consid-
ered since it occurs throughout the life cycle of concrete products. Fig. 3.1
shows the boundaries defined for this study.

Carbonation has also been accounted for over the lifetime of the con-
crete products but has been omitted from the figure for clarity.
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Figure 3.1 Boundaries that define the processes for which their CO, emissions impacts have been examined for this study.
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3.3 METHODOLOGY

Thirteen Grade A' high-rise concrete-framed office buildings completed
between 1995 and 2005 have been selected for studying the CO, emis-
sions impacts of their constituent building materials. The total number of
stories of the studied buildings varied between 16 and 62.

3.3.1 Identify the Types and Quantities of Materials for
Building Elements
Information such as construction floor area, as well as types and quantities
of building materials used for individual building, was extracted from the
bills of quantities, which are the tender documents of building projects.
Given certain elements are needed to be replaced over the building life,
it is necessary to estimate the number of times for which the elements
are needed to be replaced before the end of their life cycles. Data on the
life expectancies of different building elements from the report published
by the Building Cost Information Service of the Royal Institution of
Chartered Surveyors [19] was used (see Table 3.1).

The replacement factors for the various building elements were
computed using the following formula with the assumption of a 60-year
lifespan for a building [20].

Replacement factor 60/expected life span (years) (3.1)

The replacement factor quantifies the number of times that resource
input is needed for construction/installation of the element within the
lifespan of a building. Accordingly, the total weight of a building element
used in its life cycle will be the impact of the first installation scaled up by
the replacement factors.

Given that a majority of the currently available inventory databases
express the gaseous emissions of a material in terms of unit mass, i.c.,
kilogram of CO, emissions per kilogram, it is necessary to convert the
quantities of various building materials into their respective masses prior to
estimating their emissions impacts. The masses of building materials were

! Flexible layout; spacious circulation areas; larger floor plates (area per floor in the office
tower around 1600 m?); more window area (window to wall area ratio around 0.4); many
with reflective glazing; smaller floor plan aspect ratio (around 1.6); the majority would be
equipped with variable air volume air conditioning systems; lower central plant capacity
per unit floor area (around 0.17kW/m?); good lift services zoned for passengers and deliv-
ery of goods; car parking facilities normally available.
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Table 3.1 Life expectancies of building elements

Element Typical life expectancy (years)

Frame

Concrete frame 81

Upper floors

Reinforced concrete floor 71

Precast concrete slab 78

Roof

Asphalt covering to flat roof’ 36

PVC covering to flat roof 27

Ethylene Propylene Diene Monomer (EPDM) 25
covering to flat roof

Stairs

Concrete stairs 74

Steel stairs 50

Aluminum stair nosings 21

Plastic stair nosings 15

External walls

Aluminum curtain walling 43

Windows

Aluminum windows 44

Internal doors

Internal softwood door 42

Wall finishes

Plasterboard to wall 39

Clay tiling to wall 37

Floor finishes

Vinyl sheet floor covering 17

Vinyl tile to floor covering 18

Carpet floor covering 13

Ceiling finishes

Suspended ceilings 24

Source: From reference Building Cost Information Service. Life expectancy of building components,
2006.
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estimated based on the data available in textbooks and handbooks on con-
struction materials, published trade literature, product technical datasheets,
product catalogs (including e-catalogs), data collected from contractors, ref-
erence information disseminated from trade organizations and professional
bodies, as well as published information from suppliers/specialist contractors.
Concrete and reinforcing bars for fabric elements, and glass, aluminum, and
sealant for windows, had been identified as far as possible in respect to the
types and quantities so that the environmental impacts incurred due to the
production of the components could be adequately accounted for.

3.3.2 CO, Emissions Associated with Building Materials

It is found that the amount of embodied energy and CO, emissions
associated with building materials is highly dependent on the type and
amount of energy used in their manufacturing processes [14]. To convert
embodied energy to CO, emissions requires information on the amount
of CO, emitted during the production of different types of energy (such as
oil, wind, solar, nuclear). The amount of CO, emitted from individual build-
ing materials was estimated by multiplying the mass of materials with the
corresponding embodied energies and CO, emissions factors [14]. Besides,
the materials were grouped and aggregated under a building element format
as shown in Table 3.2, developed by the Building Research Establishment
(BRE) in the United Kingdom [21].Therefore, the amount of CO, emitted
by the ith building element (Qgje e » 10 kg COy) is estimated by summing
up the amount of CO, emitted from all its constituent materials, i.e.,

QElement,i = Zei ﬁi m; (32)
1

g =¢ b 3.3)

where ¢; is the CO, emissions per kilogram of ith type building mate-
rial (in kg CO,/kg); ¢; is the embodied energy intensity of the ith type of
building material (in MJ/kg); f; is the CO, emission factor for the ith type
of building material (in kg CO,/M)]); and m; is the mass of the ith type of
building material (in kg).

As the magnitudes of embodied energy intensities reported in differ-
ent studies vary considerably, ranges of the embodied energies for various
building materials were used in the estimation (see Table 3.3). In addition,
adjustments were made for different types of fuel mixes employed in dif-
ferent countries during the manufacturing processes. Table 3.4 lists the



Table 3.2 Classification of building elements as suggested by BRE in the

United Kingdom

Class (BRE) Major material group
Doors Plastic

Plywood

Stainless steel
External walls Aluminum

Concrete

Floor surfacing and finishes

Internal walls and partitioning

Paint system
Roof construction

Roof insulation

Suspended ceilings and ceilings finishes

Upper-floor construction

‘Wall finishes

‘Wall insulation

Windows/ curtain wall

Reinforcing bar
Stainless steel
Stone

Plaster
Galvanized steel
Stone

Tile

Aluminum
Bricks and blocks
Concrete
Galvanized steel
Glass
Reinforcing bar
Stainless steel
Paint

Concrete
Galvanized steel
Plaster

Stone

Tile

Asphalt and bitumen
Plaster

Thermal insulation
Aluminum
Galvanized steel
Plaster

Concrete
Galvanized steel
Plaster
Reinforcing bar
Structural steel
Aluminum
Galvanized steel
Plaster

Stone

Tile

Plaster

Thermal insulation
Aluminum

Glass




Table 3.3 Embodied energy intensities for different types of building materials

Type of building material Embodied energy intensities?
(in MJ/kg)
Aluminum 166.0-312.7
Bitumen and asphalt 3.4-50.2
Bricks and blocks 0.5-3.3
Concrete 0.7-1.6
Galvanized steel 30.6-34.8
Glass 6.8-25.8
Stone, gravel, and aggregate 0.1-0.8
Purified fly ash (PFA) <0.1
Paint 60.2—-144
Plaster, render, and screed 0.1-2.0
Plastic, rubber, and polymer 70.0-116.0
Plywood 3.1-18.9
Precast concrete element 2.0
Reinforcing bar and structural steel 6.2-42.0
Stainless steel 8.2-13.3
Thermal and acoustic insulation 1.2-17.6
Ceramic and tile 2.2-5.5

“Embodied energy values are extracted from studies [14,22-25].

Table 3.4 Average CO, emission factor values for electricity generation in
different countries

Country Emission factor,? 3 (in kg CO,/MJ)
Australia 0.02294
Belgium 0.00775
Brazil 0.00186
China 0.02176
France 0.00148
Germany 0.01253
Hong Kong 0.01655
India 0.02165
Indonesia 0.01911
Italy 0.01460
Japan 0.01261
Korea 0.01473
Malaysia 0.01781
Romania 0.01677
Russian 0.01658
Singapore 0.01755
South Africa 0.02358
Spain 0.01129
Taiwan 0.01479
Thailand 0.01641
United Kingdom 0.01453
United States and Canada 0.01583
Vietnam 0.00817

*Emission factors extracted from the reports issued by Refs. [26,27].
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average values of CO, emission factors for electricity generation in differ-
ent countries.

However, for concrete-framed buildings, the impact of calcination
and carbonation processes imposed on the life-cycle evaluation of carbon
emissions of concrete was so significant that we should not overlook it.
Calcination-process emissions occur during concrete manufacturing when
limestone is decomposed to calcium oxide (CaO) and carbon dioxide at
high temperatures. For the remainder of their life cycle, concrete prod-
ucts absorb carbon dioxide from the atmosphere through carbonation, a
chemical process in which the calcium oxide present in hardened cement
products binds with CO, in the atmosphere to form carbonate [18].

CO, emissions due to calcination were estimated using the model by
Ref. [28]. The model estimates the calcium oxide content of clinker at
65%, which agrees with the reported range of CaO in clinker of 64-67%
by weight [29]. The clinker-to-cement ratio was estimated at 65% [30)]
and we assumed an average concrete mix ratio of cement:sand:aggregate
of 1:2:5 by weight. The average moisture content in cured concrete was
assumed to be 3.5%, being midway in the normal range of 2-5% [31].

With the aid of Fig. 3.1 given in Ref. [18], over a 60-year timespan,
it was estimated that approximately 17% of the calcination CO, emis-
sions will be reabsorbed through carbonation. The net effect of calcination
and carbonation 1s about 0.033kg of CO, emitted per kilogram concrete
based on the above assumptions.

Considering that the embodied energy and CO, emission data values
vary considerably, the Monte Carlo method was applied in this study for
handling the inherent uncertainties and variations arisen from the col-
lected data. The procedure is discussed in details in the following section.

3.3.3 Applying the Monte Carlo Method for CO, Emission
Prediction

The Monte Carlo method was used for generating probability distri-
butions to define the boundaries for the CO, emissions from various
materials [32]. We determined the 5th and 95th percentile levels using
the computer software called EasyFit [33] together with MATLAB [34].
EasyFit was initially employed for developing model distributions that
closely resemble the real scenario. Subsequently, it was used for defin-
ing the distributions for the input variables that contain uncertainties.
The fitness or correctness of these distributions was checked with aid of
goodness-of-fit (GOF) statistics, which are the statistical measures used
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Input Raw Data

Goodness-Of-Fit Tests
(Kolmogorov—Smirnov and
Anderson-Darling Tests)

Input Distributions Identification

Bootstrapped by
EasyFit software

Random Variable Generations
(up to 5000 iterations)

Formation of Probability
Distributions by MATLAB
Using Eq. (1)

Probability Density Functions

Goodness-Of-Fit Tests
(Kolmogorov—Smirnov and
Anderson—Darling Tests)

Output Distributions Identification

|

Analysis and Decision Making

Figure 3.2 Monte Carlo process protocol.

for describing the validity of fitting a dataset to distributions. Other than
visualizing through graphs, like p—p plots or g—q plots [35], EasyFit can
automate the decision of choosing the best-fitting distributions. Among
many GOF statistics available in EasyFit, Kolmogorov—Smirnov statis-
tic and Anderson—Darling statistic tests have been selected to determine
the best-fitting distributions [36]. Once the underlying distributions were
determined, EasyFit was applied to generate random values based on a
maximum number of 5000 iterations. This propagation results in prob-
ability density functions (PDFs) for estimating the emissions. In the sec-
ond stage, MATLAB was employed to aggregate the PDFs using Eq. (3.1)
and construct the PDFs for estimating the output values. The output val-
ues can not only be used for constructing empirical distributions but also
for deriving the percentiles and other statistics for the distribution. The
validity of the PDFs was further examined by the two above tests. Fig. 3.2
shows our Monte Carlo process protocol.

3.3.4 Material-Use Options

Many different material-use options are available for implementation
in the design stage for reducing the CO, emissions from buildings. For
instance, the CO, emissions can be reduced by reducing material use,
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minimizing waste, and specifying localized materials, recycled materi-
als, or alternative low-carbon materials. In general, there are five options
for material use discussed in the study: (1) importing regional materials,
(2) maintaining the existing structural and nonstructural building ele-
ments, (3) reusing existing resources, (4) diverting construction wastes to
recycling, and (5) using prefabricated materials.

3.3.5 Calculation Methods for Different Material-Use Options

3.3.5.1 Importing Regional Materials
Construction of buildings usually requires a large amount of materials
to be transported to construction sites from different countries in differ-
ent geographical regions. A change in the origins of a material source will
induce changes in the amount of transportation energy use. Therefore, it
is worthwhile to investigate how much energy use and emissions can be
reduced by importing more materials from nearby countries, and prefer-
ably from those within the same geographical region. Statistics of the
breakdown of materials imported from different countries, and distance
as well as the CO, emission intensities associated with transportation of
the imported materials, comes from the Census and Statistics Department
of Hong Kong [37]. Table 3.5 listed the major original countries for build-
ing materials, and distance as well as the CO, emission intensities associated
with transportation for imported materials. The differences in the transpor-
tation energy use were determined by using the embodied energy inten-
sities data for different modes of transportation shown in Table 3.6. With
this information, the change in the amount of CO, emissions, AQp (in kg
CO,), was determined from the following:
i
AQp = Z[mR,i(l +w) * Mg * (Adror + AR origin)] B-4)
1

where AQp 1is the change in the CO, emissions due to importing
regional materials (in kg CO,), and the positive sign denotes an increase in
the CO, emissions; mp *(1+w;) is the mass of materials originally imported
from the other geographical regions, which includes the wastages gener-
ated during construction (in kg); A is the fraction of materials imported
from the same geographical region; Agp 1 is the difference in the CO,
emissions per kilogram of material associated with transportation of
imported regional material (in kg CO,/kg); Aqp origin 1s the difference in
the CO, emissions per kilogram of material associated with manufactur-
ing of imported regional material (in kg CO,/kg). i, pertains to the ith
type of building material; R, pertains to regional use of material.



Table 3.5 Major material source profiles for different types of building materials

Type of building material Country of origin Percentage Transportation distance (inkm)  CO, emission
by‘weight Land Sea inten§ity '
of imported associated with
material transportation
(in %) (in kg CO,/kg)

Asphalt and bitumen Korea 85 561.5 2246.7 0.0238

Aluminum China 84 250.0 150.0 0.0070

Blocks and bricks China 83 250.0 150.0 0.0070

Building stones China 75 250.0 150.0 0.0070

Cement China 42 250.0 150.0 0.0070

Float glass China 61 250.0 150.0 0.0070

Galvanized steel Australia 56 4946.3 7152.0 0.1903

Gravels China 100 250.0 150.0 0.0070

Granite tiles China 48 250.0 150.0 0.0070

Paints China 51 250.0 150.0 0.0070

Plasters China 40 250.0 150.0 0.0070

United Kingdom 30 877.9 18,240.0 0.1368

Plywood Malaysia 87 104.5 2122.0 0.0195

Prefabricated structural components | China 100 250.0 150.0 0.0070

Reinforcing bars China 60 250.0 150.0 0.0070

Sand China 100 250.0 150.0 0.0070

Stainless steel India 72 3077.9 6797.0 0.1355

Structural steel Romania 28 1000.0 13,907.0 0.1259

N.B. Source: From reference Census and Statistics Department. Hong Kong merchandise trade statistics, 2002.
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Table 3.6 Embodied energy intensities associated with different
modes of transportation

Mode of transportation Embodied energy/kg-km?
Rail 0.0003
Tanker 0.0001
Truck 0.0027

‘Embodied energy values are extracted from studies [38,39].

3.3.5.2 Maintaining the Existing Structural and Nonstructural
Building Elements

Maintaining the existing building elements can reduce the CO, emis-
sions through reducing the amount of material use and construction
wastes. Theoretically, these benefits can be maximized by reusing the entire
building through maintaining the existing walls, floors, and roof. It was
assumed based on the Hong Kong Building Environment Assessment
Method that 15-30% of the superstructure, e.g., a portion of the lower
floors, would be retained in a new building design. The change in the
amount of CO, emissions, AQy; (in kg CO,), due to maintaining the
existing elements was determined from the following:

AQy == (my * (1+w) * (g + ap1) (3.5)
1

where AQy, is the change in the CO, emissions related to maintaining
the existing building element (in kg CO,); gy 1s the CO, emissions per
kilogram of material related to maintaining the material in the existing
building element (in kg CO,/kg); g\ 1 is the CO, emissions per kilogram
of material related to transportation of the material if it is no longer main-
tained (in kg CO,/kg); w; is the fraction of material wastes generated dur-
ing construction; my*(1+w;) is the mass of materials (which include the
amount of material wastages generated during construction) that can be
saved as a result of maintaining the existing element (in kg). 7, pertains to
the ith type of building material; M, pertains to maintaining the existing
building element.

Table 3.7 listed the percentages of construction wastages used in calculation.

3.3.5.3 Reusing Existing Resources
Building materials and components, such as flooring panels, doors,
cabinetry, bricks, concrete, suspended ceilings, and decorative items, can be
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Table 3.7 Percentages of construction wastages for different types of
building material
Types of materials Wastage (in %)

Aluminum

Bricks and blocks

Cast iron

Concrete

Copper

Durasteel

Fiberglass

Galvanized steel

Glass

Precast concrete elements

Precast structural concrete element
Reinforcing bar

Special aggregates (Dynagrip, in nonskid finish)
Stainless steel

Structural steel

Stone

—_
[S2 )]

Source: Local data from reference Poon CS, Ann TW, Ng LH. On-site sorting
of construction and demolition waste in Hong Kong. Resour Conserv Recycl
2001;32(2):157-172.

salvaged from previously demolished other sites for uses in current proj-
ect sites if they are properly stored and maintained. Hence, the amount
of embodied energy and CO, emissions can be reduced together with
the total quantities of materials use. The change in the amount of CO,
emissions, AQ.. (in kg CO,) due to reusing existing resources was
determined from the following;:

i
AQrcusc == Zmrcusc * (1 + wi) * (qreuse,i + qreuse,T,i,) (36)
1

where AQ, . 1s the change in the CO, emissions due to reusing the
existing resources (in kg CO,); myeyee(1+w;) is the mass of materials that
can be saved due to reuse of the material (which include the amount of
material wastages occurred during construction) (in Kg); geuse 18 the CO,
emission intensity per kilogram of material associated with the reuse of
the material (in kg CO,/kg); greyse. v 15 the CO, emissions per kilogram of
material related to transportation of the material if it is no longer reused
(in kg CO,/kg). i, pertains to the ith type of building material; reuse, per-
tains to reusing the existing building material.
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3.3.5.4 Diverting Construction Wastes to Recycling
Broadly speaking, building construction wastes can be classified under
structural wastes or finishing wastes. Structural wastes, which embrace
ferrous and nonferrous metals and concrete fragments, have higher recy-
cling potential. For instance, concrete fragments can be reused for land
reclamation, while metals can be recycled in construction sites. By con-
trast, finishing wastes, like surplus cement mortar, broken mosaic, tiles,
ceramics, paints, and plastering materials, are usually contaminated with a
high portion of organic matters and debris and have little or zero recy-
cling potential. Accordingly, only the structural wastes are taken into con-
sideration in estimating the amount of construction wastes to be diverted.
The change in CO, emissions due to diverting construction wastes to
recycling, AQp (in kg CO,), was determined from the following:

AQ, = ZmD,i *w * (qp; * o) (3.7)
1

where AQyp is the change in the CO, emissions due to diverting con-
struction wastes (in kg CO,); qp is the CO, emissions per kilogram of
material for diverting the material (in kg CO,/kg); ap is the increase in
percentage of the CO, emissions of the recycled material compared to its
virgin material; mp * w is the mass of wastes generated during construc-
tion (in kg). i, pertains to the ith type of building material; D, pertains to
diverting construction wastes.

The maximum amount of construction wastes that can be recycled
was estimated by multiplying the total quantity of a specific type of build-
ing materials with the percentage of construction material wastages listed in
Table 3.7. On the other hand, the differences in percentage of CO, emis-
sions between recycled and virgin materials were extracted from Table 3.8.

3.3.5.5 Offsite Fabricated Materials

Prefabrication techniques have been increasingly applied in building
construction in Hong Kong in response to high demands for improve-
ment in overall quality and reduction in wastage of materials, and speedy
erection processes. Nowadays, a majority of precast concrete suppliers have
set up their fabrication yards in remote areas to take advantage of cheap
labor and land costs. As a result, higher mileages and energy are needed for
transporting fabricated materials from manufacturing yards to construc-
tion sites. Of paramount interest is whether an offsite prefabricated ele-
ment emits less CO, than a cast-in-place element. In order to examine
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Table 3.8 Increase in percentage of the CO, emissions of the recycled material

compared to its virgin material

Type of materials Percentage change in CO, emissions
over the virgin materials (%)

Recycled concrete 5
Recycled plasterboard 48
Recycled aluminum —80
Recycled steel —40
Recycled wood —22

Source: From reference Gao W, Ariyama T, Ojima T, Meier A. Energy impacts of recycling disassembly
material in residential buildings. Energy Build 2001;33(6):553-562.

this, it is necessary to take both embodied energy and transportation
energy into account during the CO, evaluation. Assuming that 50-80%
of offsite fabricated building materials were used for a new office building,
the corresponding change in CO, emissions, AQ,, (in kg CO,), was deter-
mined from the following:

AQP - Zmp,f * (qp,i + qp,T,i - qinstiu,i) (38)
1

where AQ, is the change in the CO, emissions due to prefabrication
(in kg CO,); ¢, is the CO, emissions per kilogram of material associated
with the manufacturing of the material constituting the prefabricated
building element (in kg CO,/kg); g, 1 is the CO, emissions per kilogram
of material related to transportation of the building material constituting
the prefabricated building element from the manufacturing yard to the
construction site (in kg CO,/kg); gingirn 18 the CO, emissions per kilogram
of material used for casting the building element in place (in kg CO,/kg).
i, pertains to the ith type of building material; p, pertains to prefabrication.

In estimating the change in the amount of CO, emissions, facades,
staircases, slabs, external elements, and partition walls were assumed to be
prefabricated within a yard, and the amount of energy required for assem-
bling offsite fabricated building elements was assumed to be the same as
that required for assembling the building elements on site.

3.4 RESULTS AND ANALYSIS

Tables 3.9 and 3.10 list the basic parameter values that portray the dis-
tribution profiles of weights and CO, emission factors respectively for



Table 3.9 Mass distributions of different building elements and types of materials

Building element

Major material group

Mass per construction
floor area (in kg/m?)

Doors

External walls

Floor surfacing and finishes

Internal walls and partitioning

Paint system
Roof construction

Roof insulation

Suspended ceilings and finishes

Upper-floor construction

Wall finishes

‘Wall insulation

Windows/curtain wall

Plastic

Plywood

Stainless steel
Aluminum
Concrete
Reinforcing bar
Stainless steel
Stone

Galvanized steel
Plaster

Stone

Tile

Bricks and blocks
Concrete
Galvanized steel
Glass

Reinforcing bar
Stainless steel
Paint

Galvanized steel
Concrete

Plaster

Stone

Tile

Asphalt and bitumen
Plaster

Thermal insulation
Acoustic insulation
Aluminum
Galvanized steel
Plaster

Thermal insulation
Concrete
Galvanized steel
Plaster
Reinforcing bar
Structural steel
Tile

Aluminum
Galvanized steel
Plaster

Stone

Tile

Plaster

Thermal insulation
Aluminum

Glass

0.03-0.3
0.1-0.9
0.04-0.7
1.7-13.7
41.4-628.2
2.3-68.4
0.2-1.8
0.2-2.5
0.6-4.7
0.02-0.4
1.4-9.8
0.7-9.4
0.5-3.3
0.7-1.6
0.2-8.5
0.04-2.5
2.0-7.1
0.01-0.8
0.09-0.9
0.3-2.4
0.3-6.1
5.2-11.7
0.3-2.4
0.7-1.0
0.1-1.9
0.3-19.5
0.1-0.3
0.1-3.8
0.1-1.2
0.1-7.6
0.7-4.9
0.1-3.0
490.4-1271.8
2.0-51.0
0.1-6.5
24.5-237.3
1.0-130.0
0.1-1.8
0.01-0.8
0.1-1.7
10.1-43.3
2.3-13.8
0.4-10.3
0.5-8.4
0.3-21.9
0.1-0.6
2.8-32.3
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Table 3.10 CO, emission factor distributions of different types of building materials
Type of building material CO, emission factors (in kg CO,/kg)

Aluminum 3.49-6.58
Bitumen and asphalt 0.074-1.09
Brick/block 0.011-0.072
Concrete 0.045-0.06
Galvanized steel 0.63—0.72
Glass 0.078-0.29
Stone/gravel/aggregate 0.0020-0.016
PFA 0.0017

Paint 0.98-2.35
Plaster, render, and screed 0.0022-0.044
Plastic, rubber, and polymer 1.52-2.52
Plywood 0.054—0.33
Precast concrete element 0.033
Reinforcing bar/structural steel 0.12-0.80
Stainless steel 0.16-0.27
Thermal/acoustic insulation 0.022-0.33
Ceramic/tile 0.048-0.12

different building elements and materials based on the Monte Carlo
method implied with PDFs. According to the results, the average embod-
ied energy content for the superstructure of a new concrete-framed
office building is 10.3GJ/m? of construction floor area. This is higher
than those reported by some earlier studies, which found that the initial
embodied energy values for office buildings lie between 4 and 12 GJ/m?
[42,43]. Concrete invoked an extremely large mass in external walls and
upper-floor construction. For the entire the high-rise concrete-framed
office building, the mass of concrete also ranked high. However, the car-
bon emission of concrete was not as significant as the mass compared with
other materials.

3.4.1 CO, Emissions from Building Elements

Fig. 3.3 shows the ranges of CO, emission values for different building
elements. Among all the superstructure elements, upper-floor construc-
tion was the highest CO, emissions contributor with average emissions
of 75.7kg CO,/m?. External wall, and suspended ceilings and finishes
were the next two highest-impact elements. On average, emissions associ-
ated with external walls were 75.3kg CO,/m? whereas emissions asso-
ciated with suspended ceilings and finishes were 30.1kg CO,/m? Taken
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CO, emissions associated with different building elements

Upper-floor construction

[ ] 35.2%
External walls | [ | ] 35-0_%’> 84.2%
Suspended ceilings/finishes [ ]14.0%
Internal walls/partitons {1 ]6.8%
Floor surfacing/finishes 4 [T_] 3.2%
Curtain walls/windows [T7] 2.4%
Wall finishes 4] 1.7%
Roof insulation 4[] 0.5%
Roof construction ] 0.5%

Building element

Paint systems ] 0.4%
Doors 4 0.2%

Wall insulations 4 0.1% Note: (1) data beside the bar indicates
I . ‘o

the average percentage

T T T T T T T T T T T T T T T
0 10 20 30 40 50 60 70 80 90 100110 120 130 140 150 160

CO, emissions (kg CO,/CFA)

Figure 3.3 Range of CO, emission values for different building elements.

Table 3.11 Average contribution of the materials constituting the three major

building elements

Building element Material Average contribution of
CO, emissions from the
building element (in %)

Upper-floor construction Concrete 18.3
Galvanized steel 1.4

Plaster 0.1

Reinforcing bar 68.9

Structural steel 11.3

Tile 0.1

External walls Aluminum 69.9
Concrete 18.6

Reinforcing bar 11.1

Stainless steel 0.4

Stone 0.1

Suspended ceilings and Acoustic insulation 3.6
finishes Aluminum 39.7
Galvanized steel 50.0

Plaster 0.7

Thermal insulation 6.0

together, emissions associated with these three elements were 181.1kg
CO,/m? In view of their significant impacts, we will only focus on these
three elements in our subsequent analysis.

Table 3.11 shows a breakdown in the average percentage contribu-
tion to the CO, emissions by the types of materials constituting the three
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CO, emissions associated with different options

-17.3%

Maintaining 15-30% existing structural — | | |
and nonstructural building elements

-5.9%
Diverting 50-75% construction wastes
to recycling
-3.2%
Reusing 5-10% existing resources -

Options

Using 10-20% regional materials

Using 50-80% Offsite fabricated Note: (1) data above the bar indicates +5.0%

materials the average percentage
(2) all bars indicates the percentile
range from 5% to 95%
T T T T T T T T T
-70 60 -50 40 -30 -20 -10 0 10 20

CO, emission (kg CO,/m? of CFA)

Figure 3.4 CO, emissions reduction resulting from the implementation of different
material-use options.

major elements. Although concrete contributes the largest mass of upper-
floor construction and external walls, the CO, emission from concrete
was not so high compared with aluminum and reinforcing bars.

3.4.2 Impact of Different Material-Use Options

Fig. 3.4 shows the CO, emissions reduction resulting from the implementa-
tion of different material-use options. Maintaining or reusing 15-30% of the
existing structural and nonstructural elements can significantly reduce the
CO, emissions by 37.1kg CO,/m? or 17.3% of the total. Diverting 50-75%
of construction wastes to recycling is the second most effective option.
Additionally, reusing 5-10% of the existing resources can reduce existing total
emissions by 3.2% or 6.8kg CO,/m?. An additional 10.7kg of CO, emissions
per meter square or 5.0% of the CO, emissions will be emitted if’ 50-80%
offsite fabricated materials are used in facades and concrete elements.

3.5 DISCUSSIONS AND CONCLUSIONS

This study successfully developed Monte Carlo method for portraying the
CO, emission profile for the superstructure of a new high-rise concrete
office building in Hong Kong and for evaluating the impacts of various
material-use options. Our findings indicate that the average CO, emis-
sions due to the use of materials in the superstructure of current office
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buildings are 215.1kg CO,/m?. External walls and upper-floor construc-
tion accounted for the highest CO, emissions from the superstructure of
an office building, followed by suspended ceilings and finishes. These three
elements became the major focus in our evaluation of impacts of different
material-use options as they together already accounted for 84.2% of the
CO, emissions on average. Concrete, reinforcing bars, aluminum, and gal-
vanized steel were the major materials for CO, emissions.

The amount of emissions reduction greatly depends on the quanti-
ties of materials to be maintained or reused for the existing elements. On
the other hand, the CO, emissions will even be increased if offsite pre-
fabricated materials are used in a building, i.e., it will emit an additional
6.3-15.1kg of CO, per m?, or 5% (10.7kg of CO, per m?) on average.
However, this should be weighed against the benefit gains reaped by an
increase in speed of construction, improvement in quality of products, and
reduction in material wastage if prefabricated materials are used.

This study provides a general view of the CO, emission of concrete-
framed high-rise office buildings. Through improving the accuracy of esti-
mating or manufacturing data for material quantities; the embodied energy
collected in different countries; and waste management methods, human
behaviors, and government policies, the CO, emissions results will make
a greater difference [40,44,45]. Calcination and carbonation of concrete
should not be ignored for the study of concrete framed high-rise office
buildings. Besides, recycling content can also be considered in future studies,
especially for concrete, reinforcing bars, aluminum, and galvanized steel.
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CHAPTER 4

Eco-Friendly Concretes With
Reduced Water and Cement
Content: Mix Design Principles
and Experimental Tests

T. Proske, S. Hainer, M. Rezvani and C.-A. Graubner

Technische Universitit Darmstadt, Darmstadt, Germany

4.1 CONCRETE FOR ECO-FRIENDLY STRUCTURES

To ensure the future competitiveness of concrete as a building material,
it is essential to improve the sustainability of concrete structures. Great
potential for reducing the environmental impact and consumption of
scarce resources has been identified in the field of concrete construction,
especially in the production of raw materials, concrete technology, and
structures [1] (see Fig. 4.1). For concretes that are developed, produced, and
used in an environmentally friendly manner the term “green concrete” [2]
is commonly used.

The major environmental impact of concrete comes from CO, emis-
sions during cement production as a result of the calcination and grind-
ing process. The CO, emissions are mainly related to the decarbonation of
limestone and the consumption of electricity and fuel [3]. Approximately
5% of global anthropogenic CO, emissions are connected with the pro-
duction of 3.3 billion tons of cement per annum [4]. Therefore, reducing
the cement clinker content might have positive effects on the environ-
mental life-cycle assessment of concrete. Some research work on reduc-
ing the cement clinker content in concrete has already been carried out.
However, there exist different research strategies. Often replacement of
some clinker for large amounts of slag or fly ash was investigated [5—7]
based on conventional concrete technology. This could lead to a waste of
scarce raw materials such as slag and fly ash. The aim of other research
activities is the efficient use of cement and reactive materials like slag and
fly ash in concrete [1,2,8—12] based on a modified mix design approach.

Handbook of Low Carbon Concrete. © 2017 Elsevier Inc.
DOI: http://dx.doi.org/10.1016/B978-0-12-804524-4.00004-X All rights reserved. 63
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Figure 4.1 Opportunities for ecological optimization in concrete construction [1].

In the following sections the general procedure for the development of
structural concrete with low environmental impact and normal compressive
strength, including the step-by-step development of the mix design, is out-
lined. The results of performance tests on clinker-reduced concretes con-
ducted in laboratory conditions are also shown. In addition, the advantages
with regard to the evaluation of environmental performance were verified.
Finally, this chapter covers the application in the precast and ready-mix indus-
try as well as the technical benefits of clinker-reduced eco-friendly concretes.

4.2 PRINCIPLES FORTHE DEVELOPMENT OF ECO-FRIENDLY
CONCRETES WITH LOW ENVIRONMENTAL IMPACTS

4.2.1 Generals

In the following section an approach to reduce the environmental impacts
connected to concrete production will be presented. This general approach
can be applied on two different levels, the binder level and the concrete level.
The binder or cement level, focuses on the development of binder or
cement with low environmental impacts in the range of current cement
standards [13] or a totally new binder with very low or no clinker con-
tent. Such research was already conducted by the authors [13,14]. New
cements with limestone content up to 50% were developed. However, the
concrete technology has to be adapted in accordance with the principle

mentioned later in Section 4.2.2.
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Figure 4.2 GWP of different cements according to Ref. [16], without allocation and
based on economic allocation coefficients [17].

This chapter is mainly focused on the concrete level, which aims to
develop new eco-friendly concretes with reduced cement content. However,
the cements used in such concretes are either in the range of conventional
allowable cements or beyond the limits of national standards.

4.2.2 Low-Carbon Concretes With Reduced Cement Contents

Based on experimental results, a step-by-step procedure for the develop-

ment of low-carbon concretes with efficient use of reactive materials was

devised [15].The following key steps are recommended:

1. Selection of cement of a high-strength class and eco-friendly constitu-
ents such as limestone, granulated blast furnace slag (GBFS), or fly ash.

2. Optimization of water content and cementitious material in the
concrete paste.

3. Optimization of the paste volume.

The first step is the selection of cement. Preferable are cements with a
low environmental impact, especially with a low global warming poten-
tial (GWP) (see Fig. 4.2), as well as a relatively high-strength performance
such as Portland composite cements and blast furnace cements with a
compressive strength of more than 42.5N/mm? based on a water—cement
ratio of 0.5. However, the increased use of slag and blast furnace cements
as well as fly ash is limited in several countries by the availability of these
materials. In this case and if a high early strength concrete is required,
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Portland cement with a strength of at least 52.5 N/mm? is also an appro-
priate option. It must be mentioned that the values in Fig. 4.2 are not
universally valid [16]. Kiln energy efficiency and CO, footprint of used
fuel have a large influence. Furthermore, standards allow a large varia-
tion in supplementary cementing materials (SCMs) content for any given
exposure class, which increases uncertainty in the evaluation. The recent
tendency of allocating CO, to SCM, which are byproducts, will change
the outcomes [17]. The effect of the allocation to the GWP of cements
with GBES is presented in Fig. 4.2. For the calculation of the CO, foot-
print, the coefficients based on the economic allocation [17] were used.
It is shown that the impact of blast furnace cements is now significantly
higher but still lower than that of Portland cement. Of course these results
do not consider other impact categories (e.g., human toxicity or energy
consumption), which have much higher allocation factors, and the limited
availability of GBFS. For future application, in accordance with a modified
low-water concrete technology, the development of cements with higher
limestone content is in progress [18].

In the second step the volume of cement and cementitious materi-
als should be minimized. To achieve a significant reduction, the concrete
technology for ordinary concretes was modified based on the principles of
high-performance concretes. The basic idea is the reduction of water so as
to allow reducing the reactive components, i.e., clinker, slag, and fly ash in
the concrete mixture. However, acceptable workability has to be ensured.
This can be provided by sufficient paste content and surplus water based
on increased powder content and a higher packing density of the granular
mixture (Fig. 4.3).

Fig. 4.3 shows that the application of high-performance superplasticiz-
ers increases the dispersion of particles and allows a higher actual packing
density of the solid powder particles (<0.125mm) to be obtained. Virtual
packing is the maximum achievable packing density and therefore not
influenced by the superplasticizer or the particular packing process [19].

To achieve higher actual and virtual packing density, optimization of
the particle-size distribution is recommended, using different approaches
[19-21]. Of special importance for higher actual packing density is an
increased grading span, which can be obtained by a certain amount of
finer particles, the use of compact or rounded particles, and continuous
grading with increased ratio of fractions of larger particle size [19].

The measures described lead to less water being required, which in
turn allows the water—powder ratio in the mixture to be reduced while still
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Figure 4.3 Evolution from the conventional mixture proportion to cement-reduced
eco-friendly concrete [8].

providing sufficient workability. Based on a decreased water content while
achieving an increase in strength and durability, it is possible to reduce the
cement content. The corresponding cement and water volume is replaced
by environmentally friendly powders such as limestone. Investigations have
shown that optimized limestone powders, though mostly inert, contribute
considerably to strength development. The use of fly ash or slag is also pos-
sible. However, considering the limited availability of these reactive byprod-
ucts, widely available limestone should be preferred for the major part. It
should also be mentioned that the current most-common practice of
considering fly ash and slag as CO, neutral is under revision.

An additional reduction in cement content in step 3 can be realized
based on a reduction in paste content. For the requisite optimization of
aggregate grading, existing knowledge can be applied [19,21,22].

The principles for development of eco-friendly concretes are
described and their effects on concrete strength, water content, and work-
ability are presented qualitatively in Fig. 4.4. In this case the optimization
is based on a conventional concrete mixture. The potential reduction in
cement clinker conforms to the cement clinker quality, the contribution
of additives to concrete performance, and the decrease in water. An almost
linear correlation between cement clinker content and environmental
impacts results in a better environmental performance of the concretes
with reduced water and cement content.



68 Handbook of Low Carbon Concrete

= == Concrete = « = Cement Environmental

performance content impact

100%

0%

Cement
reduction

addition of
filler/additives

(Cement type Water reduction
Reference mix with higher strength use of filler and

and eco-friendly | G
main components superplasticizer

Figure 4.4 Reduction of environmental impact of low-water concrete in relation to a
conventional reference concrete (steps 1 and 2).

For the application of eco-friendly concretes in practice, the questions
must be answered regarding strength development and durability as well
as workability and pumpability. Changes to the conventional mixtures
must not diminish the material performance. In particular, where eco-
friendly concretes are to be exposed to severe conditions, durability is of
great importance including performance in the presence of carbonation-
induced corrosion, freeze—thaw cycling, and sulfate attack [23-25]. The
viscosity of the eco-friendly concretes is higher compared to conventional
concrete as a result of the required low water—powder ratio. The contrac-
tor should define the maximal acceptable viscosity depending on the con-
creting technology. This parameter controls the minimum water content
and hence the potential for the clinker reduction.

4.3 LABORATORY TESTS
4.3.1 Overview and Targets

Different concrete mixtures with reduced cement content were developed
especially for conventionally reinforced concrete structures. The initial
investigations based on laboratory tests are described below.

A compressive strength of 10N/mm? at an age of 24h with a cur-
ing temperature of 20°C was targeted to enable demolding. After 28 days
an average compressive strength of 38 N/mm® was desired to obtain a
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concrete strength sufficient for certain applications. The cement-reduced
concretes must have sufficient workability. Therefore the table-test flow
value according to DIN EN 12350-05:2009-08 was chosen to be 550 mm.
The cement-reduced concretes are intended to be used for interior struc-
tures (exposure class XC1) as well as for exterior structures (exposure
classes XC4, XF1, and XA1). The standard DIN 1045-2:2008-08 defines
the German national requirements for concrete mix design depending on
the exposure classes. For application in exterior structures (exposure classes
XC4, XF1, and XA1) the minimum cement content is 270kg/m’, for
interior structures 240kg/m’ (XC1). The water—cement ratio, including all
cement constituents, may not exceed 0.60 and 0.75, respectively. In case of
addition of fly ash an efficiency factor of 0.4 is considered, up to a weight
of 33% of cement mass.

4.3.2 Constituents and Concrete Mix Design

To evaluate concrete performance, conventional reference concretes based
on the concrete mix design according to DIN 1045-2:2008-08 were
included in the test program. The mix design for the reference concretes
with a cement content of 240 and 270kg/m® is shown in Table 4.1.

Starting with the reference concrete, the conventional cement content
was progressively reduced from 270 to 100kg/m’ (see Table 4.2). Additives
were gradually substituted for cement. At the same time, the water volume
was reduced. The lowest water content was 125L/m’. To maintain suf-
ficient workability the powder content (<0.125mm) was increased up to
440kg/m’ by the addition of fly ash and limestone powder. Concrete con-
sistency was adjusted by changing the dosage of superplasticizer. Generally a
Portland cement with nominal strength of 52.5N/mm?, high early strength,
and a defined cement clinker content (Clinker 1) were used. In addition,
two Portland cements with a lower strength class (Clinkers 2 and 3) were
included. Subsequently, the influence of a blast furnace cement composed
of 60% clinker (Clinker 4) and 40% GBFES was analyzed. Limestone powder
and fly ash additives were used in ratios of 0, 0.5, and 1.0 by volume.

In an additional test series, the effect of the limestone powder fineness
on the concrete properties was analyzed (see Table 4.3). The Blaine value
of the standard Limestone 1 was 0.31m?/g and of the fine Limestone 2
1.60m*/g. The location parameters (particle diameter for accumulation by
weight) are dig = 3.3um, d5q = 15.4um, dyg = 59.1pum and djy = 0.7 um,
dso = 1.8 um, dog = 3.9 um, respectively.



Table 4.1 Mix design of the reference concretes

Reference concretes

Mix design Mass C1-270- C2-270- C3-270- C1-240-  (C3-240- C1-240-FA  C1-240-FA
perm?® FA10-w165 FA10-w165 FA10-w165 w180 w180 160-w180 160-w145

Clinker 1: CEM 1 525R | kg 270 — — 240 — 240 240

Clinker 2: CEM 1 425R | kg — 270 — — — — —

Clinker 3: CEM 1 325R | kg — — 270 — 240 — —

Fly ash (EN 450) kg 10 10 10 — — 160 160

Limestone powder 1 kg — — — — — — —

Water kg 162 162 162 180 180 179 142

Superplasticizer kg 2.8 1.9 3.0 — 1.3 1.7 4.0

River sand 0-2mm kg 597 603 603 601 601 569 509

River gravel 2-8 mm kg 446 446 446 444 444 394 446

River gravel 8-16 mm kg 847 847 847 842 842 748 846

w/c (-] 0.01 0.61 0.01 0.75 0.76 0.75 0.60

W/Ceq (-] 0.60 0.60 0.60 0.75 0.76 0.66 0.53




Table 4.2 Mix design of the cement-reduced concretes

Cement clinker-reduced concretes

Mix design Mass C1-200- C1-175- C1-150- C1-150- C1-150- C1-150- C1-150- C4-90- C4-90- C4-90- C1-125- C1-100-
per m3 FA 200- FA225- FA250- FA125- 1S289- FA250- LS289- GBFS60- GBFS60- GBFS60- FA275- FA 300-
concrete w145 w145 w145 LS 145- w145 w125 w125 FA 250- FA125- LS289- w145 w145

w145 w145 LS 145- w145
w145

Clinker 1: CEM | kg 200 175 150 150 150 150 150 — — — 125 100

152.5R

Clinker 4: CEM | kg — — — — — — — 90 90 90 — —

152.5R

GBFS kg — — — — — — — 60 60 60 — —

Fly ash kg 200 225 250 125 — 250 — 250 125 — 275 301

(EN 450)
Limestone kg — — — 145 289 — 289 — 145 289 — —
powder 1

‘Water kg 142 142 142 142 142 120 120 143 142 142 143 144

Superplasticizer | kg 4.1 3.9 3.1 4.0 5.1 6.9 6.5 2.4 3.3 4.5 3.1 1.9

River sand kg 515 519 523 524 524 542 542 523 524 524 528 534

0—2mm

River gravel kg 440 436 434 434 434 444 444 434 434 434 429 424

2—-8mm

River gravel kg 834 828 823 823 823 843 843 823 823 823 814 804

8—16mm

w/c -] 0.73 0.83 0.96 0.97 0.97 0.84 0.83 1.61 1.61 1.61 1.16 1.45

W/ Ceq -] 0.64 0.73 0.85 0.85 0.97 0.74 0.83 1.42 1.42 1.61 1.02 1.28




Table 4.3 Mix design of cement-reduced concretes with different limestone fineness
Cement clinker-reduced concretes with different limestones

Mix design Mass C5-150- C5-150- C5-150- C5-150- C5-150- C5-150- C5-150-
per m3 LS289/0- LS246/43-  LS202/87-  LS159/130- LS116/173- LS72/217-  LS0/289-
concrete w145 w145 w145 w145 w145 w145 w145

Clinker 5: CEM 1525R | kg 150 150 150 150 150 150 150

Limestone powder 1% kg 289 246 202 159 116 72 0

Limestone powder 2° kg 0 43 87 130 173 217 289

Water kg 142 142 142 142 142 142 142

Superplasticizer® kg 2.5 2.5 1.8 2.2 3.0 3.0 3.1

River sand 0—2mm kg 524 524 524 524 524 524 524

River gravel 2-8 mm kg 434 434 434 434 434 434 434

River gravel 8—=16 mm kg 823 823 823 823 823 823 823

w/c (-] 0.96 0.96 0.96 0.96 0.96 0.96 0.96

“Normal fineness.
"High fineness.
“Difterent producer.
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4.3.3 Test Methods

After mixing, the table flow value of the concrete was determined and the
dosage of superplasticizer adjusted as necessary to achieve a table flow of
550 + 20mm. Then, the specimens for the compressive strength (150 mm
cubes) and carbonation tests (prisms 100 X 100 X 500mm) were pro-
duced. The samples for the compressive strength test were demolded after
1 day and stored in water at 20°C. Compressive strength was tested after 1,
3,7,28,and 91 days.

Resistance to carbonation was analyzed using the accelerated car-
bonation test method (ACC test method) according to Ref. [26]. After
demolding the concrete prisms were stored until the age of 7 days in
water at a temperature of T = 20°C. Subsequent to water storage the
specimens were placed in a climate chamber for 21 days at T'= 20°C, and
RH = 65%.Then, the specimens were exposed for 28 days to an increased
CO, concentration of 2%, T = 20°C, and RH = 65%. After this stor-
age, the specimens were split and the carbonation depth x. was measured
at the plane of rupture using an indicator solution (phenolphthalein). In
addition to the ACC test method, selected concretes were stored in a
normal CO, concentration (T = 20°C and RH = 65%) for 2.5 years.

4.4 CONCRETE PROPERTIES

4.4.1 Workability and Strength Development

The requirements of table flow and compactibility were fulfilled by all
mixtures, in spite of the significant reduction in water content. However,
a higher demand of superplasticizer was necessary compared with the ref-
erence mixes. The minimum water volume for workability oriented on
practical application was identified to be 145L/m’. The plastic viscosity
increased noticeably for concretes with 125L/m’. Detailed studies on the
viscosity of water-reduced eco-friendly concretes were conducted in addi-
tional test series [27].

The compressive strength measurements are presented in Table 4.4 and
Fig. 4.5. It was noted that the loss of compressive strength, correspond-
ing to the cement clinker reduction, can be compensated by decreased
water volume and by using reactive powder such as fly ash and blast fur-
nace slag. The application of cement clinker with higher strength is also
advantageous.



Table 4.4 Strength development and carbonation depth

Concrete mix Compressive strength Carbonation depth
fcm,cube (N/mmz) Xc (mm)
Concrete age ACC test Long-term test

28 days 2.5 years

Clinker additives Water 1day 3 days 7 days 28 days 91 days 2% CO, Normal CO,
C1-270-FA10- w165 34.6 42.0 49.4 53.9 61.2 2.9 2.7
C2-270-FA10- w165 15.9 30.1 38.5 40.8 52.3 2.8 —
C3-270-FA10- w165 10.0 20.9 28.9 347 39.6 5.6 8.1
C1-240- w180 15.1 22.7 30.5 33.6 34.3 6.1 5.4
C3-240- w180 4.1 11.9 18.0 24.0 25.6 11.1 —
C1-240-FA160- w180 22.8 31.6 38.2 46.8 59.7 5.4 —
C1-240-FA160- w145 34.5 42.9 56.0 69.4 82.0 1.1 0.1
C1-200-FA200- w145 21.8 36.5 45.1 57.0 72.9 2.3

C1-175- FA225- w145 21.3 32.6 38.5 55.0 66.5 4.1 —
C1-150-FA250- w145 11.7 24.4 29.2 42.7 54.6 9.8 6.0
C1-150-FA125-LS145- w145 15.0 25.6 30.7 38.8 52.9 9.4 7.3
C1-150-LS289- w145 11.6 21.8 222 27.6 30.4 12.3 —
C1-150-FA250- w125 14.3 28.4 32.2 55.3 69.6 3.1 —
C1-150-LS289- w125 18.3 31.9 32.6 37.8 38.4 8.4 —
C4-90-GBFS60-FA250- w145 7.2 17.2 30.9 50.9 62.9 6.3 8.1
C4-90-GBFS60-FA125-LS145- | w145 6.2 18.1 29.7 45.4 50.0 7.0 8.7
C4-90-GBFS60-LS289- w145 6.9 15.0 29.9 40.8 42.4 7.4 9.4
C1-125-FA275- w145 8.2 17.3 26.4 39.3 44.0 14.2 8.9
C1-100-FA300- w145 4.8 10.7 16.9 26.3 31.9 21.0 14.1
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Figure 4.5 Compressive strength versus cement clinker content.

Fig. 4.5 and Table 4.4 show that concretes with a low cement clin-
ker content of 150kg/m’ were able to meet the defined strength require-
ments. Both early strength and 28-day strength were acceptable. However,
the concretes without slag reach the compressive strength target only with
a certain amount of fly ash or a very low water volume of 125L/m”. The
relative clinker demand, which represents the required clinker mass per
1 N/mm? compressive strength, is shown in Fig. 4.6. It is obvious that the
efficiency of the developed mixtures is very high compared with that of
conventional concretes. Moreover, clinker demand is relatively constant in
all strength categories.

To enable a further water reduction and consequently an additional
reduction in clinker content, systematic optimization of the complete
particle-size distribution of the granular powder is necessary.

Successive substitution of the ordinary limestone powder with finer
limestone raised the 28-day compressive strength from the reference value
of 32N/mm” up to 46 N/mm?* (Fig. 4.7). It is assumed that the more-
homogeneous microstructure and the improved interface between the
cement matrix and aggregates have positive effects. A great benefit of
the fine limestone is also seen to be the considerable reduction in concrete
viscosity as well as the lower demand in superplasticizer. The minimum of
both was reached with a replacement ratio of 30% (see Table 4.3).
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4.4.2 Carbonation of the Concrete

Table 4.4 shows the measured carbonation depth as a result of the

ACC test method and the long-term CO, storage. The concrete mix
C1-270-FA10-w165 with high-strength cement has a relatively low
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Figure 4.8 Carbonation depths of the concretes versus compressive strength.

carbonation depth of 3mm compared with concrete C3-270-FA10-w165
of low cement strength and a depth of 6 mm.

Compared with the carbonation depth of a conventional con-
crete  (C3-270-FA10-w165), approximately the same value was mea-
sured for the concretes with only 90kg/m® of clinker and 60kg/m’ of slag
(C4-90-GBFS60-FA250-w145). In contrast, the concretes with 150kg/m’
of Portland cement had a considerably higher carbonation depth than the
reference concrete. Requirements for exterior structures could be met by
reducing the water content or by a slight increase in cement content. The
effect of fly ash, slag, and limestone powder on carbonation was considerable.
As a result of higher strength and lower porosity, fly ash reduced the carbon-
ation depth much more than limestone powder, notwithstanding the con-
sumption of calcium hydroxide. However, for a constant strength, the mixtures
with limestone powder show a lower carbonation depth than the concretes
with fly ash. Hence, the influence of fly ash on the compressive strength was
much more remarkable than the contributions to the carbonation resistance.

A reduction in cement clinker content to 125 and 100kg/m’ tends to
produce values that are significantly higher than the carbonation depths of
the reference concretes. These concretes are preferable for application in
interior members.

Carbonation depth versus compressive strength is presented in
Fig. 4.8, which reveals that carbonation depth is not very well correlated
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with compressive strength based on all mixtures. However, a good correla-
tion exists when the results are categorized by their SCMs and limestone
additions. What is obvious is a lower carbonation depth of concretes with
a conventional amount of cement clinker. The reduction in cement clin-
ker was connected with a higher carbonation depth at the same compres-
sive strength. For a given compressive strength, concretes with limestone
had a better resistance to carbonation than those with fly ash. The used
slag seems not to produce negative eftects on carbonation resistance.

The long-term carbonation tests under normal CO, exposure showed
a remarkably different trend compared to the results with higher CO,
concentration (Table 4.4). In particular, the correlation between compres-
sive strength and carbonation depth is more significant. This is probably
due to the fact that the delayed pozzolanic reaction of fly ash increases the
density and compressive strength over time and therefore leads to a higher
carbonation resistance compared to the results of the accelerated test.

It can be concluded that, compared with conventional concrete, the
same carbonation depth on concretes with reduced cement clinker is only
achievable by providing higher compressive strength. However, adequate
performance of such concretes with a moderate increase in strength can
be verified based on the performance concepts of new design standards
and long-term tests. An analytical model for the prediction of carbonation
depth based on an existing general model [26] is presented in Ref. [28].
This new model considers the specific mix proportion of concrete with
already used additives. It includes the contribution of cement strength
class, amount of fly ash and limestone powder, as well as water content on
the carbonation resistance of concrete.

4.4.3 Environmental Performance Evaluation

The optimization of cement clinker volume in the mix composition leads
to a significant reduction in the environmental impact compared with the
reference concrete mixtures. This improvement is specifically based on the
use of fly ash, slag, and limestone powder. It has to be kept in mind that an
allocation of environmental impacts to byproducts such as fly ash and slag
can change this conclusion noticeably. In this case, the results depend sig-
nificantly on the allocation criteria for the SCM. The allocation burdens
can be associated with both the relative mass and current economic values
of products and byproducts [17]. Every allocation has the effect that the
calculated impact of the used waste (SCM) is in some cases and for difter-
ent impact categories much higher than the replaced material (Portland
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Figure 4.9 GWP of selected cement-reduced concretes without allocation of SCM
and with economic allocation [17] (cradle to gate, CML method, 6kobau.dat 2010) and
compressive strength.

cement clinker). This leads to problematic results and potentially prevents
the use of byproducts that cannot be used for other applications in a rea-
sonable way. However, the allocation procedure supports the efficient use
of fly ash and slag in the mix design.

The GWP, which considers the distinctive effect of different green-
house gases, was calculated using the environmental performance evalu-
ation based on data for the constituents according to Okobau.dat 2010
and the GaBi database [29], Netzwerk Lebenszyklusdaten [16], and the
European Federation of Concrete Admixture Associations [30]. In a first
step, no allocations were considered for slag and fly ash except for the sec-
ondary process. Also the reabsorption of carbon dioxide was not consid-
ered, due to the fact that the degree of carbonation in concrete members
over the life cycle and the life cycle itselt is uncertain.

Fig. 4.9 shows the GWP of selected concretes without allocation to
SCM and with economic allocation according to Ref. [17]. For a com-
parable concrete strength the GWP without allocation was reduced by
approximately 35% by using fly ash and limestone and by approximately
60% when using slag as cement clinker replacement. According to the
environmental performance evaluation, other impact factors as well as pri-
mary energy consumption are also reduced significantly [8]. If the eco-
nomic allocation to SCM is considered, the reduction of the GWP is only
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Figure 4.10 Relative GWP of appropriate cement-reduced concretes versus compres-
sive strength and used SCM without allocation.

15-25% and 35-45% using slag as a replacement. For other environmental
categories (e.g., for acidification, photochemical oxidation) the calculated
impact of the cement-reduced concretes based on the allocation to SCM
is even higher.

To consider the performance of the concrete, the GWP was also
related to the compressive strength. The results without allocation to
SCM are shown in Fig. 4.10 for appropriate mixtures. The reduction of
water and cement clinker leads to a relative GWP of approximately 3kg
COs-eq/(N/mm?) notwithstanding the compressive strength. It can be
further noticed that the reduction of environmental impact in compari-
son to conventional concrete was more remarkable for low- and medium-

strength concrete.

4.5 APPLICATION IN PRACTICE

In cooperation with a producer of prefabricated concrete elements, the
application of cement-reduced concretes in practice was tested. The mix-
ture development was focused on semifinished concrete slabs and walls.
At the construction site, the completion of the structural element is car-
ried out with ready-mix concrete. The processing as well as the field of
application specifies the requirements for the fresh and hardened concrete



Table 4.5 Mix design of cement-reduced concretes for the precast industry

Eco-Friendly Concretes With Reduced Water and Cement Content

Selected concretes DIN C25/30 ECO- ECO- ECO-
Concrete1 Concrete2 Concrete 3
(Reference) C25/30 C30/37 C30/37

Exposition class XC4/XF1 XC1 XC1 XC4/XF1
Cement kg/m?® | 275 150° 150° 180°
Fly ash kg/m?® | 30 23 50 90
Limestone powder |kg/m’ | — 222 222 119
Sand 0—4 mm kg/m? | 693 721 721 721
Gravel 4-16 mm kg/m? | 1183 1126 1126 1126
Superplasticizer kg/m’ | 4.0° 4.0¢ 5.04 4.04
Total water kg/m? | 172 146 135 146
w/c — 0.63 0.97 0.9 0.81
W/ Ceq — 0.6 0.92 0.8 0.72
Flow diameter cm 53 53 50 55
Air volume % 2.2 2.4 1.4 1.5

“CEM II/A-LL 42.5R.
PCEM 1525R.

°SP 1.

aSp 2.

properties. Concrete slabs are usually used for interior elements (XCI1,
C20/30), while concrete walls are used for both interior as well as exte-
rior elements (XC4, XF1, C30/37, and C35/45). To meet the processing
requirements a compressive strength of 7N/mm® was targeted after 5h,
including heat treatment with 50°C.

As a result of the mixture optimization, the cement content (CEM
[ equivalent) for interior and exterior elements was decreased from 255
to 150kg/m’ in ECO-Concrete 1 and from 300 to 180kg/m* in ECO-
Concrete 3, respectively (see Table 4.5 and Fig. 4.11). Hence, the opti-
mization allowed a cement reduction of approximately 40%. At the
same time, the powder content was increased by 100kg/m’. The cement
content of the developed mixes is below the minimum value accepted
according to DIN 1045-1:2008-08. This requires a building authority
approval for the production of reinforced concrete elements.

The performance of the laboratory tests was verified by produc-
ing the elements in a precast concrete plant and by full-scale tests. It was
shown that an increased mixing time is necessary if the standard technol-
ogy is used. The workability of the concretes during the processing time
was sufficient. However, the quality and quantity of the materials must be
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Figure 4.11 Paste proportion of the cement-reduced concretes and the reference mixes.

Table 4.6 Hardened concrete properties according to DIN EN 12390

Hardened concrete properties DIN ECO-1 ECO-2 ECO-3
tests after 28 days according to C25/30 C25/30 C30/37 (C30/37
DIN EN 12390 reference
Compressive strength fi, cube 150 | N/mm? | 30 35.9 40.8 49.1
Compressive strength f, oy 150 N/mm? | 23.9 29.3 31.2 38.3
Splitting strength f., 5, cylinder | N/ mm? | 2.63 3.14 3.56 3.81
150/300 mm
Flexure strength f.,, g prisms N/mm? | 4.61 4.48 5.38 4.86
150/150/700 mm
Modulus of elasticity E,, N/mm? | 23.557 30.277 | 34.095 | 38,819
cylinder 150/300 mm
omax — 0'333,]2[11,6311
Bond concrete/rebar fi,, o 1mm N/mm?| 6.4 6 7.6 15.1
Pull-out test (RILEM),
d;=10mm, 0.1 mm
Depth of penetration of water | cm 6.3 6.6 3.9 2.1

controlled exactly. The measurement of aggregate moisture is of particular
importance. The high early strength allowed the integration of the new

concretes in the normal production process.
Several mechanical properties of the cement-reduced concretes
were tested (Table 4.6). It must be noted that the concrete specimens
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Figure 4.12 Time-dependent shrinkage of the cement-reduced and reference con-
cretes compared to the approach of Model Code 2010.

were produced with the maximum water content, which is expected in
the later fabrication process. The properties of the concretes developed
are mostly equivalent to the conventional concretes and the normative
standards.

The low heat of hydration and the lower shrinkage (see Fig. 4.12)
can be considered as advantages resulting from the decreased water and
cement content. The reason for the increased modulus of elasticity is
probably the lower porosity of the matrix due to the lower water—powder
ratio for a given paste volume. In addition, ECO-3 fulfilled the require-
ments for exposure class XC4 (carbonation resistance) and XF1 (freeze—
thaw resistance).

The environmental performance evaluation highlighted the advantages
of the cement reduction for the construction of ordinary concrete struc-
tures with prefabricated elements. The used basic data are summarized in
Table 4.7. Fig. 4.13 shows the GWP of reinforced concrete slabs produced
with conventional concrete as well as eco-friendly concrete.

A decrease of the environmental impact by 50%, including the rein-
forcement and energy for the processing, is possible. However, cement-
reduced eco-friendly mixtures should be used for both the prefabricated
and the ready-mix concrete. For the latter case, the cement with low
clinker content and moderate early strength (CEM III) is recommended.
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Table 4.7 Basic data for the environmental performance evaluation of concrete and
concrete elements according to Okobau.dat 2010 and GaBi database [29]

Constituent Reference unit GWP Primary
(kg CO,-eq.) energy (MJ)
Cement, CEM 1 kg 0.8198 3901
Cement, CEM III A kg 0.5021 2389
Cement, CEM III B kg 0.2887 1389
Fly ash kg 0.0110 0.154
Limestone powder kg 0.0278 0.444
Superplasticizer kg 0.7721 16,915
River sand kg 0.0023 0.037
River gravel kg 0.0023 0.036
Crushed aggregates kg 0.0068 0.107
Electricity kWh 0.6550 12,465
Heating oil I 3.3434 46,390
Reinforcement kg 0.8744 13,407
—~ 500
E Concrete slab: OIn-situ concrete
g d =20 cm, @ Transport in-situ concrete
'« 400 -{| 5 cm prefabricated, OTransport precast element [
o] 15 cm in-situ concrete, portp
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Figure 4.13 GWP of reinforced concrete slabs.

Elements with
elements and in-situ ECO-Concrete and ECO-Concrete and
concrete (CEM 1) ordinary in-situ

concrete (CEM 1)

Elements with Elements with

ECO-in-situ  (CEM 1)

concrete (CEM 1)  in-situ

ECO-Concrete

and ECO-
concrete

(CEM 1lI/B)

The properties of these concretes were investigated in an additional joint

research project [8].

The material costs for the cement-reduced concretes are either

approximately the same compared to conventional ordinary concrete or
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slightly lower. However, the costs are highly influenced by the price for
the additives, especially for the limestone powder and superplasticizer.

4.6 CONCLUSIONS

A stepwise approach was implemented in order to develop eco-friendly
concretes with reduced cement and water contents. In parallel, several
experimental attempts were conducted to evaluate the required concrete
performance for practical purposes. According to the results, the following
conclusions can be derived:

1. CO, emissions can be reduced significantly in structural concretes.
A significant reduction in Portland cement demand may be achieved
by using high-performance superplasticizer, high-strength cement and
optimized particle-size distribution.

2. Replacement of Portland cement and water with mineral fillers such as
limestone powder provides an optimal paste volume in the low water
mixture. It was shown that concretes with cement clinker and slag
contents as low as 150kg/m® were able to meet the usual requirements
of workability, compressive strength (~40 N/mm?), and other mechani-
cal properties.

3. The carbonation depth on eco-friendly concretes with at least 175kg/m’
clinker and slag was observed to be lower than that of conventional con-
cretes for exterior structures.

4. A reduction in the GWP of up to 35% compared with conventional
concrete can be seen as well as a reduction of more than 60% when
using GBFS. The allocation decreases the reduction, which is in the
case of economical allocation 15-25% and 35-45% using slag.

5. Practical application was verified in precast and ready-mix concrete
plants. Results showed an acceptable capability for eco-friendly con-
cretes to be used in the aforementioned industries in both fresh and
hardened states.
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5.1 INTRODUCTION

Concrete is predominantly utilized in buildings and infrastructure world-
wide; it i1s mainly produced by using ordinary Portland cement (OPC) as
a binder. In recent years, the annual world cement production has grown
from 1.0 billion tons to approximately 1.7 billion tons, which is enough to
produce 1m?® of concrete per person [1]. As a result, the cement industry
is commonly regarded as being in a period of high growth. However, the
industry has been confronted since the late 1990s by the need to reduce
its environmental load, including carbon dioxide (CO,) emissions. Some
estimates [2] suggest that the amount of CO, emitted from the worldwide
production of OPC may be as high as 7% of the total global CO, emis-
sions. Furthermore, the production of OPC involves serious collateral envi-
ronmental impacts, such as environmental pollution caused by dust and the
enormous energy consumption required from having a plasticity tempera-
ture of over 1300°C. For these reasons, the cement industry has been chal-
lenged in the past 10 years to effectively reduce and control CO, emissions.

Four alternative technologies to reduce CO, in the cement industry
have been commonly discussed [1,3]: (1) a change in fuel to one with a
lower carbon content, such as from coal to natural gas, during limestone cal-
cination; (2) adding a chemical absorption process that would capture CO»;
(3) changing the clinker manufacturing process by using efficient grinding
and conversion from a wet to a dry process; and (4) adding high volumes

Handbook of Low Carbon Concrete. © 2017 Elsevier Inc.
DOI: http://dx.doi.org/10.1016/B978-0-12-804524-4.00005-1 All rights reserved. 89
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of supplementary cementitious materials (SCMs), such as ground granulated
blast furnace slag (GGBES), fly ash (FA), and/or silica fume (SF). Of these
four technologies, using cement blended with SCMs is the most practical
and economical method, and one that can be straightforwardly applied in
the ready-mixed concrete field. Moreover, the use of GGBES or FA can pro-
vide additional environmental advantages, including natural resource con-
servation and recycling of industrial byproducts. However, available data [4]
for quantitatively evaluating the effect of SCMs on CO, emissions from the
concrete production process are very rare, although it is essential to design
the replacement level of SCMs for OPC according to targeted concrete
requirements such as initial slump, 28-day compressive strength, and CO,
reduction in order to determine the sustainable concrete mix proportions.
The present study aims to propose design equations for determining the
replacement level of SCMs and unit binder content needed to achieve the
targeted compressive strength and CO, reduction during concrete produc-
tion. The proposed equations also provide a straightforward means of assessing
the CO, footprints for a given concrete mix condition. The effect of SCMs
and unit binder content on the reduction of CO, in concrete was exam-
ined using a comprehensive database including a total of 5294 laboratory
concrete mixes and 3915 ready-mixed concrete mixes. All of the mixes were
evaluated in terms of binder and CO, intensities [4,5]. The CO, emissions
of the concrete were calculated in accordance with the life-cycle assessment
(LCA) procedure specified in the ISO 14040 series [6] based on the Korean
life-cycle inventory (LCI) database [7]. This means that the studied bound-
ary conditions are from cradle to preconstruction system, including various
contributions from the constituent steps, transportation to the plant, in-plant
production, and transportation from the plant to the construction site.

5.2 LIFE-CYCLE CO, ASSESSMENT PROCEDURE
FOR CONCRETE

The CO, assessment considered in this study closely followed the LCA
procedure specified in the ISO 14040 series [5], and is summarized in the
following sections.

5.2.1 Objective and Scope

The objectives of the current LCA were to evaluate the CO, footprint for
a given concrete mix proportion and to ascertain the effect of SCMs on
the reduction in CO, emissions in OPC concrete production. The func-
tional unit of concrete was selected to be 1m?>. The system boundary that
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was studied was from cradle to preconstruction, which included the fol-
lowing phases: (1) procurement of all constituents in a materials inventory
taken from cradle to gate, (2) transportation of the constituents to a ready-
mixed concrete plant, (3) in-plant production of the concrete, and (4) trans-
portation of the concrete to a work site, as presented in Fig. 5.1. Hence,
the investigated system boundary satisfies the minimum requirements of the
ISO 14040 series, which is defined to be from the cradle to the gate of
the concrete plant. The assumed time and regional boundaries for concrete
mixes were between 1990 and 2012, and Seoul, South Korea, respectively.
The typical manufacturing process conducted in a ready-mixed concrete
plant in standard weather (under temperature of 15-25°C and relative
humidity of 60-75%) was selected as a process specification of the concrete.

To assess the CO, footprint of the transportation phase, the transpor-
tation distance for each concrete constituent material was estimated as
being from the gate of each production facility to the ready-mixed con-
crete plant. The cementitious materials, aggregates, and chemical admix-
tures were transported by a 23-ton capacity bulk trailer, 15-ton capacity
diesel truck, and 1.5-ton capacity diesel truck, respectively. Fresh con-
crete produced at the plant was transported to a construction site by a
6-m> capacity in-transit mixing truck. The distance from the plant to the
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Figure 5.1 Schematic diagram of concrete production from cradle to preconstruction.
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construction site was assumed to be 30 km, considering the allowable cast-
ing time of fresh concrete.

5.2.2 LCI Database

Considering the regional location, the Korean LCI database [7]| was pri-
marily used for CO, assessment in each phase of concrete, as given in
Table 5.1. The LCI for a building material provides a collective data set
that covers everything from the cradle to the grave. The Japanese Society
of Civil Engineering (JSCE) LCI database [8] was also used for a data set
that is not provided in the Korean LCI database, because the climate con-
ditions and energy sources for concrete sources are similar in both coun-
tries. The CO, inventory for the concrete production phase was obtained
from the conversion of energy sources consumed in the plant for annual
productivity. The energy sources in the plant include electric power and
crude oils.

5.2.3 CO, Assessment Procedure

For the studied system, a total CO, footprint (C,) for 1-m’ concrete
can be assessed by the individual integration method [4] using the follow-
ing equation:

Cé, — COZ—M + CO2—T + COZ—P (51)

where CO,_p;, CO,_p, and CO,_p indicate the CO, emissions in the
materials, transportation, and production phases, respectively. Because
the materials phase includes the cementitious materials, water, fine aggre-
gate, coarse aggregate, and chemical admixtures, CO,_y; can be calculated
as follows:

n

CO,y = Z(Wi X COyjy—rcr)
i=1 (5.2)

where i represents a raw material constituent of the concrete, n is the
total number of constituents added for concrete production, and I¥; and
COy(j—rcr are the unit volume weight (kg/ m?) and CO, emission inven-
tory (CO,-kg/kg), respectively, of raw material i. The amount of CO,
generated during the transportation process can be calculated by sum-
ming the amount generated during transportation of each constituent i, as
well as that generated from transporting the produced concrete. Therefore,
CO,_t can be obtained as follows:



Table 5.1 Examples for CO, assessment of concrete in the studied system (f/=35 MPa)

Functional unit (FU): m3 Material Transportation
A B A-B D E A-D-E
Unit
: kg/FU CO,-kg/kg CO,-kg/FU km CO,-kg/kg-km CO,-kg/FU
tem
OPC 336 0.931 312.8 277 518 x 107° 4.82
GGBFS? 60 0.0265 1.59 339 5.18 X 107° 1.05
FA? 5 0.0196 0.098 322 518 X 107° 0.08
Sand 855 0.0026 2.223 47 6.3 % 107° 2.53
Coarse 893 0.0075 6.6975 37.6 6.3 % 107° 2.12
Water 171 1.96 x 1074 0.034 — — —
Admixture 3.23 0.25 0.8075 70.6 221 x 107 0.05
Sum 324.3 —
Production (fresh concrete) 2323 0.00768 17.84 30 0.674 D-E=
CO,-kg/m>km | 20.22
Sum 30.88

Total = 372.98 CO,-kg/FU (= 324.3 + 30.88 + 17.84 CO,-kg)

“LCI data provided in JSCE are referenced wherever the Korean LCI database is unavailable.
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CO,r = Z(VVi X D; X COy_rciery) + Dre X COLrc)—1ci(TR _con)
i=1
(5.3)

where D; is the transportation distance of each concrete constituent mate-
rial i from the gate of the raw material-producing facility to the concrete
plant, COyp_rcyrr) 18 the CO, inventory for the vehicles to transport
material i, Dpc is the transportation distance for 1m’ of the produced
fresh concrete from the ready-mixed concrete plant to the construction
site, and COxe)—rci(TR _cony 18 the CO, inventory of the in-transit mix-
ing truck for fresh concrete. The CO, inventory for the in-transit mixer is
expressed in the units CO,-kg/(m>km).

An example of the CO, assessment for a given concrete mix propor-
tion using the above equations is given in Table 5.1. The concrete mix
proportion (column A in the table) is sampled from a comprehensive data-
base that is introduced in detail in the following section. In the table, the
CO, inventories for each constituent material and plant for concrete pro-
duction are listed in column B, and those for vehicles are given in column
E.The CO, emissions per functional unit of concrete were calculated to
be 324.3,17.84, and 30.88kg for the material, production, and transporta-
tion phases, respectively. The CO, emissions from the OPC material made
up 96.5% of the emissions for the material phase, which corresponded to
83.9% of the total CO, emissions. The CO, emissions in the transporta-
tion phase resulted mostly from the transportation of the mixed concrete
because the CO, emissions from the 6-m> capacity in-transit mixing truck
were considerably higher than those of the bulk trailer and diesel trucks
used to transport the concrete materials.

5.3 DATABASE OF CONCRETE MIX PROPORTIONS

To assess the CO, footprint of concrete production under a wide
variety of mix conditions and different 28-day compressive strengths, a
comprehensive database was established. The database included 5294 con-
crete mixes tested in the laboratory and 3915 concrete mixes produced
in ready-mixed concrete plants. The incidence of the various parameter
values in the database is given in Table 5.2. When the data sets were clas-
sified according to the addition of SCMs, the laboratory specimens were
found to consist of 3037 OPC mixes, 1000 OPC + FA mixes, 341 OPC +
GGBFS mixes, 697 OPC + SF mixes, 135 OPC + FA+ GGBFS mixes,



Table 5.2 Incidence of various parameter values for 5294 laboratory and 3915 plant concrete mixes

Mixing type Type of binder Range Total
50-250 250- 300- 400- 500- 600- 700- 800- 1000-
300 400 500 600 700 800 1000 1400
B (kg/m?) Laboratory | OPC 34 187 1057 | 882 575 235 44 23 — 3037
mix OPC + FA 6 74 375 | 289 171 58 25 1 — 1000
OPC + GGBEFS 2 10 105 55 32 31 31 55 20 341
OPC + SF — 4 31 80 193 151 126 91 21 697
OPC + FA+ GGBFS | 2 — 45 48 18 14 5 3 — 135
OPC + FA + SF — — 6 2 8 6 2 — 24
OPC + SF + GGBES | — — — 2 5 10 19 23 1 60
Plant mix | OPC 29 184 458 42 — — — — — 713
OPC + FA 63 425 733 | 150 30 1 — — — 1402
OPC + GGBFS 1 7 342 | 184 13 2 — 1 — 550
OPC + FA + GGBES | 57 414 625 | 107 21 3 1 — — 1228
OPC + FA + SF — — — 18 2 2 — — — 22

(Continued)



Table 5.2 (Continued)

Mixing type Type of binder Range Total
7-20  20-30 30-40 40-60 60-80 80-100 100-120 120-140 140-170
fc/ (MPa) Laboratory | OPC 118 488 604 981 507 224 105 9 1 3037
mix OPC+ FA 138 360 187 208 98 9 — — — 1000
OPC+ GGBFS 13 47 61 73 68 45 27 7 — 341
OPC+ SF 1 4 21 95 170 | 176 116 94 13 690
OPC+ FA+ GGBES | — 5 19 92 16 2 1 — — 135
OPC+ FA+ SF — — 1 7 11 3 0 2 — 24
OPC+ SF+ GGBES — — — 3 13 14 12 13 5 60
Plant mix | OPC 116|505 86 6 | — — — — 713
OPC+ FA 311 907 | 124 57 3 — — — — 1402
OPC+ GGBFS 8 302 |167 61 12 — — — — 550
OPC+ FA+ GGBFS 293 | 724 |163 45 1 1 1 — — 1228
OPC+ FA+ SF — — 20 |— |— 2 — — — 2
Mixing Type of binder Range Total
type 3-10  0-20 20-30 30-40 40-50 50-60 60-70 70-80 80-100
R (%) Laboratory | OPC + GGBES 22 41 112 62 47 35 14 8 — 341
mix
Plant mix | OPC + GGBFS 69 145 | 210 111 3 7 1 4 — 550




Mixing Type of binder Range Total
type 3-10  10-20 20-30 30-40 40-50 50-60 60-70 70-80 80-90
Rg (%) Laboratory | OPC + FA 284 | 469 126 85 20 10 6 — — 1000
mix
Plant mix OPC + FA 1402 | — — — — — — — — 1402
Rg (%) Laboratory | OPC + SF 348 | 293 56 3 — — — — — 700
mix
Mixing Type of binder Range Total
type 9-10 10-20 20-30 30-40 40-50 50-60 60-70 70-80 80-90
Ry + Rg (%) | Laboratory | OPC + FA + GGBFS |2 50 43 15 5 14 6 — — 135
mix
Plant mix OPC + FA + GGBES |1 52 210 482 227 225 30 — 1 1228
Mixing Type of binder Range Total
type 0-10 10-20 21-30 30-40 40-50 50-60 60-70 70-80 80-90
Rg+ Rg (%) | Laboratory | OPC + SF + GGBFS | — — 19 26 9 5 1 — — 60
mix
Mixing Type of binder Range Total
type 0-10 16-20 21-30 30-40 40-50 50-60 60-70 70-80 80-90
Ry + Rg (%) Laboratory | OPC + FA + SF — 1 15 8 — — — — — 24
mix
Plant mix | OPC + FA + SF — 20 2 — — — — — — 22




98 Handbook of Low Carbon Concrete

24 OPC + FA + SF mixes, and 60 OPC + GGBEFS + SF mixes, while the
plant productions consisted of 713 OPC mixes, 1402 OPC + FA mixes,
550 OPC + GGBES mixes, 1228 OPC + FA 4+ GGBFS mixes, and 22 OPC
+ FA + SF mixes.

The replacement level of SCMs in the laboratory specimens ranged
between 3% and 70% for FA, between 3% and 80% for GGBFS, and between
3% and 40% for SE while that in the plant productions ranged between 3%
and 10% for FA, and between 3% and 80% for GGBEFS. The range of con-
crete compressive strength in the laboratory specimens was as follows:
7—170 MPa for OPC mixes, 7—100 MPa for OPC + FA mixes, 7—140 MPa
for OPC + GGBFEFS mixes, 7170 MPa for OPC+ SF mixes, 20—120 MPa for
OPC + FA + GGBFS mixes, 30-140 MPa for OPC + FA + SF mixes, and
40-170MPa for OPC 4+ GGBEFES + SF mixes. The range of concrete com-
pressive strength in the plant-produced concrete was as follows: 7—60 MPa for
OPC mixes, 7-80 MPa for OPC + FA mixes, 7-80 MPa for OPC + GGBFS
mixes, 7-120MPa for OPC + FA + GGBES mixes, and 30-100MPa for
OPC + FA + SF mixes. The unit binder content ranged between 50 and
1400kg/m® for laboratory specimens, and between 50 and 1000kg/m® for
the plant mixes.

Table 5.1 clearly demonstrates that the CO, emission of concrete
results primarily from the OPC content in the material phase. Hence, it
is essential to determine the unit binder content with the minimum OPC
proportion for reducing the CO, emissions in concrete production. For
this reason, several recent studies [4,5,9] have discussed the efficient use of
a binder to reduce CO, emissions. The increase in the compressive strength
of concrete commonly accompanies the consumption of a greater amount
of binder, because a higher strength requires a lower water-to-binder ratio.
On the other hand, a higher concrete strength can minimize the necessary
member size, which contributes to a decrease in CO, emissions by using
a smaller amount of concrete. Hence, the CO, emissions of concrete need
to be assessed in terms of the binder content necessary to develop a unit
compressive strength (1 MPa). Considering the interrelation of the concrete
compressive strength (f in MPa), the unit binder content (B in kg/m?),
and the corresponding CO, emissions (C, in kg/m?), the following binder
intensity (B;) and CO, intensity (C;) [4,5] were introduced:

B;=B/f! (5.4)

C.=C,/f! (5.5)



5.3.1

Effect of Supplementary Cementitious Materials on Reduction of CO, Emissions

Effect of SCMs on B;

99

Fig. 5.2 shows the effect of different SCMs on B; with the variation of
f!. Best-fit curves determined according to the data of each binder type
are also compared in Fig. 5.3. Although the mix design methods for the
concrete and the materials used differ widely, the variability of the data
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Figure 5.2 Binder intensity (B;) of different concrete types as a function of compressive
strength (fc/). (A) OPC concrete; (B) OPC + FA concrete; (C) OPC + FA + GGBFS concrete;
(D) OPC + GGBFS concrete; (E) OPC + SF concrete; and (F) OPC + SF + GGBFS concrete.
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is considerably small, especially for high-strength concrete with an f of
more than approximately 50 MPa. The differences among B; values in both
laboratory and plant mixes depend on f and the type of binder. When
f! is 20MPa, the B, value determined from the OPC laboratory concrete
mixes is 1.25 times higher than that obtained from the corresponding
plant mixes, while the B; value determined from the OPC+ GGBFS labo-
ratory mixes is 1.19 times higher than that obtained from the correspond-
ing plant mixes. On the other hand, when f’ increases to 80 MPa, the B
values determined from the OPC and OPC+ GGBES laboratory mixes
are lower than those determined from the corresponding plant mixes by
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Figure 5.3 Best-fit curves determined from B; data of Fig. 5.2. (A) Laboratory mixes and
(B) plant mixes.
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7% and 10%, respectively. However, both mixes commonly tend to have
similar B; values for a given f/, although the number and coverage range
of data in the plant mixes are considerably smaller than those in the lab-
oratory mixes. For example, when f/ is 40 MPa, B; varies between 9.02
and 14.05kg/m>/MPa for the laboratory mixes and between 10.85 and
12.77kg/m>/MPa for the plant mixes. Furthermore, a similar relation of
the B; value and f/ is found in both mixes. The binder intensity com-
monly tends to decrease with the increase in f/, regardless of the binder
type. This indicates that the amount of binder to develop the unit strength
decreases as f! increases. The decreasing value of B, with the increase in
f! is gradually mitigated beyond a concrete strength of 50 MPa, and the
values of B; converge towards a minimum value. The convergence value of
B; is marginally affected by the type of binder, showing a value of approxi-
mately 5kg/m>/MPa. The value of B; for OPC+ GGBFS concrete is very
similar to that for OPC concrete with the same f’. The OPC+ SF con-
crete gives a lower value of B, than OPC does concrete when f is less
than 40 MPa. On the other hand, the OPC+ FA concrete and OPC+
FA+ GGBES concrete have slightly higher B; values than does OPC con-
crete, indicating that the former two require more unit binder content
than the latter with the same f.

5.3.2 Effect of SCMson G

Fig. 5.4 shows the effect of different SCMs on C; with the variation of f.
Fig. 5.5 also presents comparisons of the best-fit curves determined from
the relationship of f/ and the C; value, according to the type of binder.
As was observed for the B; value, the laboratory and plant mixes have
similar C; values for a given f/. The values of C; range between 11.58
and 18.0kg/m®/MPa for the laboratory mixes and between 11.3 and
16.36kg/m>/MPa for the plant mixes when f is 20 MPa. As f/ increases
to 80 MPa, the values of C; vary between 4.66 and 7.21kg/m?/MPa for
the laboratory mixes and between 5.56 and 8.41kg/m?/MPa for the plant
mixes. Furthermore, both the laboratory and plant mixes reveal the same
trends for the effect of SCMs on C;. The variation of the C; value with fc/
is very similar to the trend observed in B,. At the same f/, the OPC con-
crete gives the highest C; value, while the OPC+ FA+ GGBFS concrete
commonly has a lower C; value than any of the other concrete types. This
indicates that the combined substitution of FA and GGBES is more favor-
able for the reduction of CO, emissions in developing the unit strength
of concrete than are the other SCMs. Compared with the OPC concrete
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Figure 5.4 CO, intensity (G) of different concrete types as a function of compressive
strength (fc/). (A) OPC concrete; (B) OPC + FA concrete; (C) OPC + FA 4+ GGBFS concrete;
(D) OPC + GGBFS concrete; (E) OPC + SF concrete; and (F) OPC + SF + GGBFS concrete.

laboratory mix, the C; value for OPC+ FA+ GGBFS concrete decreases
by approximately 12% when f is 30MPa, and then the decreasing ratio
increases by as much as 48% as f increases to 100 MPa. The C, value for
concrete with FA or SF alone is also lower than that for OPC concrete,
resulting in a decrease of between 10% and 20%. When f! is higher than
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Figure 5.5 Best-fit curves determined from C, data of Fig. 5.4. (A) Laboratory mixes and
(B) plant mixes.

30MPa, the OPC+ GGBFS concrete gives a slightly lower C; value than
does the OPC concrete, although both concrete mixes have a similar B;
value. This observation is particularly noticeable for the laboratory con-
crete mixes.

Fig. 5.6 shows the effect of the substitution level of SCMs on the C;
values of concrete mixes for similar compressive-strength ranges. In gen-
eral, the C; value of concrete decreases sharply as the substitution level of
SCMs increases up to approximately 15-20%, beyond which the decreas-
ing rate tends to gradually slow, as demonstrated by the best-fit curves of
the test data. Hence, the relation of the C; value and the SCM substitution
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Figure 5.6 Effect of substitution level of SCM on CO, intensity (C).

level is nonlinear. This observation is insignificantly affected by f/. At the
same level of the substitution, the OPC+ GGBFES concrete gives lower C;
values than does the OPC+ FA concrete. Moreover, when the substitution
level is below 25%, the C; values of OPC+ SF concrete are lower than
those of the OPC+ FA concrete. Therefore, it can be concluded that the
substitution of GGBES or SF is more favorable than that of FA in reduc-
ing the CO, emissions of concrete.

5.3.3 Relation of B; and C;

The CO, emissions of concrete significantly depend on f/, the cor-
responding unit binder content, and the substitution level of SCMs. The
CO, emissions of concrete for a given f can be simply assessed if the C,
value is known. To propose a simple closed-form equation to determine
the C; value, the important parameters, including B; and the SCM substi-
tution level, were adjusted by a nonlinear multiple-regression analysis. The
boundary conditions for the analysis were as follows: (1) a binder content
of 0 results in a CO, emission of 0; (2) the effect of each SCM on the
reduction in the C; value should be considered individually, because the
CO, emission of concrete is assessed by the individual integration method,;
and (3) the decrease in C; with the substitution level of each SCM can be
realized by the power function, as shown in Fig. 5.6. Overall, the relation
of B; and C; can be formulated in the following way:

C, = Al — (RY' + RS + RIB;,  (kg/m’/MPa™")  (5.6)
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Figure 5.7 Regression analysis for relationship between CO, intensity (C;) and binder
intensity (B)).

where R, Rg, and Rg are the substitution levels for OPC of FA, GGBFS,
and SE respectively. In Eq. (5.6), the experimental constants, A;, By, Cj,
and D; were determined to be 1.1, 1.15, 1.1, and 0.95, respectively, by the
regression analysis using the database (see Fig. 5.7). In the determination
of experimental constants, all data sets in the database were used without
any separation of laboratory and plant mixes, because the two mixes had
substantially similar B, and C, values for a given f’. Ultimately, from the
definition of B; and C;, the CO, emission (C,) per functional unit of con-
crete can be formulated as follows:

C, = L1 — (Rg"® + R§' + R{®)B (CO, — kg/m’) (5.7

4

The CO, emission of OPC concrete without SCMs can be straight-
forwardly assessed as 1.1B. Hence, the term (R;15+Rg1+Rg'95) in
Eq. (5.7) indicates the reduction ratio of CO, according to the substitu-
tion level of SCMs in OPC-based concrete. In OPC concrete, the value of
(R}:'ﬁ-i-Ré]-l-Rg'%) cannot exceed 1.0.

5.3.4 Determination of Unit Binder Content

The binder intensity is inversely and nonlinearly proportional to
£/, and affected by the type and amount of SCM, as shown in Fig. 5.3.
Compared with the unit binder content (B) of OPC concrete with the
same f/, OPC+ FA concrete mixes tend to require 1.0~1.16 times more
binder up to an f of 50 MPa, beyond which the required binder content
decreases by 3—15%. On the other hand, the OPC+ GGBFS and OPC+
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Figure 5.8 Regression analysis to determine the unit binder content for a given com-
pressive strength.

SF concrete mixes require a slightly lower binder content than does the
OPC concrete with the same f, and the required ratio varies nonlinearly
with f/. Considering these observations and the individual integration
procedure of each SCM, B; can be formulated from the regression analysis
using all data sets as follows (see Fig. 5.8):

B, = 125(f)" Ol + (R + RE” = RN (kg/m’/MPa™) (5.8)

Because the unit binder content (or unit water content) for a given
f! somewhat depends on various parameters such as the curing condition
of the concrete, designed workability and durability, and empirical abil-
ity of the mixing designers, the correlation coefficient (R>=0.73) between
the test data and the fit curve for B; is lower than that (R?>=0.987) for C..
However, Eq. (5.8) is expected to be of practical use in determining the
unit binder content and design of SCMs for a given f.. From the defini-
tion of B;, the unit binder content of OPC concrete with different SCMs
can be expressed as follows:

B = 125(f)" [l + (RF* + RY — RPN (ke/m’)  (5.9)

5.4 DESIGN OF SCMs TO REDUCE CO, EMISSIONS DURING
CONCRETE PRODUCTION

The OPC constituent predominantly governs the CO, emissions in con-
crete production, with a contribution rate roughly equivalent to 80-90%.
Hence, the determination of the substitution level of different SCMs is a
very critical parameter for a low CO, emissions—based mixing design of
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Figure 5.9 Example of SCM design chart for reducing CO, emissions from concrete
production. (A) Combination of FA, GGBFS, and SF; (B) Combination of FA and GGBFS.

concrete that will achieve a targeted f. The unit binder content for a tar-
geted f can be easily obtained using Eq. (5.9), according to the different
substitution levels of each SCM, and then, the total CO, emissions of a
particular concrete can be straightforwardly calculated by substituting the
determined B into Eq. (5.7). Fig. 5.9 shows examples of an SCM design
chart designed to achieve the targeted CO, reduction rate in OPC-based
concrete production. The International Green Construction Code [10]
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specifies that the LCA shall demonstrate that the building project achieves
not less than a 20% improvement in environmental impact as compared to
a reference building of similar usable floor area, function, and configura-
tion. The substitution of FA gives a lower CO, reduction rate than that of
either GGBES or SE To achieve a CO, reduction rate of more than 20%,
various combinations of each SCM are required (Fig. 5.9A); for example,
R above 30%, or combination of Ry above 15% and Rg above 15%. For
normal-strength concrete, FA and GGBFS rather than SF are primarily
used as SCMs because of their economical and workability efficiencies.
Fig. 5.9B clearly shows that the combinations of (1) Rg above 20% and Rg
above 10%, and/or (2) R above 10% and Ry above 25% achieve a CO,
reduction rate of 20% relative to OPC concrete. Hence, using Egs. (5.7)
and (5.9) or the design chart example in Fig. 5.9, the unit binder con-
tent and the type and substitution level of SCM can be straightforwardly
determined for the targeted f/ and CO, reduction rate. Furthermore,
Eq. (5.7) is of practical use in predicting the CO, emissions of concrete
for a given mixing proportion.

5.5 CONCLUSIONS

The CO, emissions of concrete production were assessed in accordance
with the life-cycle procedure specified in the ISO 14040 series. The effect
of SCMs including FA, GGBES, and SF on reduction in CO, emissions
from OPC-based concrete was analyzed by using binder intensity (B;) and
CO, intensity (C;) concepts in terms of the unit strength (1 MPa) of con-
crete. Based on the data from 5294 laboratory concrete mixes and 3915
plant mixes, equations were formulated to calculate the B; and C; values,
and then to straightforwardly determine the unit binder content and the
type and substitution of SCM for the targeted f’ and CO, reduction rate.
The proposed models do not consider the CO, emissions during the cast-
ing of concrete, the service life of the concrete structures, or the disposal
process for concrete. However, the CO, absorption of concrete due to car-
bonation during the service life of the structures is estimated to be only
5-7% of the CO, emissions caused by the constituent materials of the con-
crete [11]. It is also not an easy task to obtain reliable CO, emissions dur-
ing the casting and disposal process because they are significantly dependent
on the size, function, and configuration of the structure. Moreover, no
reliable LCI database is available at this time for various types of concrete
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construction equipment and waste-crushing equipment. The CO, emis-

sions calculated in the current transportation phase would vary slightly with

the locations of the ready-mixed concrete plant and the original supplier
of a raw material constituent of the concrete, but this variation is expected
to be less than 2% of the total CO, emissions, which is very small and can
be regarded as negligible. Hence, the proposed equations hold considerable
promise as a guideline for low CO,-based concrete mixing design.

From the analysis of a total of 9209 concrete mixes, the following con-
clusions may be drawn:

1. The binder intensity (B;) tends to decrease with an increase in the
compressive strength (f/) and converges towards a minimum value of
5kg/m’/MPa, regardless of the type of binder.

2. The variation of the CO, intensity (C,) with f is very similar to the
trend observed in B;. At the same f/, the OPC concrete gives the
highest C; value, while the OPC+ FA+ GGBES concrete has a lower
C; value than any of the other concrete types.

3. The C,; value of the concrete decreases sharply as the substitution level
of the SCMs increases up to approximately 15-20%, beyond which
the decreasing rate gradually slows. At the same level of substitution,
GGBEFS is more favorable than FA in reducing CO, emissions of
concrete.

4. The binder and CO, intensities can be formulated as a function of
the individual substitution level of each SCM. The significance of the
proposed models can be summarized as follows: (1) the total CO,
emission of concrete can be straightforwardly calculated for a given
concrete mix proportion, (2) the unit binder content of concrete can
be reasonably determined for the targeted f/, and (3) the type and
substitution level of SCMs can be easily selected to achieve the design
strength and targeted CO,-reduction rate.

ACKNOWLEDGMENTS

This work was supported by Grant No. 12CCTI-C063722-01 from the Construction
Technology Innovation Program (CTIP) funded by the Ministry of Land, Transportation,
and Maritime Affairs (MLTM) of the Korea Government and by Grant No.
2011T100200161 from the Nuclear Research and Development Program of the Korea
Institute of Energy Technology Evaluation and Planning (KETEP) funded by the Korea
Government Ministry of Knowledge Economy.



110

Handbook of Low Carbon Concrete

REFERENCES

(1]
(2]
3]
(4]
5]

(9]
(10]

(11]

Gartner E. Industrially interesting approaches to low-CO,’ cement. Cem Concr Res
2004;34(9):1489-98.

Malhotra VM. Introduction: sustainable development and concrete technology. Concr
Int 2002;24(7):22.

Ogbeide SO. Developing an optimization model for CO, reduction in cement pro-
duction process. ] Eng Sci Technol Rev 2012;3(1):85-8.

Yang KH, Song JK, Song KI. Assessment of CO, reduction of alkali-activated concrete.
J Clean Prod 2013;39(1):265-72.

Damineli BL, Kemeid FM, Aguiar PS, John VM. Measuring the eco-efficiency of
cement use. Cem Concr Compos 2010;32(8):555-62.

ISO 14040 Environmental management-life cycle assessment—principles and frame-
work. International Standardisation Organisation; 2006.

KEITI (Korea Environmental Industry & Technology Institute). Korea LCI database
information network, http://www.edp.or.kr/lcidb.

Sakai K, Kawai K. JSCE guidelines for concrete No. 7: recommendation of envi-
ronmental performance verification for concrete structures. Japan Society of Civil
Engineering; 2006.

Aitcin PC. Cements of yesterday and today: concrete of tomorrow. Cem Concr Res
2000;30(9):1349-59.

[gCC Public Comment Hearing Committee, USA. International green construction
code. : International Code Council, Inc; 2010.

Lee SH, Lee SB, Lee HS. Study on the evaluation CO2 emission-absorption of con-
crete in the view of carbonation. ] Korea Concr Inst 2009;21(1):85-92. (in Korean).


http://refhub.elsevier.com/B978-0-12-804524-4.00005-1/sbref1
http://refhub.elsevier.com/B978-0-12-804524-4.00005-1/sbref1
http://refhub.elsevier.com/B978-0-12-804524-4.00005-1/sbref2
http://refhub.elsevier.com/B978-0-12-804524-4.00005-1/sbref2
http://refhub.elsevier.com/B978-0-12-804524-4.00005-1/sbref3
http://refhub.elsevier.com/B978-0-12-804524-4.00005-1/sbref3
http://refhub.elsevier.com/B978-0-12-804524-4.00005-1/sbref4
http://refhub.elsevier.com/B978-0-12-804524-4.00005-1/sbref4
http://refhub.elsevier.com/B978-0-12-804524-4.00005-1/sbref5
http://refhub.elsevier.com/B978-0-12-804524-4.00005-1/sbref5
http://refhub.elsevier.com/B978-0-12-804524-4.00005-1/sbref6
http://refhub.elsevier.com/B978-0-12-804524-4.00005-1/sbref6
http://www.edp.or.kr/lcidb
http://refhub.elsevier.com/B978-0-12-804524-4.00005-1/sbref7
http://refhub.elsevier.com/B978-0-12-804524-4.00005-1/sbref7
http://refhub.elsevier.com/B978-0-12-804524-4.00005-1/sbref7
http://refhub.elsevier.com/B978-0-12-804524-4.00005-1/sbref8
http://refhub.elsevier.com/B978-0-12-804524-4.00005-1/sbref8
http://refhub.elsevier.com/B978-0-12-804524-4.00005-1/sbref9
http://refhub.elsevier.com/B978-0-12-804524-4.00005-1/sbref9
http://refhub.elsevier.com/B978-0-12-804524-4.00005-1/sbref10
http://refhub.elsevier.com/B978-0-12-804524-4.00005-1/sbref10

CHAPTER 6

Binder and Carbon Dioxide
Intensity Indexes as a Useful
Tool to Estimate the Ecological
Influence of Type and Maximum
Aggregate Size on Some High-
Strength Concrete Properties

A.M. Grabiec, D. Zawal and J. Szulc

Poznan University of Life Sciences, Poznan, Poland

6.1 INTRODUCTION

A growing intensity of extreme weather conditions brought about by
climate change has become a serious social and economic problem of 21st
century. Natural changes of the climate are particularly connected with
solar activity, occurrence of Milankovitch cycles (variations in eccen-
tricity, axial tilt, and precession), volcanic activity and ENSO (El Nino—
Southern Oscillation) phenomenon. However, the increasingly higher and
higher ratio of carbon dioxide concentration in the atmosphere, which has
been observed for the last 150 years, undoubtedly, is becoming increas-
ingly significant. In 2013, for the first time, the CO, content in the atmo-
sphere exceeded 400 ppm (http://climate.nasa.gov/news/916/) [1]. C.D.
Keeling has been conducting research on CO, content in the atmo-
sphere since the 1950s. Although they do not constitute a direct evidence
for anthropogenic reasons for the intensity of climate changes, today, in
light of other evidence, it is difficult to find a more rational interpretation.
According to measurements conducted by R.E Keeling (C.D. Keeling’s
son) in nine observatories around the world [2,3], the rise in CO, content
is associated with a simultaneous lowering of oxygen-to-nitrogen propor-
tion, which is presented in the upper part of Fig. 6.1. The only plausible
explanation of this phenomenon is the using up of oxygen in the pro-
cesses of combustion of fossil fuels. It is more difficult to agree with one
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Figure 6.1 Correlation between carbon dioxide quantity and oxygen-to-nitrogen ratio
in the atmosphere based on Mauna Loa observations [2,3].

of most recognized alternative hypotheses, according to which the increase
in CO, content in the atmosphere is a result of a rise in the tempera-
ture of the oceans and seas, brought about by increased solar activity. Had
this hypothesis been true, the proportion of oxygen to nitrogen would not
have changed. It is only the CO, content in the atmosphere that would
have changed. In fact, there is an observed, on the one hand, correlation
between the drop in the proportion of oxygen to nitrogen [2,3]| with a
commonly known C.D. Keeling curve (lower part of Fig. 6.1) illustrat-
ing the increase in the CO, concentration in the atmosphere and, on the
other hand, the lower activity of the sun in the last 11-year cycle (http://
solarscience.msfc.nasa.gov/predict.shtml) [4].

The notion of sustained development became equivalent to the notion
of environment for human life in 21st century. It is expressed in three
dimensions: social, economical, and ecological (Fig. 6.2). The three-dimen-
sional concept of world development, in some sense initiated in the report
Our Common Future issued by the UN Brundtland Commission in 1987
[5], is an obvious fact, accepted by the majority of people, especially when
one realizes the changes the world underwent in the last 200 years.

According to Ref. [6] mankind created its own geological age, the
Anthropocene, which commenced in the period 1850-1900. There were
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Figure 6.2 Sustainable development in the context of three-dimensional human life
environment.

and are many mutually linked phenomena occurring in the Anthropocene.
Demographic and social development intensified as well as that of towns
and cities; in 2007 the world rural and urban populations became bal-
anced [7]. The industrial revolution brought spectacular achievements.
Development of railways and other means of commonly understood mod-
ern transport took place. Electricity was implemented, empiric sciences
progressed (biology, chemistry, and experimental physics, where Edison
was the pioneer of creative inventions).

In the Anthropocene age, Portland cement, which was invented by
Aspdin in 1824, got into mass production. At the end of the 19th century
Monier invented reinforced concrete. Thanks to these two inventions the
development of industrial and hydrotechnical engineering was stimulated,
including construction of dams with the highly interesting project MOSE
which aimed to protect Venice against periodic flooding [8], and high-rise
building engineering [9] with the world’s highest building, Burj Khalifa
(in Dubai) reaching 828 m, with forecasts indicating that in 2020 it will
be only one of at least 30 buildings exceeding 400m in height (sky-
scraperpage.com/diagrams/?searchID=201&page=1) [10]. The above-
mentioned inventions of the 19th century enabled the development of
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transport infrastructure, road transport (substrates and pavement of roads
and motorways), railway transport (railway sleepers), and sea transport
(quays and breakwaters), too. In all those branches unceasing progress is
observed, and is strongly influenced by the breakthrough invention in
concrete technology from the end of the 20th century, namely, self-
compacting concrete [11].

Conscious and responsible actions of mankind in concrete technol-
ogy do not only involve reaching high technical, strength, and durabil-
ity parameters, but also producing environment-friendly concrete. This
regards acquiring of raw materials, the processing and preparation of mate-
rials, including cement and aggregates, and carrying out the particular
stages of concrete production. Unfortunately, concrete technology is one
of the areas of human activity involved in the increase in CO, emission; in
particular production of cement, a key constituent of concrete. In addition,
high demand for energy and water, erection of buildings and their demo-
lition are the reasons why concrete is not considered to be particularly
environmentally friendly or compatible with the demands of sustainable
development [12]. Hence, in the opinion of not only the environmental-
ists but also the average users of the environment, the concrete construc-
tion sector is obliged to undertake immediate action aimed at reducing its
environmental impacts, including the reduction of CO,.

The cement industry occupies a significant place in the spectrum of
negative influences onto the environment. According to the current assess-
ments [13] it is responsible for a 5-7% emission among all anthropologi-
cal sources of carbon dioxide. Assuming the yearly cement production
rate of over 4.3 Gt [14] and taking into account (because of the increas-
ing content of mineral additives in cement production) the value of unit
emission coefficient of about 0.6t of CO, per one cement ton, one gets
about 2.5Gt of CO, worldwide emission due to the cement industry.
The CO, emission problem is very important because of its relation to
climate changes. Measurements of CO, content in the atmosphere based
on investigations carried out in the second half of the 20th century in
the Mauna Loa Observatory by C.D. Keeling as well as ice-core analyses
[15] indicate a significant relation between the “awakening of technologi-
cal creativity” of mankind due to the Industrial Revolution and tempera-
ture changes. Previously, S. Arrhenius had observed the glass-house effect.
He concluded that it might have been advantageous for cold regions of
Scandinavia (encyclopedia.com/topic/Svante_ August_Arrhenius.aspx)
[16]. Unfortunately, climate change endangers mankind’s environment,
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especially in the economical dimension, similar to the nonrational process-
ing of natural resources. Severe harm, e.g., in civil engineering, may follow.
For instance in Siberian Russia, in the regions with permafrost melting
because of global warming, damage to buildings is reported [17,18].

Yet, it cannot be doubted that the most common danger to civil engi-
neering itself on the side of progressing climate change is the increasing
CO, content in the air. According to some research [19,20] it can lead to
the necessity to verify some models of carbonation and restrict all the cur-
rent recommendations related to slowing down and limiting carbonation
effects in order to protect reinforcing steel.

6.2 ENVIRONMENTAL FRIENDLINESS
IN CIVIL ENGINEERING

The regard for the environment has led to the appearance of such notions
as green building, green concrete, green cement, biocement, and eco-
cement [12,21-23], which define industrial materials and processes that
are environmentally friendly, but at the same time are economically viable
and thus meet the expectations of concrete technology. Aitcin’s [24] opin-
ion, according to which “the concrete of tomorrow will be green, green,
and green,” seems to be the best summary of the significance of this aspect.

The principles of sustainable development regarding the construction
and concrete industries have also begun to be a concern of not only envi-
ronmentalists, but also governments on the local, state, and national levels.
Slowly, owners and developers have consequently begun to implement
“going green” principles, for political reasons as a source of impalpable
benefits and promotion. Still, they also find it as a way to improve the
quality of the environment where they live. They have realized that such
aspects as reduced energy consumption and reduced life-cycle costs [12]
are truly worth it.

The aim of present-day technologists is to produce increasingly sophis-
ticated concrete, in terms of technical parameters, that is absolutely envi-
ronmentally friendly. The potential tools and strategies needed to meet
the environmental challenges in the construction and concrete industries
could be achieved in different ways. They are as follows:

1. replacement, as much as possible, of Portland cement by supplementary
cementitious materials, especially by-products of industrial processes,
such as fly ash, ground granulated blast furnace slag and silica fume
[12,25-29];
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2. using eco-cements [22,30,31];

3. using recycled materials, including recycled concrete aggregate, in
place of natural resources [12,32-36];

4. improvement of durability and service life of structures and as a
result reducing the amount of materials needed for their replacement
[27,32,37,38];

5. improvement of concrete mechanical and other properties, which can
also reduce the amount of materials needed [12,39]; and

6. reusing wash water in concrete plants [12].

6.2.1 Conception of Binder and Carbon Intensity Indexes

One of the criteria that can be a measure of sustainable development in
the cement and concrete industry are those of Damineli et al. [40] propo-
sitions on binder intensity index and carbon dioxide intensity index (b;
and ¢, respectively). The first one describes the cement mass per 1m> of
concrete necessary to achieve 1MPa strength. The second presents the
mass of carbon dioxide emitted in the production process of such a vol-
ume of cement that make it possible to attain the concrete strength of
1 MPa. Hence, the b; index makes it possible to estimate the efficiency of a
given cement binder in the process of obtaining the durable concrete. The
¢ index means a unitary contribution of the binder into the CO, emis-
sion. If a complementary assessment of the eco-efficiency of cement is to
be achieved, it is essential to use both indexes simultaneously.

As in all processes of concrete production, most of the carbon diox-
ide emission comes from the production of cement, and the data can
be treated as nearly estimating this emission for the needs of concrete
production with specified parameters. Obviously, estimations should be
carried out individually, since emissivity of CO, varies from cement plant
to cement plant and different raw materials needed to produce clinker
are used, and since selected concrete components vary in terms of quality
and quantity.

More precise estimations could be achieved by including the volume
of CO, emitted in the cause of transport of raw materials and cement as a
final product, and emitted from technological operations connected with
execution of concrete structure (production, transport, and compaction of
concrete).

In light of the concept of indexes [40], use of cements with mineral
additives results in a lower value of the ¢ index compared to the value of
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¢ for Portland cements without mineral additives. On the basis of local
and international data, Damineli et al. [40] estimated that the CO, emis-
sion index in the production of purely clinker cements is approximately
4.3 and 1.5kg/MPa in the production of cements with mineral additives
[40].The ¢ index is related to the binder intensity index b;, which for con-
cretes with compressive strength exceeding 50 MPa is approximately equal
to 5kg/m>/MPa, and for concretes with strength of 20 MPa is 13kg/m?>/
MPa. Hence, there are two ways of reducing CO, emission, i.e., selecting
cements with mineral additives and producing concretes of high strength,
more durable by nature, which can bring a meaningful effect when a low
proportion of Portland clinker cements are used for the production of
high-strength concretes (HSCs).

Reports on HSC in a “green” option refer to replacing a part of
cement binder in the concrete with mineral additives [41]. There are few
data on achieving this goal using eco-cements [22,30,31], but, according
to the literature review made by the authors of this chapter, no studies
have been done on the use of pozzolana cement CEM IV/B-V 32.5R
in HSC technology. Since the binder is still not widely recognized in this
application area, the authors accepted this as a sort of a research challenge.
Attempts were taken to determine the extent, in terms of HSC needs,
this type of cement works with the simultaneous addition of natural and
crushed aggregates to this concrete, concerning the effect of their maxi-
mum particle size. Likewise, there are relatively little data in the available
literature covering this area.

6.2.2 Sustainable Technology for HSC

Properties of HSC, to a larger extent, are determined by the type of
aggregate, both on a qualitative selection as well as graining. Both gravel
aggregates and crushed aggregates of various rocks are used. However,
the use of harder rock aggregates does not always result in higher con-
crete strength [32]. Jamrozy [42] stresses the need for selection of aggre-
gates according to their cement paste demand. He has shown in one of
his studies that crushed basalt aggregate has lower cement paste demand
than granite. The rationality of using fractionated aggregate, both fine and
coarse, has been emphasized [32]. The issue of influence of maximum size
of coarse aggregate particles on concrete strength has been raised i.a. by
Aitcin [32], Venkateswara et al. [43], Kurdowski [44], and Neville [45],
who agree on the sense behind the use of smaller aggregate-particle size
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if higher concrete strength is sought. Aitcin [32] indicates that the increase
of maximum size of aggregate may evoke some problems with the qual-
ity of the interfacial transition zone (ITZ), which can be larger and more
heterogeneous. Furthermore, as smaller aggregate particles are more dura-
ble than larger ones, use of the latter ones involves risk of occurrence of
uncontrolled microcracks, which could lead to weakening of the concrete
structure. However, Altcin [32] claims that it is possible to obtain both a
good workability of concrete mixes and strength of concretes made of
aggregates of a maximum particle size of 25 mm, provided they originate
from sufficiently strong and homogenous rocks. In practice, particles of a
smaller size are generally used mainly in order to eliminate the abovemen-
tioned effect in the face of a lack of suitable procedures of optimization
of aggregate testing. According to Chen and Liu [46] aggregate size sig-
nificantly influences the fracture behavior of high-performance concrete
(HPC). Fracture energy of concrete increases with the increase of the
maximum aggregate size. The larger the size of the aggregate, the more
significant the deflection of propagating crack and the greater a fracture
process zone can form [45,46]. It is in agreement with Zhang and Sun’s
studies [47], which claim that autogenic shrinkage of HPC decreases with
the increase of maximum coarse aggregate size.

However, generally there are not enough studies in this field, and opinions
are not unambiguous. For instance, there is lack of data on the simultaneous
impact of maximum size of aggregate particles and cement content on the
concrete strength, which is significantly essential in carbon dioxide emission.

The undertaken research is associated with this point and is largely
connected with an ecological aspect and traditional technologies, focused
on the role of aggregate in HSC technology. This ecological aspect is
increasingly raised in concrete technology, i.e., in this case, HSC.

Sustainable concrete technology should take into account the environ-
ment’s action on concrete, too. Concrete subjected to an aggressive corro-
sive environment will lose its original quality, which will mean a violation
of the balanced condition. Among the factors destructively influencing
concrete are carbonation and chloride diffusion, especially coming from
sea water and cyclic freezing and thawing. The action of the latter can be
reduced by the application of admixtures aerating a fresh concrete struc-
ture. Referring to the concept by Damineli et al. [40], cyclic freezing and
thawing negatively influences the value of coefficients b; and ¢. From this
point of view, if frost-aggressive action is foreseen, it is vital to design con-
crete that will preserve its strength the longest, i.e., concrete for which the
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values of b; and ¢ would increase as slowly as possible. Doubtlessly, it is an
indispensable requirement for HPC.

6.3 MATERIALS AND METHODS

6.3.1 Cement

The pozzolana cement CEM IV/B-V 32.5 R, used for the needs of this
thesis, was created in the laboratory by mixing Portland fly-ash cement
CEM II/B-V 42.5N (commercially produced) with fly ash from a CHP
(combined heat and power) plant complying with requirements and com-
patibility criteria according to the standard EN 450-1:2010 (Fly ash for
concrete. Definition, specifications and conformity criteria) in mass percentages
86.5% and 13.5%, respectively. Additionally, in one recipe, CEM 1 42.5
R was used. Properties of the binders, both factory-manufactured (the
abovementioned CEM I 42.5 R) and laboratory-prepared (CEM IV/B-V
32.5 R) are presented in Table 6.1.

6.3.2 Aggregate

The following types of aggregate were used to produce concretes: pit sand
(0/2mm), gravel aggregate divided into two fractions: 2/8 and 8/16mm,
and granite and basalt crushed aggregate (2/8 and 8/16mm). All the

Table 6.1 Chemical composition, physical, and mechanical properties of cements

Characteristic Result
CEMIV/B-V 42.5R CEM1425R
Chemical compounds (%)
SO, 2.65 3.23
Si0, 30.45 19.55
Al,O4 12.08 5.32
Fe,O5 4.92 3.24
CaO 40.95 62.74
NayOq 0.65 0.56
Insoluble residue (%) 3.03 0.99
Ignition loss (%) 4.43 3.18
Blaine specific surface (m?/kg) 418 335
Density (kg/m?) 2740 3190
Compressive strength (MPa)
2 days 17.4 26.8
28 days 36.4 56.1
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aggregates complied with requirements of the EN 12620:2002 standard
(Aggregates for concrete).

In the experiment focused on freezing—thawing durability and its con-
nection with b; and ¢ indexes only two fractions of coarse granite aggre-
gate (2/8 and 8/16 mm) were used.

6.3.3 Superplasticizer and Air-Entraining Agent

The authors used a highly effective new-generation superplasticizer based
on polycarboxylate ether and air-entraining agent (AEA) based on saponi-
fied fluid turpentine resin. The physical and chemical parameters of both
are given in Tables 6.2 and 6.3, respectively.

6.3.4 Microsilica

Amorphous microsilica was used. The characteristics are listed in Table 6.4.

6.3.5 Concrete Mix Recipes

Concrete recipes were determined for the following variants: cement in
the amount of 600kg/m> along with aggregate mix of dense pile up to

Table 6.2 Physical and chemical properties of superplasticizer

Property Result

Chemical base Polycarboxylate ether
Physical state Water solution

Color From beige to brown
Density at 20°C (kg/m”) 1063

pH at 20°C 5.5

Chloride content (%) 0.1

Boiling point (°C) 100

Absolute viscosity (MPa - s) 30

Table 6.3 Physical and chemical properties of AEA

Property Result
Physical state Liquid
Color Light yellow
Density at 20°C (kg/m?) 1000

pH at 20°C 10 £ 1.0
Chloride content (% of mass) 0.09
Alkaline content (% of mass) 0.08
Boiling point (°C) 100

Water solubility at 20°C Soluble
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Table 6.4 Physical and chemical properties of microsilica

Parameter Result
Physical state Powder
Color Gray

Odor Odorless
Bulk density (kg/m?) 150-170
pH at 20°C 5.0-7.0
Chloride content (%) <0.15
Melting point (°C) 1.550-1.570

Table 6.5 Recipes of HSC concretes

Constituent (kg/m?3) Recipe designation

Rec-1 Rec-2 Rec-3 Rec-4

(600-0/8) (600-0/16) (700-0/8) (700-0/16)
CEM IV/B-V 325 R 600 600 700 700
Sand 0/2mm 615 525 574 490
Coarse aggregate 2/8 mm 1020 555 952 518
Coarse aggregate 8/16 mm 0 555 0 518
Water 140 140 140 140
Microsilica 60 60 70 70
Superplasticizer 6.0 6.0 7.7 7.7
w/c 0.23 0.23 0.20 0.20

8mm and up to 16mm and 700kg/m’ with aggregate mix of dense pile
up to 8mm and up to 16 mm (Table 6.5). The class of consistency of con-
crete mixes was beyond S1-S4, corresponding to the recommendation of
the EN 206-1:2000 standard (Concrete—Part 1: Specification, performance, pro-
duction and conformity).

In the experiment focused on freeze—thaw durability (Recipes:
Rec-5, Rec-6 and Rec-7, Table 6.6) the cement amount was different
(350-450kg/m?); moreover, in Rec-5 only CEM I 42.5 R was used. The
class of the concrete mixes’ consistency was S4.

6.3.6 Testing Procedure

Firstly, ingredients of the concrete mix are as follows: coarse aggregate
of the 8/16-mm fraction, coarse aggregate of the 2/8-mm fraction, sand
0/2mm and microsilica were placed in a laboratory concrete mixer and
mixed for 1min. The next step (in all series, except for the recipe based
on CEM I 42.5 R) was the addition of 75% of the total amount of water,
cement CEM II B-V 425N (86.5%), and fly ash (13.5%). The whole was
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Table 6.6 Recipes of concretes subjected to freeze-thaw cycles

Constituent (kg/m?3) Recipe designation

Rec-5 Rec-6 Rec-7
CEMI425R 350 - -
CEM IV/B-V 325 R - 400 450
Sand 0/2mm 715 700 656
Coarse aggregate 2/8 mm 601 588 551
Coarse aggregate 8/16 mm 613 601 564
Water 155 155 155
Superplasticizer 3.2 3.2 18.7
AEA 8.5 10.0 11.3
w/c 0.43 0.39 0.35

mixed for 3min. The last stage was a gradual addition of 25% of water
along with the superplasticizer (the remaining 25% of water was added
with an appropriate amount of superplasticizer), with switching the labo-
ratory concrete mixer on for the next 3min. In the case of air-entrained
concrete mixes the AEA was added at the end and all ingredients were
mixed to obtain a fully homogeneous concrete mix.

The concrete mix was placed in forms of plastic cubic molds of side
150 mm, and was laid in two layers. After 24 h, the samples were unmolded
and placed in a climatic chamber for a period of 28 days, where tempera-
ture was kept at 18 & 2°C and relative humidity at 95% providing standard
curing conditions.

Consistency of concrete mixes was marked by slump cone method
according to the requirements of the EN-12350-2:2009 standard (7Testing
fresh concrete. Slump flow). Measurements of density of concrete mixes were
conducted in compliance with the EN 12350-6:2009 standard (Testing
fresh concrete. Density). Air contents were measured (immediately after mak-
ing the mix and after 45min of its preparation) in accordance with the
EN 12350-7:2009 standard (Testing fresh concrete. Air content. Pressure meth-
ods). Determination of concrete absorption was performed on samples
after 28 days of hardening, according to the procedure specified in the
Polish standard PN-88/B-06250 (Ordinary concrete). The mentioned stan-
dard is no longer compulsory, but is still used in engineering practice.
Tests on compressive strength, in compliance with requirements of the EN
12390-3:2009 standard (Teésting hardened concrete. Compressive strength of test
specimens), were performed after:
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e 1,7,28 days (on five samples for each series of concrete)
* 56,90, and 180 days (on a single sample for given series).

Tests results of 1-, 7-, and 28-day concrete compressive strength were
subjected to a statistical analysis using the method of analysis of variance
complemented with contrast analysis. The analysis was supplemented with
post hoc tests including the most sensitive testing method, which is the
least significant difference (LSD) test. Discussing the results, attention was
focused on statistically essential differences between compared groups for
results obtained after 28 days of hardening. For the remaining cases (f.; and
fe7) only the registered trends were discussed. Comparisons by the LSD
method were performed by considering the following variants:

* a maximum size of aggregate particles (a type of aggregate, with the
cement content distinguished),

* a2 maximum size of aggregate particles (a type of aggregate, without
distinguishing the cement content),

e a2 maximum aggregate size (cement content, without distinguishing the
type of aggregate).

For the mean results of the compressive strength obtained after 28
days, the b; and ¢ (binder and carbon dioxide intensity) indexes were cal-
culated. For the results obtained in later periods (after 56, 90, and 180
days of hardening) and for HSC mixes (Rec-1 to Rec-4) extreme val-
ues were noted (minimum and maximum). For Rec-5, Rec-6, and Rec-7
only the 28- and 90-day results were taken into consideration, both of
which were based on five replications; b; and ¢ were also calculated with
and without presence of AEA. In order to calculate a unitary emission for
the CEM IV/B-V 32.5 R cement, 2011 data from a Polish cement plant
were used, assuming the cement content in the amount of 86.5%. The rest
was accepted as an emission-free ash. The calculations included the fol-
lowing cement value, i.e., 740kg CO, per 1t of CEM I 42.5 R cement
(used only in Rec-5) and 448kg CO, per 1t of CEM IV/B-V 325 R
cement. The emission from the combustion of biomass, 5% of the remain-
ing additives according to the EN 197-2: 2000 standard (Cement—_Part 2:
Conformity evaluation), and the participation of the setting regulator were
not taken into account.

6.4 RESULTS AND DISCUSSION

Test results of the air content in concrete mixes (immediately after mak-
ing the concrete mix, and after 45 min of its implementation), the density
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Table 6.7 Air content and density of concrete mixes and water absorption of HSCs
Aggregate type—-cement Air content (%) Density = Water
content-graining of aggregate® (kg/m3)  absorption (%)

o 45’
Gravel-700-0/8 2.8 2.1 2300 2.79
Gravel-700-0/16 0.8 0.8 2290 2.39
Gravel-600-0/8 2.6 2.6 2330 2.96
Gravel-600-0/16 1.1 1.1 2330 2.80
Granite—700-0/8 2.6 2.4 2300 2.66
Granite—700-0/16 1.2 1.2 2280 2.93
Granite—600-0/8 1.1 1.1 2340 2.54
Granite—600-0/16 1.0 1.0 2310 2.83
Basalt=700-0/8 1.7 1.4 2350 2.65
Basalt—=700-0/16 0.7 0.7 2320 2.68
Basalt—600-0/8 1.2 1.2 2390 2.64
Basalt—600-0/16 0.8 0.8 2390 2.48

*Cement content and graining of aggregate are given in kg/m? and mm, respectively.

of concrete mixes, and water absorption of HSC concrete after 28 days are
summarized in Table 6.7.

6.4.1 Air Content and Density

Low air contents in concrete mixes, ranging from 0.7% to 2.8%, both
immediately after making of the concrete mix as well as 45min later,
seem to be particularly noticeable. For a given amount of cement, 600 and
700kg/m?, respectively, mixes of aggregates of maximum particle size up
to 16mm were characterized by lower air contents. The concrete mixes
obtained during research exhibited self~compacting properties, sponta-
neously flowing and de-aerating. There are no obligatory requirements
concerning air content for HSCs or self-compacting concretes. Some lit-
erature sources [48,49] indicate the value of 2% but some of them indicate
a higher value, even 6% [48]. The results should therefore be considered
satisfactory, and the concrete mixes’ properties should be considered
as improved, especially in a variant of the ready-mix concrete, where in
practice application of concrete mixes of a consistency close to S4 class is
required. The density of concrete mixes ranged from 2300 to 2390kg/m?’
for HSC concretes and from 2222 to 2328kg/m?’ for ordinary concrete.
This is obviously related to the density of the aggregates, the smallest for
gravel aggregate and the largest for crushed basalt aggregate (in ordinary
concrete only granite was used).
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In the case of concrete mixes used for frost-resistance studies, air con-
tent ranged from 1.9% to 2.7% for non air-entrained and from 5.3% to
6.3% for air-entrained concrete mixes.

6.4.2 Water Absorption

Values of 28-day water absorption of HSC concrete samples did not
exceed 3%. There was no significant variation of water absorption of con-
crete on the type of aggregate used. The range of changes depending on
the amount of cement (600 and 700kg/m?) was also insignificant, amount-
ing to approximately 0.2%. As regards ordinary concretes subjected to the
influence of natural atmospheric factors, water absorption rate should
not exceed 5% and 9% in case of concretes protected from the impact of
absorption (according to PN-88/B-06250). The concretes made for this
study belong to the self~compacting and HSCs. Hence, they are special
in two ways. Such cement matrix composites should be expected to have
better parameters in comparison with ordinary concrete’s parameters. The
results obtained here prove that pozzolana cement has got very good char-
acteristics in various configurations with aggregate, regarding aggregate
type and maximum particle size. Water absorption is a property relatively
easy to study and, at the same time, a factor determining the durability
index of concrete in some way. Research results appear to portend posi-
tively in terms of concrete strength in concrete made of pozzolana cement.

The small values of water absorption obviously have a relation with
participation of microsilica in concretes. It is microsilica that, interacting
with the binder, contributes to the compaction of the concrete structure
due to formation of greater amounts of hydrated calcium silica phases.
Obtaining concretes with low water absorption suggests that the poz-
zolana cement is compatible in cooperation with microsilica, which of
course would require a deeper research in this area.

6.4.3 Compressive Strength

A tested key property of concrete was compressive strength. It was
assumed that application of pozzolana cement would lead to obtaining
concretes of high strength parameters, provided that appropriate quali-
tative and quantitative selection of aggregates and assistance by a highly
effective superplasticizer and microsilica has been carried out.

With a minimum value of 60 MPa, taken as a criterion of HSC, all
concretes of 28 days and older (56, 90, 180 days) fulfilled this condition



Table 6.8 Compressive strength of HSC concretes

Aggregate type-cement fe1 (MPa) f7 (MPa) feog (MPa) fes6 (MPa) feoo (MPa) fe1s0 (MPa)
content-graining of aggregate?

Gravel-700-0/8 51.03 68.80 86.10 89.50 93.70 95.00
Gravel-700-0/16 38.57 64.33 82.57 84.30 91.40 92.90
Gravel-600-0/8 38.67 58.77 76.57 78.90 88.30 91.50
Gravel-600-0/16 40.20 61.20 78.30 82.40 85.20 88.90
Granite—700-0/8 49.23 75.60 94.97 97.20 100.10 101.90
Granite—700-0/16 42.93 69.97 88.07 91.60 95.40 96.50
Granite—600—-0/8 37.93 63.93 80.27 89.70 97.00 98.90
Granite—600-0/16 35.57 66.67 87.13 93.90 96.50 98.00
Basalt=700-0/8 48.03 75.60 82.27 86.60 91.20 93.10
Basalt=700-0/16 4213 71.60 85.77 91.50 93.50 101.80
Basalt—-600—-0/8 42.23 67.20 73.73 74.80 89.10 94.60
Basalt—600-0/16 41.20 72.67 86.40 90.20 102.10 106.50

*Cement content and graining of aggregate are given in kg/m? and mm, respectively.
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(Table 6.8). Moreover, 7-day strengths exceeded a value of 60 MPa, except
for one type of concrete, i.e., that made of gravel aggregate with a maxi-
mum particle size up to 8 mm, combined with cement content of 600 kg/
m’. A maximum 28-day compressive strength was reached by concrete
made of cement CEM IV/B-V 32.5N, used in the amount of 700 kg/m3,
applying granite aggregate with a maximum particle size of 8mm (Fig.
6.3), which was also confirmed by a statistical analysis. This also covered
the period of 7 and 56 days (Table 6.8). After 90 and 180 days, in terms of
concrete strength, basalt aggregate concrete with a maximum particle size
up to 16mm, proved to be slightly better than crushed granite aggregate
concrete. However, particular care should be exercised when interpreting
this trend, keeping in mind that the 180-day strength was for a single con-
crete sample for a given series. Concrete compressive strength increased
after longer periods of hardening (90- and 180-day periods), which
should be attributed to the characteristic properties of pozzolana cement.
Undoubtedly, an explanation of the attainment of these high strength
values must be sought in the precise selection of dense pile of aggregate,
good quality of aggregate, relatively large amount of cement (600 and
700kg/m?), effectiveness of superplasticizer, and microsilica, compatible
with pozzolana cement. With such a large number of factors influencing
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Figure 6.3 Influence of maximum aggregate size and cement content on 1-, 7-, and
28-day compressive strength of concrete (marked as 1, 7, and 28-days, respectively)
depending on aggregate type (Note: if asterisk is added there is lack of statistical dif-
ference between compared groups).
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Figure 6.4 Influence of maximum aggregate size on 1-, 7-, and 28-day compressive
strength of concrete (marked as 1, 7, and 28 days, respectively) depending on aggre-
gate type, without differentiating amount of cement used (Note: if asterisk is added
there is lack of statistical difference between compared groups).

the high value of strength, and therefore a possibility of a synergistic effect,
it 1s hard to precisely pinpoint which of them had a dominant influence.
Although, according to the statistical analysis presented below, the maxi-
mum particle size of the aggregate seems to have a relevant meaning in the
case of greater cement content, provided that an aggregate of 8 mm is used.

Fig. 6.4 presents the effect of maximum particle size of an aggregate
on the increase of concrete strength as a function of the cement content,
without taking into account the type of aggregate. The graphs show that
it is easier to obtain an additional increase in strength by increasing the
cement content by 100kg/m? for concrete of aggregate to §mm than for
concrete of aggregate 0/16 mm. Analyzing Fig. 6.5, it can be concluded
that without taking into consideration the impact of diverse cement con-
tent (600 and 700kg/m?), and taking into account only aggregate type
and maximum particle size, for the three aggregates used in the test,
only in case of the strongest rock, i.e., basalt, did the maximum particle
size decide the increase in concrete strength after 28 days of hardening.
When 0/16-mm aggregates were used instead of 0/8-mm aggregates
an increase of strength by 10% was registered. This can be a confirma-
tion for Aitcin’s hypothesis [32], which states that the size used (0/8 mm)
and greater cement content (700kg/m?) allows for gaining better strength,
which makes no difference in the case of aggregates up to 16 mm, and
using a greater maximum particles size could lead to a risk of appear-
ance of cracks in larger, originally weaker, grains of aggregate. As it can be
noted, in the case of good-quality rock from which aggregate is obtained,
no such effect is registered. For other types of aggregate, lack of differences
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Figure 6.5 Influence of cement content on 1-, 7-, and 28-day compressive strength of
concrete (marked as 1, 7, and 28 days, respectively) depending on maximum aggre-
gate size, without differentiating type of aggregates (Note: if asterisk is added there is
lack of statistical difference between compared groups).

was not detected even in the post hoc LSD test, a method considered to
be the most liberal of the method of testing, i.e., allowing for detecting
of even the smallest of differences between the mean values of the tested
characteristics. However, taking into account the maximum particle size
up to 8mm, the use of granite aggregate made it possible to attain better
concrete strength than in the case of 0/8-mm basalt aggregate, although
basalt rock is considered to be more durable than granite. This could
result from the impact of the type of bonding between basalt aggregate
and cement paste, which is different when a high amount of fly ash in
cement is used. In case of smaller maximum aggregate size (0/8mm) it
can be expected that ITZ occupies more volume because of the larger
specific surface area of aggregate. More detailed results on factors affecting
concrete compressive strength are specified in the analysis in Fig. 6.3. In
the case of increasing cement content by 100kg/m?, the largest increase
resulting from the use of aggregate with the maximum particle size of
8mm was obtained for granite aggregate concrete and the lowest for basalt
concrete. The aggregate with maximum particle size up to 16 mm, only
after one day, did a greater amount of cement decide a minimum increase
of concrete strength (f.;), but it was only true for the granite aggregate.
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A similar effect, statistically significant, though less meaningful, was found
for the 7-day strength (f;), and also for concrete from the same aggregate.
For all types of aggregate with 0/16-mm graining, concerning their effect
on 28-day strength, no difference in results was registered, even statisti-
cally. Cement content comes into play in case of a lower maximum aggre-
gate size (0/8 mm). Without taking into consideration the aggregate type,
better results were obtained for 700 kg/m?>. However, when aggregate up
to 8mm is used, granite seems to be advisable for both cement amounts.
The reason for the relatively low increase in 28-day strength, compared
to 7-day strength, for concretes made with the use of basalt aggregate
with 0/8-mm graining is also worth asking. With a lower maximum
particle size, a larger area of contact between the aggregate and cement
paste (ITZ) can be expected. It is conceivable that in this case an unfavor-
able tendency to weaken a transition zone between basalt aggregate and
cement paste in the presence of a large amount of fly ash in the binder
appeared. A similar effect, although to a lesser extent, was noted in the
case of the same aggregate but with 0/16-mm graining. Moreover, it was
true only for basalt aggregate and 700kg/m?® cement content that 28-day
compressive strength was better for 0/16-mm graining than for 0/8 mm.
Generally, without taking into consideration aggregate type, when smaller
maximum aggregate size is used (0/8 mm) greater cement content (700
kg/m?) allows for gaining better strength, which makes no difference in
case of aggregate up to 16 mm.

6.4.4 Binder and Carbon Dioxide Indexes

Interesting observations were provided by an analysis on the results of
calculations concerning binder intensity and carbon dioxide intensity
indexes, the reduction of which is key to environmental friendliness.

Based on the data shown in Fig. 6.6 it can be concluded that the
best indexes were obtained for HSCs made with the use of 600-kg/m’
cement with the maximum particle size of 16 mm. The most beneficial
was the use of granite aggregate (b, = 6.9kg/m>/MPa, ¢ = 3.09 kg/MPa)
and basalt (b, = 7.0kg/m>/MPa, ¢ = 3.11kg/MPa). Slightly less favor-
able was the use of gravel (b; = 7.7kg/m>/MPa, ¢ = 3.44kg/MPa) aggre-
gate. The least satisfactory results were obtained with a larger amount of
cement (700kg/m?), in case of the use of gravel and granite aggregate
with 0/16-mm graining; for basalt the graining was 0/8 mm. It seems that
in order to achieve a relatively good-quality HSC concrete there is no
need to increase the proposed proportion of the pozzolana cement CEM
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Figure 6.6 Binder intensity (b;) and carbon dioxide intensity (c;) indexes estimated for
28-day compressive strength of concrete and carbon dioxide emission from cement
production at the level of 448 kg CO./tcgy (Note: ¢; is given in kg/MPa).

IV above 600kg/m?, provided there are no precise requirements to attain
high-class concrete. In general, both b; and ¢ indexes obtained for con-
cretes produced with the use of the CEM IV cement have their values
within the range indicated by Damineli et al. [40]. The ¢ index is closer
to its upper-limit range, but its worst result is more than 1kg/m’/MPa
lower than the 4.3kg/m’/MPa value specified for CEM 1. Analysis of
indexes of binder intensity, specified for the results of strength tests (Table
6.9), showed a gradual reduction in their value with time and amount
of cement used, with preference toward using it in smaller amounts. The
analysis on indexes of the binder CO, emission in the context of concrete
compressive strength achieved (Table 6.9) confirmed the reduction of the
¢ value with time and the amount of the cement used, with a preference
toward using it in a smaller amounts, especially in the case of aggregate up
to 16 mm, which was also emphasized in Section 6.3.3.

6.4.5 Influence of Freeze-Thaw Cycles

Results of 28- and 90-day compressive strength of ordinary concrete (for
series without and with AEA) and compressive strength loss (calculated
after 150 freeze—thaw cycles) were presented in Table 6.10.Tables 6.11 and
6.12 summarize calculated values of b; and ¢ referring to the abovemen-
tioned results. Based on the data it can be concluded that concrete with-
out AEA will become a bigger burden for the environment because the
frost-aggressive action gradually increases the coefficients b; and ¢. Even if



Table 6.9 Values of binder intensity (b;) and carbon intensity (¢;) indexes depending on maximum aggregate size and cement content
obtained on the base of 56-, 90-, and 180-day compressive strength-test results

Maximum aggregate size (mm) 8 16 Best in group

Cement content (kg/m?3) 600 700 600 700 600 700

56-day Gravel 7.6 (3.4)° 7.8 (3.5) 7.3 (3.3) 8.3 (3.7) 16 mm Smm
Granite 6.7 (3.0) 7.2 (3.2) 6.4 (2.9) 7.6 (3.4) 16 mm Smm
Basalt 8.0 (3.6) 8.1 (3.6) 6.7 (3.0) 7.7 (3.4) 16 mm 16 mm
Best in group Granite Granite Granite Granite

90-day Gravel 6.8 (3.0) 7.5 (3.3) 7.0 (3.2) 7.7 (3.4) 8mm 8mm
Granite 6.2 (2.8) 7.0 (3.1) 6.2 (2.8) 7.3 (3.3) similar 8mm
Basalt 6.7 (3.0) 7.7 (3.4) 5.9 (2.6) 7.5 (3.4) 16 mm 16 mm
Best in group Granite Granite Basalt Granite

180-day Gravel 6.6 (2.9) 6.1 (2.8) 6.7 (3.0) 7.5 (3.4) 8mm 16 mm
Granite 6.1 (2.7) 6.9 (3.1) 6.1 (2.7) 7.3 (3.2) similar 8mm
Basalt 6.3 (2.8) 7.5 (3.4) 5.6 (2.5) 6.9 (3.1) 16 mm 16 mm
Best in group Granite Gravel Basalt Basalt

*Carbon intensity (g, given in kg/MPa) value is presented in parenthesis, after binder intensity (b;, given in kg/m>®/MPa) value; the lowest b; and ¢ value for each
compressive strength time (56, 90, and 180 days, respectively) are bolded.



Table 6.10 Results of compressive strength and frost resistance for Rec-5, Rec-6,
and Rec-7
Series description Compressive strength (MPa)  Compressive strength
loss? after 150 freeze—
thaw cycles (%)

28-day 90-day 28-day 90-day
Granite-350 57.9 58.5 35 33
Granite-350-AEA 45.3 48.6 5 9
Granite-400 50.8 56.2 47 41
Granite-400-AEA 49.2 53.0 32 5
Granite-450 53.0 58.7 76 100
Granite-450-AEA 56.7 58.8 29 12

“Expressed in relation to control samples (unaftected by freeze—thaw cycles).

Table 6.11 Estimated values of b; index (kg/m3/MPa) for Rec-5, Rec-6, and Rec-7 series

Series description Before freeze-thaw cycles After freeze-thaw cycles
28-day 90-day 28-day 90-day

Granite-350 6.0 6.0 9.4 8.9
Granite-350-AEA 7.7 7.2 8.1 7.9
AEA+? -1.7 —-1.2 1.3 1.0
Granite-400 7.9 71 14.8 12.1
Granite-400-AEA 8.1 7.5 12.0 7.9
AEA+? -0.3 -0.4 2.8 4.2
Granite-450 8.5 7.7 35.8 —
Granite-450-AEA 7.9 7.7 11.2 8.71
AEA+? 0.6 0.0 24.5 —

“AEA improvement effect in kg/m®/MPa. AEA improvement effect in %.

Table 6.12 Estimated values of ¢; index (kg/MPa) for Rec-5, Rec-6, and Rec-7 series

Series description Before freeze-thaw cycles  After freeze-thaw cycles
28-day 90-day 28-day 90-day
Granite-350 4.5 4.4 6.9 6.6
Granite-350-AEA 5.7 5.3 6.0 5.9
AEA+? -1.2 -0.9 0.9 0.8
AEA+% —28% —20% 14% 11%
Granite-400 3.5 3.2 6.6 5.4
Granite-400-AEA 3.6 3.4 5.4 3.5
AEA+? -0.1 -0.2 1.2 1.9
AEA+%° 3% —6% 19% 35%
Granite-450 3.8 3.4 16.0 —
Granite-450-AEA 3.6 3.4 5.0 3.9
AEA+? 0.2 0.0 11.0
AEA+%" 7% 0% 69% —

*AEA improvement effect in kg/MPa.
PAEA improvement effect in %.
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it does not undergo the frost destruction, a larger amount of cement will
be necessary to keep the appropriate strength level. Simultaneously, it turns
out that the cement CEM I 42.5 R has better values of coefficients b; and
¢, 1f the frost action occurs earlier after producing it, even in the absence
of AEA. It is evident in the result for the series of 28-day concrete speci-
mens subjected to the freeze—thaw cycles.

The situation is different if concrete is subjected to freeze—thaw cycles
at a later age, which show the results obtained after 90 days. In this case
the use of eco-cement (with active mineral additives CEM IV/B-V 32.5
R), i.e., concrete which influences environment to a smaller extent, is
more advantageous. The positive effect of use of AEA is nearly the same
(compared to the series of concrete made with CEM I 42.5 R), which is
indicated by the values of b;, however, the value of ¢ decreases significantly.
The influence of the delay in the occurrence of frost aggression may have
a significant practical meaning. Concrete (reinforced concrete) elements
destined for frost aggression should be made with such time reserve before
the cold periods in the year, so that the resulting degree of frost-resistance
would allow for the use of a more environmentally friendly cement. It is
obvious that in extreme cases, e.g., when repair of element exchange is
necessary, better effects will be achieved if a cement free of mineral addi-
tives is used.

6.5 CONCLUSIONS

Based on research carried out, the following conclusions were reached:

*  Pozzolana cement CEM IV/B-V 32.5 R with a simultaneous use of
a highly effective superplasticizer and microsilica made it possible to
obtain HSCs made both of mineral natural (gravel) aggregates as well
as from crushed (granite and basalt). In the areas of research conducted,
resultant concretes showed self-compacting properties, which places
them in a group of “green” composites, fulfilling the principle of sus-
tainable development.

+ Increase of the cement content from 600 to 700kg/m?® resulted in the
growth of concrete strength (at least by 8.5%) only when 0/8-mm aggre-
gates were used. For 0/16-mm aggregates, practically no statistically sig-
nificant difference was noted, for both levels of amount of cement used.

* Taking strength as the only criterion for HSC quality assessment for
our studies the use of 700-kg/m> cement proved to be more favorable
in the case of 0/8-mm aggregates. However, when basalt aggregate was
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used to produce concrete, 0/16-mm aggregates appeared more effec-

tive for this cement content.

» Taking into account both concrete compressive strength as well binder
and carbon dioxide intensity indexes (b; and ¢), with a lower cement
content (600kg/m?) the use of aggregate with 0/16 mm graining was
more rational, regardless of the type of aggregate.

o If the CO, emission during crushing of aggregates is not factored in,
the best solution is to use basalt and granite aggregate. As far as 180-
day compressive strength was concerned, granite aggregate of 0/8 mm
and basalt aggregate of 0/16 mm were advisable.

e In the case of ordinary concrete durability considerations, related to
its frost resistance, the coefficients b; and ¢ should be estimated at the
concrete design stage. This would allow for a choice of a cement type
appropriate for the season when concrete laying will take place. In an
extreme cases, a longer period of time between placing of concrete
and initiation of freeze—thaw action will be mandatory.

A selection of a maximum particle size of the aggregates between 8
and 16 mm with a simultaneous use of pozzolana cement CEM IV/B-V
32.5 R, although relevant, is not unequivocal. Each time it requires indi-
vidual consideration of the following factors: type and local availability of
aggregate, concrete strength requirements, and CO, emission connected
with extraction and production of concrete constituents, especially
cement. However, the points mentioned above concerning the influence
of type and maximum size of aggregate on some HSC properties seem to
mark out a new direction of investigations when CO, emission is taken
into consideration. In order to support the conclusions, different types and
origins of gravel aggregate as well as other rock sources of crushed aggre-
gate should be tested. Similarly, there is a need to check a wider range
of maximum aggregate size. Moreover, all the abovementioned factors
require individual consideration of a type and availability of aggregate,
strength parameters of the rock, and, finally, real and individual carbon
dioxide emission connected with extraction or production of concrete
ingredients.
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CO, Reduction Assessment of
Alkali-Activated Concrete Based
on Korean Life-Cycle Inventory
Database
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7.1 INTRODUCTION

While traditional design and evaluation approaches are based on the
principle of maximization of economy efficiency and include quality,
cost, and time, the new approach of sustainable construction emphasizes
the importance of reduction of the environmental impact of building and
infrastructure [1].The concrete industry has faced this transformation pro-
cess from the traditional approach to the new approach since 2000. As a
result, the reduction of CO, emissions and energy consumption in the
cement industry has recently become a contentious issue. It is generally
estimated that the amount of CO, emitted from the worldwide produc-
tion of ordinary Portland cement (OPC) corresponds to approximately
7% of total greenhouse gases (GHGS) emissions into the Earth’s atmo-
sphere [2]. In addition, the cement industry subsector in developing coun-
tries consumes about 10% of total energy use [3]. These percentages are
gradually increasing because the use of OPC is steady in advanced coun-
tries and it is rapidly increasing in developing countries.

The concrete industry has recently introduced different techniques
to reduce CO, emissions in concrete production. The major techniques
include capture and storage of CO, emissions and reducing the amount of
clinker by replacing it with supplementary cementitious materials (SCMs)
obtained from byproducts such as fly ash (FA) and ground granulated
blast furnace slag (GGBES). Alkali-activated (AA) binder has gradually
attracted attention since the late 1990s as another active effort to reduce

Handbook of Low Carbon Concrete. © 2017 Elsevier Inc.
DOI: http://dx.doi.org/10.1016/B978-0-12-804524-4.00007-5 All rights reserved. 139
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CO, emissions in concrete production [4—7]. For the AA binder, GGBFS,
FA, and/or metakaoline (MK) are commonly used for the source material,
while alkali hydroxide (ROH), nonsilicic salts of weak acids (R,CO3, R,S,
RF), and silicic salts of the R,O:(1n)S10, type are known to be the most
effective activator, where R indicates an alkali metal ion such as Na, K, or
Li. Although further investigation and complementary technical efforts are
required for the practical application of AA concrete, it is commonly rec-
ognized that one of the greatest advantages of such concrete is its ability
to reduce environmental impact through the recycling and noncalcination
process of byproducts. However, there are very few, if any, available data on
the quantitative evaluation of CO, emissions of AA concrete. Most of the
alkali 1ons used for an activator need a subsequent treatment such as the
calcination process. As a result, alkali activators would have a relatively high
CO, emission. In addition, the AA binder based on glassy aluminosilicates
such as FA and MK usually requires elevated curing temperatures for good
strength development and stable hydrate reaction. Hence, the CO, reduc-
tion of AA concrete is significantly dependent on the type, concentration,
and dosage of the alkali activators used and the curing condition of the
concrete as well as the mix proportions of ingredients.

The targeted CO, reduction in concrete mix design would become
an essential input together with the targeted compressive strength and
workability. The selection of the type and mixing amount of binder is an
important factor to meet the CO, reduction goal in concrete production,
because the CO, emissions of aggregates in the material phase are con-
siderably lower compared with OPC. Damineli et al. [8] proposed perfor-
mance indicators to determine a benchmark and establish feasible goals in
OPC concrete. Using performance indicators would be helpful in deter-
mining the type and unit content of binder for reduced CO, emissions of
concrete production. Furthermore, the CO, reduction efficiency of the
AA binder can be examined using performance indicators. Hence, the for-
mulation of performance efficiency indicators for AA concrete can pro-
vide one of the major contributable tools for mix design of such concrete.

The present study summarizes examples to assess the CO, reduction
of AA concrete based on the Korean Life-Cycle Inventory (LCI) database
and test data mostly compiled from Korean journals. The typical mixing
proportions of different concrete samples were compiled from the avail-
able literature [8] and ready-mixed concrete companies, according to
concrete compressive strength and type of binder. In addition, the CO,
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emissions for secondary concrete products using AA GGBFS binder are
evaluated with reference to practical examples. The CO, evaluation proce-
dure of concrete includes the various contributions subdivided into con-
crete constituents, production, curing, and transportation to the plant and
the building site, i.e., the cradle-to-preconstruction system is studied. The
performance efficiency indicators, binder, and CO, intensities, obtained
from AA GGBES concrete test data, are also compared with those cal-
culated from OPC-based concrete using the single OPC or OPC added
with SCM as the binder. Overall, the relationship of CO, and binder
intensities in different concretes is formulated by the regression analysis of
a comprehensive database [9,10].

7.2 ASSESSMENT PROCEDURE OF CO,

7.2.1 LClI Database

Korea has built an LCI database [11] that currently includes approximately
400 data sets associated with materials, parts manufacturing, machining
process, transportation, and disposal activities. CO, emissions are most
often given as a dimensionless figure, i.e., kg CO, emissions per kilogram
material, while in certain cases it is preferred as an emissions per unit vol-
ume ratio. The functional unit for transportation is generally given as the
product of the unit weight and unit distance. Hence, the CO, emission of
a material or transportation per functional unit in the LCI database can be
defined as a CO, coefticient. When an inventory for a building material
is established, a cradle-to-gate approach is basically used. While evaluat-
ing the CO, emissions of concrete, we refer to the Japan Society of Civil
Engineers (JSCE) database [12] for a data set that is not provided in the
Korean LCI database, though understandably the LCI data often show
somewhat of a difference between countries or regions due to differences
in climate, energy sources, and natural resources.

7.2.2 CO, Evaluation Procedure

The CO, evaluation considered in the present study includes the follow-
ing phases: all of the concrete constituents of an inventory formed from
cradle to gate, transportation of the concrete constituents to a ready-mixed
concrete plant, production and curing of the concrete, and transportation
of the concrete to a building site. This indicates that the studied system is
from cradle to preconstruction of concrete. The extra CO, emissions due
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to indirect behavior associated with the concrete production are excluded
in such evaluation because these extra emissions are small enough to be
ignored. The CO, evaluation procedure of concrete based on individual
integration is summarized below.

The material phase includes source materials and alkali activators
for binder, water, fine aggregate, coarse aggregate, and chemical admix-
tures. The functional unit of concrete is assumed to be 1m?®. Hence, the
CO, emissions CO,_p; in the material phase can be calculated using the
following equation:

n

CO, v = Z(Wi X COyiyra) (7.1)

i=1

where i identifies a raw material constituting concrete, n is the number
of the raw materials added for concrete production, and W; and COy;)_
Lcr are unit volume weight and CO, inventory of a raw material i,
respectively.

The transportation phase includes the material transportation to the
concrete plant and the produced concrete transportation to the building
site. The ready-mixed concrete plant is selected to be located in Sadang-
Dong, Dongjak-Gu, Seoul, South Korea. In addition, the transportation
distance of each concrete constituent is assumed to be the maximum
possible from the producing gate to the concrete plant. Fresh concrete
produced from the plant is transported to a building site by transit-
mix truck. In contrast, the AA concrete using FA or MK as the source
material 1s assumed to be produced into precast concrete products and
transported by large diesel truck (of 23-t capacity) to a building site.
Opverall, the CO, emissions CO,_r in the transportation phase can be
obtained from:

n
CO,_r = Z(VVi X D; X Coz(i)—LCI(TR)) + Dy X Coz—LCI(TR_con) (7.2)
i=1

where D; is the transportation distance of each concrete constituent
i from the gate of the raw material-producing area to concrete plant,
COyj-Lci(try 18 CO, inventory related to vehicles, Dy is the transporta-
tion distance of the produced concrete from concrete plant to building
site, and COqp—rcr(TR_con) 18 CO; inventory of the transit-mix truck. It is
noted that the unit of CO, inventory for the transit-mix truck is given as
CO,-kg/m*km.
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The production phase includes mixing CO,_p of each concrete
constituent using a concrete mixer and curing CO,_c of the produced
concrete. As the OPC concrete and AA GGBES concrete are commonly
cured in air-dried conditions, CO, emissions due to curing for those
concretes are neglected. Alternatively, FA- or MK-based AA concrete is
assumed to be cured in a steam room because geopolymerization requires
a high temperature [4,7]. The CO, emission due to steam curing is
roughly calculated using the LCI specified by the JSCE [12], because most
of the LCI database does not include the necessary data to do so, such as
the size of curing room, the kind of fuel used for heating, and temperature
profiles according to time.

Overall, the total CO, emission for the production and transportation
to a building site of concrete can be obtained from:

CO, =CO,_y, +CO,_; +CO,_, +CO,_. (7.3)

7.2.3 Examples for CO, Assessment

The typical mix proportions of concrete were compiled from the available
literature [9], according to the designed compressive strength (f/) and type
of binder, as given in Table 7.1. The MK-based AA concrete sample gives
only a compressive strength of 24 MPa due to the extremely poor available
test data. The mix proportions for OPC-based concrete refer to the mix-
ing tables used practically in ready-mixed concrete plants. Examples for the
calculation procedure of the CO, emission of concrete sampled from Table
7.1 are given in Tables 7.2 and 7.3 for a concrete compressive strength of
40 MPa,. As mentioned previously, the CO, emissions of concrete are clas-
sified into four groups, including material, transportation, production, and
curing phases. For OPC + SCM concrete, CO, emissions per 1m? can be
evaluated to be 352.9, 18.7, and 28.8kg for material, production, and trans-
portation phases, respectively, as given in Table 7.2. The CO, emission from
OPC material forms 96.5% of those of the material phase, which also cor-
responds to 85.1% of the total CO, emissions. The CO, emission in the
transportation phase mostly results from concrete transport. This is why
the CO, coefficients the 6-m> capacity transit-mix truck are considerably
higher than those of the bulk trailer and small diesel trucks. Meanwhile,
CO, emissions in the material and production phases of AA FA concrete are
evaluated to be 30% of those of OPC 4+ SCM concrete, showing the highest
CO, footprint due to alkali activators in the material phase. In addition,
although the CO, footprint due to steam curing for stable hydration of



Table 7.1 Samples for mix proportions of different concrete types

Binder f Unit weight (kg/m3) w/B Activator (kg/m3) Curing
type (MPa) OPC FA GGBFS MK Fine Coarse Water Chemical Ca(OH), Na,SiO; NaOH
aggregate® aggregate? admixture®
OPC 24 280 | — | — — | 767 1214 168 | — 0.6 |— — — Air-drying
40 479 | — | — — | 572 1106 191 0.5 0.4
70 540 | — | — — | 666 991 172.8 15.4 0.32
OoPC + 24 291 |51 |— — | 829 930 178 1.7 0.52
SCM* 40 361 |23 |68 — | 805 918 163 3.1 0.36
70 435 |56 | 210 — | 670 822 163 5.25 0.23
AA 24 — | — |540 — | 700 849 185 5.06 0.3 |46.2 6.2 —
GGBFEFS | 40 — | — | 648 — 619 814 185 9.62 0.25 | 55.5 7.4 —
70 — | — 677 — | 572 752 185 12.6 0.22 1 63.1 100 —
AA FA 24 — | 400 | — — | 781 1035 62.4 | — 0.13 | — — 58 Steam curing
40 — | 469 | — — 623 935 112 — 0.2 | — — 75 85°C/24h
70 — 1630 | — — | 551 731 115 | — 0.15 | — — 106
AA MK 24 — | — | — 411|759 998 185 — 0.20 | — — 62

Note: f, = designed compressive strength of concrete and 17/B = water-to-binder ratio by weight.

Sea sand and crushed stone are assumed to be used for the fine and coarse aggregates, respectively, in all of the concrete types.
PPolycarboxylate-based superplasticizer is used for the water-reducing agent.

‘OPC added with SCM such as FA and GGBES.
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Table 7.2 Examples for CO, assessment of concrete using OPC + SCM binder (f/ = 40 MPa)
Material and production

Functional unit

Transportation

. (m3
(FU): (m) A B A-B D E A-D-E
Item kg | CO,—kg |CO,—kg |[km |CO,—-kg |CO, kg
FU kg FU kg-km FU
oPC* 361 | 0.944 340.8 100 |5.18 x 1075 | 1.869
GGBS?* 68 0.0265¢ 1.802 300 518 x 107 | 1.057
FA?* 23 0.0196°¢ 0.451 200 5.18 x 107 | 0.238
Sand? 805 0.0026 2.093 50 63 %107 |2.536
Coarse® 918 0.0075 6.885 50 63 %107 |2.892
Water? 163 1.96:107* 0.032 — — —
Admixture 3.1 0.25¢ 0.775 50 2.21 x 107* | 0.034
Concrete 2341 | 0.008°¢ 18.7 30 0.674 D-E =20.22
production? CO, — kg
m® -km
Sum 371.6 Sum 28.8
Air-dried — —
curing

Total = 400.4 (CO,-kg)/FU

*All of the cementitious materials are transported by a bulk trailer, while aggregates are transported by 15 ton

capacity dump truck.

PWater drawn from Han-river is used for concrete mix.
‘LCI data given in JSCE are referenced wherever Korean LCI database is unavailable.
dThe fresh concrete produced from the plant is transported to a building site by the transit-mix truck.

Table 7.3 Examples for CO, evaluation of AA FA concrete (fc’ = 40 MPa)

Functional Material and production Transportation
i «em3
unit (FU): m A B A-B D E A-D-E
Item kg |CO,—kg |CO,—kg|km |CO,-kg |CO,—kg
FU kg FU kg - km FU
FA 469 10.0196 9.192 200 | 5.18 X 107> | 4.86
Sand 623 | 0.0026 1.62 50 |6.3x107° [1.96
Coarse 935 |0.0075 7.01 50 |6.3%x 107 [2.95
Water 112 [1.96 x 107* ] 0.0219 — |— —
NaOH 75 1.232 92.4 30 |2.21-107* 4.97
Concrete 2214 10.008 17.71 30 |5.18x 107> | 0.0015
production®
Sum 127.99 Sum 14.74
Steam curing | 85°C/24h: 38.5 CO,-kg/FU —

Total = 181.2 CO,-kg/FU

*A precast concrete product is transported from the plant to a building site using a 23-t capacity truck.
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AA FA is approximately assessed to be 38.5kg/FU, it is reduced in the trans-
portation phase, because the concrete product is transported not by transit-
mix trucks, but by 23-t-capacity diesel trucks with a low CO, coefficient.
Overall, the total CO, emissions of AA FA concrete can be reduced to as
little as 45% of those of OPC + SCM concrete.

7.2.4 Comparisons of CO, Footprints According

to Different Concrete Types

Fig. 7.1 shows the comparisons of CO, footprints of different con-
crete mixes given in Table 7.1. In general, the CO, emission of concrete
increases with its compressive strength, regardless of the type of binder.
In addition, the contribution of binder to the total CO, emission is more
significant in OPC-based concrete than in AA concrete. When concrete
compressive strength increases from 24 to 70 MPa, the total CO, emission
per functional unit increases as much as 245, 146, and 146kg for OPC
concrete, OPC + SCM concrete, and AA GGBES concrete, respectively,
which correspond to an increasing rates of 1.76, 1.44, and 2.32 times,
respectively. The total CO, emission in AA FA concrete with a compres-
sive strength of 70MPa is greater by merely 63kg compared with that
with a compressive strength of 24 MPa.

AA concrete commonly uses different alkali activators according to
the type of source materials and the designed compressive strength. For a
higher compressive strength of AA concrete, a greater addition of a stron-
ger alkali activators is required [4-7], as given in Table 7.1. According to
the Korean LCI database, NaOH, and Na,SiO; have a relatively high
CO, inventory of 1.232 CO,-t/t and 1.32 CO,-t/t, respectively, while
the CO, inventory of weak alkaline Ca(OH), is 0.517 CO,-t/t. For AA
GGBEFS concrete, CO, emission due to alkali activators increases as much
as 4.3 times when compressive strength increases from 40 to 70 MPa. The
contribution of alkali activators to the total CO, footprints of AA GGBES
concrete accounts for 31.6% and 64.4% for compressive strengths of 40
and 70 MPa, respectively. This indicates that the CO, emissions of AA
concrete are significantly dependent on the dosage and type of the alkali
activators used.

The total CO, footprints of different concrete mixes normalized
by those obtained from the OPC concrete with the same compressive
strength are plotted in Fig. 7.2. The CO, emissions of OPC-based con-
crete with SCM are approximately 80% of those of OPC concrete when
compressive strength is higher than 40 MPa. The reduction rates of CO,
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emissions of AA GGBFES concrete relative to those of OPC concrete are
approximately 75% for a compressive strength of 24 MPa, and 75% for a
compressive strength of 70 MPa. The CO, emissions of AA FA concrete
are reduced by as much as 60% of those of OPC concrete when compres-
sive strength is below 40 MPa. Fig. 7.2 clearly shows that the reduction
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Figure 7.1 CO, footprint for different concrete types. (A) f/ = 24MPa, (B) ! = 40 MPa,

and (C) f/ = 70 MPa.
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Figure 7.2 Total CO, footprints of different concrete mixes normalized by those calcu-
lated from OPC concrete with the same compressive strength.

rate of the CO, emission of AA concrete relative to OPC concrete com-
monly ranges between 55% and 75%, though the CO, emissions of AA
concrete are somewhat variable according to the type, concentration, and
dosage of the added alkali activators.
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Figure 7.3 Comparisons of CO, footprints of secondary precast concrete products.

7.2.5 Comparisons of CO, Footprints in the Secondary
Concrete Products

Fig. 7.3 shows the typical comparisons of CO, emissions for second-
ary precast concrete products, such as bricks, curbings, and fish shelters
according to the type of binder, namely, GGBFS cement (OPC 50% +
GGBFS 50%) or GGBFS binder activated by 7.5% Ca(OH), and 3%
Na,SOj;. Table 7.4 gives also the typical mix details of secondary precast
concrete products. The mix proportions of precast concrete products using
GGBES cement refer to the mixing tables practically applied in the plants,
while those of AA GGBFS concrete products are determined from mock-
up tests [13], considering the performance criteria specified in the Korean
Industrial Standard (KS) [14] and economical efficiency. For the concrete
bricks, CO, footprint due to aggregate transportation accounts for 20%
total CO, emission, which matches that obtained from the binder. This
is attributed to the fact that the amount of aggregates in the mix pro-
portions is generally as much as 10 times that of the binder. As a result,
the reduction of CO, emissions in the AA GGBFS concrete bricks is
minimal compared with the GGBFS cement concrete bricks, indicating
a reduction rate of approximately 2.5%. The total aggregate-to-binder
ratio by weight in the concrete curbings and concrete fish shelters usu-
ally ranges between 3.0 and 4.0, indicating that the portions of binder in



Table 7.4 Typical mix details of secondary precast concrete products

Secondary Binder Unit weight (kg/m3) Curing
concrete  type GGBFS GGBFS Fine Stone Coarse  Water Chemical Ca(OH), Na,SO,
products .
cement aggregate powder aggregate admixture
(8mm) (25mm)
Bricks GGBFES 260 — — 2077 — 52 2 — — Steam curing
cement 60°C/24h
AA — 372 — 1937 — 107 2 32.3 12.9
GGBES
Curbings | GGBES 478 — 597 2089 — 119 2 — —
cement
AA — 500 597 895 445 172 — 43 22
GGBFS
Fish GGBFS 350 — 776 — 1049 157 2 — — Air-drying
shelters cement
AA — 313 828 — 1119 111 2 26 11
GGBFS
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the total mixing materials are higher than those in the concrete bricks.
The CO, emissions in the AA GGBFES concrete curbings are lower by
37 kg per functional unit than those in the GGBES cement concrete curb-
ings, showing a reduction rate of 20%. Further, the CO, emission of the
AA GGBES concrete fish shelters is reduced by approximately 19% com-
pared with the case of using GGBES cement as a binder. The CO, reduc-
tion in the AA GGBES concrete products is significantly dependent on
the aggregate-to-binder ratio together with the type and dosage of the
added alkali activators.

7.3 PERFORMANCE EFFICIENCY INDICATOR OF BINDER

The efficient use of binder to reduce CO, emissions has been recently
discussed [8,15,16]. Damineli et al. [8] concluded that concrete efficiency
should be defined in terms of the total binder consumption, the total cost
of concrete production, and/or the environmental impact imposed to
deliver one unit of functional performance measured by a relevant indi-
cator such as compressive strength and durability factor. The compressive
strength of concrete commonly increases with the decrease of water-to-
binder ratio [17]. This indicates that the higher the concrete compres-
sive strength the more the binder consumption at the concrete mix. Most
CO, emissions in OPC-based concrete come from the production of
binders [8]. In addition, the production of OPC is accompanied by the
consumption of natural resources and enormous energy, and various envi-
ronmental loads. Considering the interrelation of concrete compressive
strength, total amount of binder, and environmental impact including CO,
emissions, Damineli et al. [8] proposed the following simplified binder
intensity (B;) and CO, intensity (C;) in order to assess the binder efficient
on CO, emissions.

B; = B/f! (7.4)
C; = Cy/f! (7.5)

where B is the total consumption of binder materials (kg/m?), f! is the
compressive strength of concrete (MPa) at an age of 28 days and Cj is the
total CO, emissions (kg/m’) due to concrete production, which can be
approximately obtained from Eq. (7.3).

To examine the efficiency of the AA binder, both intensities in AA

GGBES concrete [10] are calculated and compared with those obtained
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from the comprehensive database of OPC-based concrete established
by Yang [9]. Most of the OPC-based concrete data are compiled from
Korean journals issued by the Korea Concrete Institute, Architectural
Institute of Korea, and Korea Institute of Building Construction.
The intensities of the AA FA concrete are not provided in the follow-
ing comparisons due to the limited test data. For 34 GGBES con-
crete mixes activated by 7.5% Ca(OH), and 1% Na,SiO; or 7.5%
Ca(OH), and 2% Na,COs;, the total amount of binder ranges between
84 and 121kg/m?, while 28-day compressive strength varies from 8.6 to
42.2MPa. The OPC-based concrete database includes 2464 OPC con-
crete mixes, 92 OPC + GGBFS concrete mixes, 481 OPC + FA concrete
mixes, and 23 OPC + GGBES + FA concrete mixes. The total amount of
binder and 28-day compressive strength of OPC concrete range between
200 and 1065kg/m?, and between 7.7 and 147 MPa, respectively, whereas
those of OPC + SCM concrete range between 167 and 911kg/m?>, and
between 13 and 98 MPa, respectively. For the OPC + SCM concrete, FA
and GGBES are substituted up to 70% and 69%, respectively, for OPC.
The total amount of binder at the same f is commonly lower in OPC-
based concrete than in Ca(OH),-based AA GGBFS concrete.

7.3.1 Binder Intensity

Fig. 7.4 presents the binder intensity calculated from different con-
crete mixes according to the type of binder. The best-fit curves deter-
mined from the different concrete data are also plotted in the same figure.
Although the mix-design method of concrete and materials used are
widely different, variability of the data is somewhat small, indicating rela-
tively high coefficients (R?) of correlation between test data and predic-
tions calculated from the best-fit curves. The binder intensity commonly
tends to decrease with the increase of the concrete compressive strength.
The decreasing rate of the binder intensity calculated for OPC concrete is
gradually mitigated beyond a concrete strength of 50 MPa. Above 80 MPa,
the binder intensity of OPC concrete reaches the minimum range of
approximately 5.5kg/m’/MPa. Hence, high-strength concrete is more
efficient in terms of the binder consumption required to deliver each unit
of compressive strength. When concrete strength is lower than approxi-
mately 40 MPa, a slightly higher binder intensity is observed in OPC +
SCM concrete than in OPC concrete, showing that very similar best-fit
curves are deduced in OPC + FA concrete and OPC + GGBEFES con-
crete, though it is difficult to clearly distinguish the fitting curve of OPC
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Figure 7.4 Relationship of binder intensity and concrete compressive strength.

+ GGBES concrete in Fig. 7.4 due to the overfull data sets. The binder
intensity obtained from Ca(OH),-based AA GGBFS concrete is higher by
an average of 1.67 times than that of OPC concrete with the same com-
pressive strength. This indicates that the Ca(OH),-based AA GGBES con-
crete requires a greater binder consumption in order to obtain the same
compressive strength as OPC concrete. However, it should be noted that
the high binder intensity of AA GGBES concrete does not indicate the
imposition of severe environmental impact, providing that byproducts are
recycled.

7.3.2 CO, Intensity

CO, intensity calculated from different concrete types against 28-day
compressive strength is plotted in Fig. 7.5. The coefficients of correlation
determined from the OPC + SCM concrete are slightly lower than those
of OPC concrete. This may be attributed to the fact that the CO, inten-
sity 1s also affected by the replacement level of FA and GGBFS. The data
trend is similar to that observed in the binder intensity result, namely, the
CO, intensity tends to decrease as compressive strength increases. Hence,
high-strength concrete emits less CO, emissions to develop a unit of
compressive strength. In general, the CO, intensity calculated from OPC
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Figure 7.5 Relationship of CO, intensity and concrete compressive strength.

+ SCM concrete is slightly lower than that of OPC concrete with the
same strength. Ca(OH),-based AA GGBES concrete reveals around 3.3
times lower CO, intensity than OPC concrete with the same compres-
sive strength, though the binder consumption is higher in Ca(OH),-based
AA GGBFS concrete than in OPC concrete. This indicates that replacing
OPC with AA GGBFS binder can be regarded as a kind of major tool for
achieving sustainable concrete.

The relationship of binder and CO, intensities of different concrete
types is shown in Fig. 7.6. It is noted that the effects of binder intensity on
CO, emissions are significantly affected by the replacement level of SCM.
Hence, the OPC-based concrete data in Fig. 7.6 are adjusted by consid-
ering the replacement level of FA and GGBFS. Variability of the data is
greatly diminished in comparisons with Figs. 7.4 and 7.5. As a result, a
relatively high correlation coefficient (R?) between test data and best-fit
curves is obtained. Hence, the relation between binder and CO, intensi-
ties is helpful in designing a sustainable concrete. It is possible to formulate
the mix proportions of ingredients including the amount of binder for
targeted compressive strength and CO, reduction. Furthermore, the CO,
emission of concrete can be simply predicted from the information of the
type and amount of binder.
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Figure 7.6 Relationship of binder intensity and CO, intensity for different concrete
types.

The CO, intensity increases in proportion to the binder intensity,
regardless of the type of binder, indicating that CO, emission in concrete
production is significantly dependent on binder consumption. In contrast,
the CO, intensity for OPC 4+ SCM concrete tends to decrease with the
increase of the replacement level of FA and GGBFS. To determine the
relationship of binder and CO, intensities, and reflect these trends in a
simple closed-form equation, regression analysis was repeatedly conducted
using the 3060 OPC-based concrete data and 34 AA GGBES concrete
data until a value of R? was obtained, as shown in Fig. 7.6. Overall, the
CO, intensity can be formulated as follows:

C, = 0.98[{1—(Rp + R} - B,]""  for OPC-based concrete (7.6a)
C, =1.15 - exp(0.058 - B,) for Ca(OH),-based AA GGBS concrete (7.6b)

where, Ry and Rg are replacement levels of FA and GGBFES, respectively.
The slope of the best-fit curve determined from OPC-based concrete
is higher than that obtained from Ca(OH),-based AA GGBES concrete.
Hence, it can be concluded that the effect of binder consumption on CO,
emission 1is lower in AA GGBFS concrete than in OPC-based concrete.
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7.4 FURTHER INVESTIGATIONS

The alkali activators generally have a relative high CO, inventory because
the production process of most oxides involves the calcinations of carbon-
ates. Hence, the CO, footprint of the AA concrete is somewhat dependent
on the type, concentration, and dosage of alkali activators. The source mate-
rial selected to produce the AA binder also influences the CO, footprint of
concrete, because aluminosilicate materials such as FA and MK need a high-
temperature curing condition. The available test data on AA concrete are
very rare, though tests on AA pastes or AA mortars are intermittently pub-
lished. Therefore, it is necessary to collect further experimental data on AA
concrete in order to assess CO, reduction and examine the performance
efficiency indicators according to the various mixing proportions.

7.5 CONCLUSIONS

The CO, reduction of AA concrete is examined based on the Korean LCI

database. The CO, evaluation procedure of concrete using individual inte-

gration includes material, production, curing, and transportation phases.

The performance efficiency indicators of the binder are also ascertained

for difterent concrete types. From the CO, reduction assessment of AA

concrete based on the typical mixing proportion tables and binder effi-
ciency indicators calculated from the extensive database, the following
conclusions may be drawn:

1. The CO, emission of concrete increases with its compressive strength,
showing that the contribution of binder to the total CO, footprint is
more significant in OPC-based concrete than in AA concrete.

2. The CO, emissions of OPC + SCM concrete are approximately 80%
of those of OPC concrete when the compressive strength is higher than
40 MPa. On the other hand, the reduction rate of CO, emission of AA
concrete relative to OPC concrete commonly ranges between 55% and
75%, though the CO, reduction of AA concrete is somewhat dependent
on the type, concentration, and dosage of the added alkali activators.

3. The CO, reduction rate in secondary precast concrete products using
AA GGBEFS binder instead of GGBFES cement can be evaluated to be
approximately 20% when the total aggregate-to-binder ratio ranges
between 3.0 and 4.0.

4. The binder and CO, intensities commonly tend to decrease with
the increase of concrete compressive strength. The binder inten-
sity obtained from Ca(OH),-based AA GGBFS concrete is higher by
an average of 1.67 times than that of OPC concrete with the same
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compressive strength. In contrast, Ca(OH),-based AA GGBFS concrete
reveals approximately 3.3-times-lower CO, intensity than OPC con-
crete, though the binder consumption is higher in Ca(OH),-based AA
GGBFS concrete than in OPC concrete.

The CO, intensity increases in proportion to the binder inten-
sity, showing that the slope of the increasing rate determined from
Ca(OH),-based AA GGBFS concrete data is lower than that obtained
from OPC-based concrete.
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CHAPTER 8

Introducing Bayer Liquor-Derived
Geopolymers

E. Jamieson'?, A. van Riessen?, B. McLellan3, B. Penna'?, C. Kealley?
and H. Nikraz?

'Alcoa of Australia, Kwinana, WA, Australia
2Curtin University, Perth, WA, Australia
FKyoto University, Kyoto, Japan

This compilation of work introduces Bayer liquor—derived geopolymers.
These alkali-activated materials (AAMs) utilize concentrated Bayer liquors
of caustic alumina as the primary activating solution for a reactive silica
rich solid, in this case, a class F fly ash.

Formulations with a reactive Si/Al ratio of 2.3 and a Na/Al ratio of 0.8
have achieved compressive strength in excess of 40 MPa, with an elevated-
temperature curing process. Production formulations allowing for ambient
cure have also achieved minimum compressive strengths in excess of 20 MPa.

The potential to utilize Bayer process liquor and fly ash to manufac-
ture geopolymers leads to significant opportunities for industrial-scale
synergies. It is known that geopolymers have the ability to bind a range
of contaminants, and Bayer-derived geopolymers have proven similarly
effective with cationic species. Consumption of the Bayer process liquor
for geopolymer production could achieve significant Bayer process impu-
rity removal by replacement of that liquor. The metallic cations become
immobilized by being incorporated into the geopolymer structure. This
impurity-removal process provides incentive for the synergistic provision
of a concentrated caustic aluminate solution to the geopolymer industry.

Significantly, utilizing this combination of industrial byproducts can
dramatically lower the embodied energy of Bayer-derived geopolymers.
Because the Bayer liquor is part of an impurity-removal process, from a
formal life-cycle assessment (LCA) perspective there is minimal allocation
for embodied energy and emissions. Hence, the embodied energy of the
Bayer-derived geopolymer binder falls to as little as 0.27 GJ/t. For the first
time, Bayer-derived geopolymer binders could be produced with embod-
ied energy intensity at levels comparable to manufactured or recycled
sand, gravel, and stone.

Handbook of Low Carbon Concrete. © 2017 Elsevier Inc.
DOI: http://dx.doi.org/10.1016/B978-0-12-804524-4.00008-7 All rights reserved. 159
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To establish a Bayer-derived geopolymer industry of large-enough vol-
ume to allow economies of scale, several product markets will be required
to generate consistent demand.

One such market is the manufacture of Bayer-derived geopolymer
mortar for manufacture of artificial aggregate. Aggregate has a known
value within a distribution envelope and can be stored indefinitely. The
embodied energy of these Bayer-derived geopolymer mortar aggregates
has been calculated to be 0.22GJ/t, similar to other manufactured or
recycled aggregates. The embodied energy being just one of the potential
environmental benefits of such a process, with the reduction in land clear-
ing for new aggregate having important local benefit.

8.1 INTRODUCTION

Aluminosilicate polymers, inorganic polymers, AAMs, or geopolymers are
X-ray amorphous aluminosilicate materials that have the potential to be
an alternative concrete binder to ordinary Portland cement (OPC here or
CEML1 [1]). While there is ongoing debate over the correct terminology
for these materials, for the purpose of consistency we will persist with the
terms OPC, geopolymers and Bayer-derived geopolymer.

Geopolymers can be produced from a range of aluminate and sili-
cate materials including metakaolin, fly ash, blast furnace slags, and min-
eral processing wastes. As such, most industrial precincts would produce a
range of suitable feedstock to enable geopolymer production [2].

Other materials required for concrete production that can also be
sourced from industrial precincts, such as residue sand from alumina pro-
duction, have been evaluated for construction purposes [3—6]. An industrial
ecology approach, utilizing such residues more eftectively, would maximize
the community benefit from the consumption of limited resources (improv-
ing resource efficiency) and reduce the requirement for production of virgin
resources, with its associated environmental impacts. This is something that
can only be accomplished if byproducts are produced to a specification [7].

The use of multiple and varied feedstock in geopolymer production
has led to a focus on understanding the chemistry of the amorphous reac-
tive components. This in turn allows geopolymer products to be formu-
lated with predictable performance properties in a similar way to OPC,
without the requirement for trial and error on the basis of new or variable
feedstock flows [2,8—12].

The critical feedstock for geopolymers include:

» concentrated caustic solution with dissolved silica or alumina
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* asource of caustic soluble silica
* asource of caustic soluble alumina

All three materials must be available in large quantities and at appro-
priate cost for commercial application.

A source of heat is often required when casting geopolymer products at
elevated temperatures (60-90°C). Thermal curing may be suitable for many
product applications, but places limitations on many high-volume markets
such as in situ poured paths, roads, and curbing. It is possible to design for-
mulations that can be cured at ambient temperatures by the addition of
calcium-containing compounds such a lime or blast furnace slag [13—18].

Experimentally, geopolymers have been produced with alternative
reagents such as sodium aluminate solution, especially where precursors
have a high Si/Al [19,20]. Moreover, the production of Bayer-derived
geopolymers has recently met potential application milestones [21,22].

For geopolymers to be economically viable, large-volume production
of products are required along with product acceptance [23-25].

Silicate-derived geopolymer binders have been utilized in applica-
tions such as pathways, pavers, mine backfill, railway sleepers, sewerage
pipes, and earth retaining walls [8,26—28]. For Bayer-derived geopoly-
mers to penetrate similar markets, in situ and ambient temperature curing
are required. This has been achieved in laboratory trials while targeting a
compressive strength above 20 MPa (a typical specification for pathways,
driveways, etc. [29]).

Another potentially large market is the production of artificial aggre-
gates made from Bayer-derived geopolymer mortar. Additional byprod-
ucts such as sand can also be utilized in manufacture. Application of
Bayer-derived geopolymer mortar aggregates (Bayer aggregates) as coarse
aggregate in the manufacture of concrete utilizing OPC has also been
investigated. Concrete contains 70-85wt% aggregate, hence would pro-
vide a larger volume of application for Bayer liquor export and consump-
tion. In effect, the production of Bayer-derived geopolymer would be the
limiting factor, not the ability to find a market.

8.1.1 The Geopolymer Industry

The primary function of a geopolymer is to act as a cementitious binder
and replace OPC in concrete manufacture or provide complementary
products. Some of the advantages that geopolymers have over OPC is
their high compressive and flexural strength, their very high temperature
resistance, a high resistance to acid, and the ability to utilize multiple waste
or byproduct streams [13,30-32].
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Geopolymers binders have the potential to incorporate cations, anions,
and organic species within their three-dimensional structure [33,34]. OPC
can also trap impurities, though the acid resistance of geopolymer binders
allows for a much wider range of safe receiving environments.

A significant ecological and marketing benefit reported for geopoly-
mer binder over OPC is the reduction in CO, emissions. One tonne of
OPC releases 0.55t of CO, from the calcination of limestone and the
combustion of carbon-based fuel for heat and power generation produces
an average additional 0.40t of CO,. Comparatively, geopolymer produc-
tion creates only between 0.2 and 0.5t of CO, per tonne of product,
depending on inclusion of lifecycle and transport factors [35-37].

Geopolymers have been formed from a range of aluminate and silicate
materials including metakaolin, fly ash, blast furnace slags, and mineral pro-
cessing wastes. It is apparent that with so many feedstocks available and most
having variable reactive components, a fundamental evaluation of reagent
chemistry is essential to assure product quality suitable for the construction
industry [2,8—12]. Geopolymers are commonly cured at slightly elevated tem-
peratures (70-90°C) but the addition of calcium-containing compounds such
as lime or blast furnace slags can promote ambient temperature setting [17].

Geopolymer concrete has now been utilized in a wide range of appli-
cations traditionally reserved for OPC concrete [8,26—28].

8.1.2 The Alumina Industry

The Bayer process is the name for the hydrometallurgical extraction and
refinement of alumina from bauxite. Bauxite ore is ground and then
digested in highly caustic solutions at elevated temperatures. Gangue sol-
ids, usually iron oxides, quartz, and other resistant minerals, are separated
from the hot sodium aluminate slurry by physical means such as set-
tling and filtration. The solids (red mud and red sand) are countercurrent
washed to recover the caustic solutions, then pumped to specially designed
impoundment beds. The mud and sand can be intercepted, neutralized,
washed, and stored for reuse [3—8,38—40)].

The valuable caustic liquor is recovered via an underdrain system
and returned to the Bayer process circuit. The thickener overflow solu-
tion concentrated in aluminate is cooled, and then aluminum hydroxide
(hydrate seed) is added to induce precipitate growth. The precipitated
aluminum hydroxide is then separated from the spent caustic aluminate
liquor, which is recycled in the process circuit. During the constant recir-
culation of caustic liquor, organic and inorganic impurities can build up
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within the circuit and suppress alumina yield. Some impurities such as sul-
fate can be removed through the predesilication process in which reac-
tive silica, such as kaolin clay, reacts with caustic and alumina to form an
aluminosilicate desilication product, predominantly either sodalite or can-
crinite [41]. In some refineries, a significant amount of organic material
is also dissolved in the aluminate solution reducing productivity in many
different ways. In addition the organics are oxidized to oxalate, which may
precipitate with hydrate, thus causing quality issues. There are many impu-
rities for which there are no commercial removal processes. The continued
buildup of impurities limits production capacity and the removal processes
are often energy intensive and expensive. Thus, a bleed of the recirculating
stream could act to keep impurities at required levels.

8.1.3 Industrial Synergy

Economic evaluations of the manufacture of geopolymer binder recognize
that the supply of concentrated caustic has the highest cost factor. The
economic benefit of utilizing concentrated sodium aluminate liquor from
the Bayer process varies between locations, and is not normal Bayer pro-
cess practice [19]. The Bayer process is contingent upon the capture and
return of caustic for further processing and is often called the Bayer cycle.
Exporting Bayer process liquor as a geopolymer feedstock, then replacing
the volume with fresh caustic, is thus counterintuitive, although it is an
effective impurity-removal system.

The use of Bayer process liquor for geopolymer manufacture would
provide a mechanism for removing soluble impurities from the Bayer pro-
cess circuit. The Bayer process achieves a substantial “all” impurity-removal
bleed and the geopolymer industry gains a potentially economic source of
caustic aluminate [21-23].

Further advantages are that the alumina industry is well established
with significant infrastructure such as road, rail, and port hubs. There are
also highly trained teams of skilled scientists, engineers and operators
experienced in working with caustic aluminate solutions. The industry has
traditionally been a major consumer of caustic and has dedicated supply
and transport systems in place. Being a thermal hydrometallurgical pro-
cess, significant quantities of “low-value” steam (i.e., saturated temperature
<100°C) may be available, something that could be readily utilized by the
geopolymer industry for curing. Finally, the development of other second-
ary-commodity products from the alumina industry is potentially syner-
gistic with geopolymer production (e.g., process sand).
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Beyond a number of performance benefits, the environmental impact
reduction accorded to Bayer-derived geopolymers could become an
important element of alumina industry and cement industry emissions
reductions strategies.

8.1.4 Carbon and Embodied Energy

A widely reported benefit of geopolymer with large market appeal is the
significant improvement in environmental impact compared to OPC. This
is largely based on the CO, emissions from clinker calcination and the
comparatively high embodied energy of OPC.

There are many different ways to calculate embodied energy and each
method is reliant on assumptions, circumstances, and inclusion of specific
processing stages [42]. For example, it can be claimed that the embodied
energy of concrete is minimal as it only contains around 15% OPC by dry
weight and most of the content is low-energy aggregate [43]. While this
is true, the fact remains that carbon dioxide (CO,) release from cement
production is a significant proportion of that derived from human activity
globally [44]. There are also claims that OPC concretes have become less
energy intensive, by utilizing higher levels of pozzolanic materials such as
fly ash [45,46], higher-efficiency kilns [47], and by wider use of renew-
able energy sources [48]. However, it is rare to capture the full energy cost
of OPC.

Some assessments of geopolymers have been particularly favorable,
ranging from between 10% and 20% of the carbon footprint of OPC [49],
to 30% [50,51]. One industrial geopolymer manufacturer claims geopoly-
mers have about 20% of the CO, footprint of cement [52] while another
claims their geopolymer binder is as little as 10-20% of the carbon foot-
print of OPC [53]. Similar results are noted based on a binder-to-binder
comparison, whereas a concrete-to-concrete comparison results in a value
closer to 40% of the CO, footprint of the OPC [54]. Another comparison
of OPC, OPC with supplementary cementitious materials (OPC+SCM)
and a variety of alkali-activated concretes (geopolymer binders) was made,
ensuring products had similar compressive strength [55]. Geopolymer
concretes were between 25% and 45% and OPC+SCM were 80% of the
OPC carbon emissions.

Not all assessments are as favorable, owing to the system bound-
aries, geographical limitations, specific mix ratios, and the functional
unit of comparison (e.g., kg of binder, m® of concrete). Some of the
key drivers of the embodied energy and emissions from geopolymer
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production are the impacts associated with the production of feedstocks,
particularly activating compounds (e.g., NaOH and sodium silicate).
A detailed life-cycle impact assessment for standard geopolymer pro-
duction demonstrated that the use of sodium silicate as an alkali activa-
tor has a large environmental impact [56]. Furthermore, fly ash— and blast
furnace slag—based geopolymers have lower environmental impacts than
metakaolin-based geopolymer, as both are considered to be waste materi-
als and thus assigned very low embodied energies. Some geopolymer for-
mulations can achieve a 60% reduction in CO, emissions compared with
those of OPC [56].

A comparison has been made of the carbon impacts from OPC con-
crete and geopolymer concrete in an Australian context, with particular
focus on the transportation and grid emissions that can exacerbate or
alleviate the energy-related impacts of geopolymer feedstocks [35]. This
placed a heavy emphasis upon transport as a contributor to the life-cycle
analysis. They reported a wide range of environmental costs and ben-
efits based upon the source material and mode of transport. Following
a series of case studies they were able to demonstrate that using typical
Australian feedstocks there was a potential 40-60% reduction in green-
house gas emissions compared to OPC. It was noted that the produc-
tion of sodium hydroxide and sodium silicate was a major contributing
factor to the carbon footprint as well as to cost. Because of the inher-
ent variability in reported comparisons with OPC carbon footprint, it
is important to quote the actual embodied energy of the products being
compared.

The general conclusion of most recent studies on geopolymers and
other cement alternatives has been that the inclusion of materials from
waste streams (such as fly ash or slag) tends to provide multiple environ-
mental and cost benefits. The minerals industry offers a number of such
waste streams that may be used as activating components or as aggregate
in geopolymers [57-59]. For instance, based on global minerals production
figures:

at an estimated rate of 0.3t slag/t steel, the global steel industry

(1420 Mtpa raw steel [57]) could contribute approximately 420 Mtpa

of slag;

with an ash content of 15%, the global coal industry (7273.3 Mtpa of

coal [59]) could contribute approximately 1090 Mtpa of ash.

If these were considered to be entirely economically and technically
viable sources of SCM, the combined waste materials from these two
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industries alone would account for approximately 45% of global cement
production (3310Mtpa in 2010 [57]). Thus, there is currently an ample
supply of useful material being largely wasted, which could be trans-
formed into geopolymer or used to supplement cement clinker.

The geopolymer story’s Achilles heel appears to be the large embod-
ied energy associated with the production of the activation solution of
concentrated sodium silicate or aluminate [35]. It should be apparent that
the most efficient production of sodium aluminate solution would be as
part of the economically viable alumina production process (Bayer pro-
cess). This is also likely to be the source of the lowest embodied energy
solution. This claim needs to be investigated further as the utilization of
industrially produced Bayer liquor for the activation of geopolymers could
substantially reduce the embodied energy of the final product, as well as
significantly reduce cost structures.

8.2 PROCESS AND MATERIALS

In order to assess the properties and embodied impacts of Bayer-derived
geopolymers, physical testing and process modeling were undertaken. This
section briefly describes the applied methods.

8.2.1 Characterization of Materials

Understanding the chemical composition of feedstocks is vitally important
for new processes.

The quantification of the reactive components in fly ash and silica
fume was determined using a method where the crystalline component
(measured by quantitative X-ray powder diffraction, or XRD) is sub-
tracted from the bulk chemical composition (determined by X-ray fluo-
rescence, or XRF) [9].

The XRF samples were prepared by grinding to a particle size of less
than 75pm followed by fusion in a lithium borate flux (Norrish 12:22).
Analysis was carried out by a commercial Western Australian analytical
laboratory.

The crystalline composition was obtained on an absolute scale using
Rietveld refinement with XRD data. The samples were prepared by
milling to ~5pum particle size using a McCrone mill with calcium flu-
orite (Mesh —325, 99.5+%, Sigma Aldrich) as an internal standard.
XRD patterns were obtained using CuKa radiation with a Bruker D8
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Advance diftfractometer equipped with a LynxEye detector (Bruker-AXS,
Karlsruhe, Germany). The patterns were collected from 10° to 100° 26,
with a nominal step size of 0.01° 20 and a collection time of 0.8s per
step, using a 0.3° divergence slit and 2.5° secondary Soller slit. A knife-
edge collimator and tight detector discriminator settings were applied to
reduce air scatter and iron fluorescence signals. Crystalline phases were
identified by using the Search/Match algorithm, EVA 15.0 (Bruker-
AXS, Germany) to search the Powder Diftraction File (PDF4+2009
edition). Relevant crystal structures used to carry out the Rietveld quan-
titative phase analysis using TOPAS 4.2 (Bruker-AXS, Germany) were
obtained from the Inorganic Crystal Structure Database (ICSD 2009/2).
Four replicates of each sample were analyzed to allow an estimate of the
uncertainty.

Compressive strength analyses were conducted as per ASTM C39 [60]
for concrete specimens. For small cylindrical specimens (25-mm diameter
and standardized height-to-diameter ratio of 2:1), the method was approx-
imated by utilizing a Lloyd Instruments 6000R compressive/tensile
strength machine fitted with a 50-kIN load cell. Six samples from each for-
mulation were tested and the mean and standard deviations reported.

Scanning electron microscopy (SEM) images of samples were collected
using a Zeiss Neon 40 EsB scanning electron microscope. Samples were
mounted on an aluminum stub and coated with carbon or platinum prior
to viewing.

Wet concrete slump was determined by AS 1379 [61]. Concrete eval-
uations were conducted according to AS 1012 [62] by Boral Technical
Services (Maddington, Western Australia).

8.2.2 Bayer-Derived Geopolymer Synthesis

For the work reported here, a geopolymer composition with a Si/Al =
2.3, and Na/Al =0.8 was targeted [9,11-13].

Fly ash and silica fume were mixed as dry powders in a sealed envi-
ronment to prevent dusting. This was followed by the addition of Bayer
liquor and water as required. This slurry was mixed for a period of 10 min
and placed into 25-mm diameter vials and sealed. Oven-cured samples
were cured at 70°C for 24 h, then left at room temperature for a period
of 28 days prior to compressive strength testing. Ambient-cured samples
were also sealed and allowed to cure at ambient temperature for 7, 28, or
56 days as reported.
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8.3 COMPARISON OF EMBODIED ENERGY OF OPCWITH
BAYER-DERIVED GEOPOLYMER

8.3.1 Base Assumptions

The process used to compare the embodied energy of a Bayer-derived
geopolymer with that of published silicate-derived geopolymers and
OPC is described in this section. The Bayer-derived geopolymer concrete
formulation utilized here is targeted to have a compressive strength of
25MPa, and is shown in Table 8.1 alongside the compared OPC concrete
formulation [63]. As this is a new material, this section describes the mate-
rial characteristics and process of production for clarity.

In this analysis, the approach is based on an “ex-gate” process. That
is, the reagents for production of geopolymer and OPC concretes will
be assumed to be on location, or in other words, the assumed distance
of transport for each of the feedstocks is zero kilometers. This is not true
in practice, but both concrete manufacturing processes will require deliv-
ery of sand, aggregate, etc., from various locations. Without a specific or
representative case study, the preferable method is to assume that the dis-
tances will be similar for both processes and assign them to zero for the
comparison. For this investigation we have started with the assumption
that the binder for both forms of concrete is approximately 17 wt% but
acknowledge specific cases will differ depending on feedstock and com-
pressive strength requirements [35]. Both concrete formulations will usu-
ally include admixtures (additives designed to enhance performance), but
it 1s noted that the CO, footprint of admixtures is slightly lower than
OPC and the actual amount of superplasticizer use is almost negligible
[47]. Most importantly a literature review showed that the environmental
impact of admixtures is negligible [56], hence the impact of admixtures is
ignored for these calculations. What is remarkable for the Bayer-derived
geopolymer formulation is that Bayer liquor, fly ash, silica fume, and pos-
sibly the sand are all industrial byproducts. Such waste products provide
a triple benefit when used in geopolymers. They reduce the requirement

Table 8.1 Bayer-derived geopolymer and OPC concrete formulation (dry mass wt%)
Concrete type Bayer  Flyash Lime Silica OPC Sand Coarse
liquor (ClassF) fume aggregate

Bayer-derived | 3.9 9.3 0.2 3.6 0 33 50
geopolymer
OPC-CEM1 0 0 0 0 17 33 50
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for waste storage, decrease the demand for extraction of raw materials and
simultaneously provide potential reductions in greenhouse gas emissions.

8.3.1.1 Embodied Energy Calculation

The embodied energies of the OPC and Bayer-derived geopolymer were
calculated using data gathered primarily from academic literature supple-
mented by industrial sources or estimations where necessary. There is a
wide range of alternative embodied energy figures for many of the feed-
stocks — with a factor of two being a typical difference between the lower
and upper estimates. The values used here were judged to be most rea-
sonable and reliable out of a wide-range of identified figures. Table 8.2
presents the selected values, as well as the range of values reported for
comparison. The following paragraphs offer a brief description of the pro-
cesses that contribute to the embodied energy of the feedstocks.

Table 8.2 Embodied energy of key feedstocks (GPC = geopolymer concrete)

Material Included Embodied energy (GJ/t) Reference
stages Assigned Range Underlined
value is assigned
value
Primary materials
Clay Mining 0.1 0.1 [64]
0.07 [67]
Limestone Mining 0.1 0.1 [64]
0.03-0.06 [67]
0.124 [68]
Sand Mining, 0.1 0 [69]
separation 0.1 [67]
0.022-0.5 [66]
Coarse Mining, 0.1 0.03-0.06 [67]
aggregate crushing, 0.022-0.5 [66]
separation 0.0124 [69]
Derived
0.124 [68]
0.2 [70]
0.1 Aggregate [71]
0.25 Recycled [71]
aggregate
1.0 Stone [71]
0.4 Recycled stone | [71]
0.3 Gravel [72]

(Continued)



Table 8.2 (Continued)

Material Included Embodied energy (GJ/t) Reference
stages Assigned Range Underlined
value is assigned
value
Fly ash Capture, 0.05 0.05 [35]
separation 0.1 (Mined) [64]
0.09 [71]
Silica fume Capture, 0.05 0.05 [35]
separation 0.1 (Mined) [64]
NaOH Electrolysis | 5.7 4.7-5.7 and [73]
of brine 5.3-6.4 Allocated
For different 50/50 on
processes mass
Bauxite Mining 0.04 0.0549 [74]
0.07 [75]
0.1 [76]
0.04 [77]
Secondary (derived) materials
Bayer liquor Not reported
Lime (CaO) Calcining, 4.5 (tuel) 4.9 [65]
milling +0.4 (elec) 5.63 [69]
orC Blending, 4.5 (fuel) 4.9 [65]
calcining, | +0.4 (elec) 3.1-3.7 (Clinker) [47]
milling 6.0-8.2 [54]
5.6 [78]
4.2-7.5 [69]
6.15 [68]
5.8-6.5 [67]
4.6 +—-0.2 [79]
5.5 (94% clinker) [71]
Silicate- 2.6GJ/m’ 1.1-5.8 (GJ/m’® [55]
activated GPC GPC)
geopolymer 3.9GJ/t 1.7-8.9 (GJ/t [54]
binder binder)
Utilized figures
represent 30 wt%
binder produced,
assuming
emissions
equivalent to
a 50% coal,
50% natural gas
energy
Onsite operations
Concrete 0.1 (Estimate)
processing
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The production of OPC involves blending ground clay and limestone,
calcination (clinker production), milling, and the addition of gypsum.
This cement is then often blended with SCMs such as fly ash to give a
final product. Here we consider the mining of clay and limestone and the
clinker calcining and milling, and have ignored the intermediate trans-
port of feedstocks. The overall embodied energy of OPC is therefore the
sum of the embodied energy for the production of clay and limestone
and the processing of this feedstock into OPC. For the current study, the
global average mining energy usage of around 0.1GJ/t is assumed for
both limestone and clay [64]. The embodied energy for production of
OPC depends significantly on the technology associated with the kiln
operation. The weighted average energy intensity from the International
Energy Agency’s global examination of energy efficiency in the indus-
try is utilized here because of its global coverage [65]. It is likely that
this will give a conservative (lower embodied energy) result than most
other figures, making the comparison with Bayer-derived geopolymer
also conservative.

The embodied energy of the aggregate material varies significantly
depending on the source and type of aggregate. A range of values has been
reported from 0.02 to 0.5G]J/t [66]. If minimal processing is assumed, this
figure is likely to be lower, whilst crushing, separation, and extraction from
deeper deposits will increase energy requirements. In the current study
we use 0.1 GJ/t as representative, but the quantity of aggregate is equal in
both products; thus, the impact is on the absolute overall figure and should
not affect the comparison.

Low-grade silica fume and fly ash are both waste products that require
particularly low amounts of energy for capture, and in fact may arguably
be given a zero-energy allocation if we consider their capture as a waste-
treatment process. However, if these mineral wastes need to be reclaimed
from storage dams, or high levels of separation are required to ensure spe-
cific feedstock properties are achieved, a higher level of energy is required
(estimated at 0.1GJ/t for remining) [35,64|. This study uses the mean
of these extremes (0.05G]J/t), as the process would be expected to uti-
lize newly produced material rather than stockpiled material. The process
energy required for mixing, pumping, and laying both concrete products is
estimated to be 0.1 GJ/t.

The most difficult calculation for Bayer-derived geopolymer is the
determination of the embodied energy of the Bayer liquor. Several meth-
ods were used to determine the validity of the numbers described below.
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Fundamentally an LCA process is used to allocate impacts to the liquor,
using mass-based and value-based allocation methods.

8.3.1.2 Embodied Energy of Bayer Liquor Feedstock

The Bayer process is reliant upon circulating a strongly caustic alumi-
nate stream while managing temperature and manipulating the solubility
of alumina (hydroxide). Bayer geopolymer feedstock is an export bleed
of spent Bayer liquor subsequently activated for geopolymer produc-
tion through evaporation as shown in Fig. 8.1. The export of spent Bayer
liquor would typically be less than 1% of the circulating liquor flow. As the
feedstock stream is an integral part of the Bayer process, which is heavily
reliant on the recovery of caustic, calculating the embodied energy of the
Bayer liquor feedstock is a nontrivial task.

The starting point in the calculation is to identify the active compo-
nents within the Bayer liquor feedstock. The processed Bayer feedstock
contains in the order of 230-g/L dissolved aluminum (reported as Al,O3
though in the form of AI(OH),). The Bayer feedstock also contains
sodium hydroxide, though this can be separated into 220-g/L freely disso-
ciated caustic soda (NaOH in the form of Na* OH™) and 180-g/L bound
caustic soda (as NaOH, but in the form of Al(OH),). In addition, the
evaporation and preparation of Bayer feedstock from spent Bayer liquor
has a significant direct energy requirement.

Bauxite Milling

. . . Sand
Heating Digestion separation
The Bayer
Liquor . process Mud Residue
. l«— Evaporation . — .

preparation cyc|e separation washing

Bayer
geopolymer Precipitation Carbonation

feedstock l

Oxalate _‘ Hydrate Red
removal separation lealoam(% (Lime“”)éeadyer“%
Calcination

Figure 8.1 A simplified Bayer flow sheet showing potential byproduct generation.
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In the first case, we calculate the embodied energy if the Bayer feed-
stock were to be produced from pure raw materials. Currently Bayer
liquor is made utilizing a 50% solution of sodium hydroxide derived from
the chloralkali process [73]. For this study we have utilized a value of
5.7 GJ/t for the embodied energy of NaOH solution based on an alloca-
tion to the two products of NaOH and Cl, by mass. The resulting contri-
bution of sodium hydroxide to the embodied energy of the Bayer liquor
feedstock is 2.3GJ/m>. As the density of the feedstock is 1.6t/m’, the
mass-based contribution from sodium hydroxide is 1.4 GJ/t.

Calculating the embodied energy of dissolved aluminum from the
Bayer process is more challenging, as it is typically an intermediate stream.
Some estimates are given below.

A Commonwealth Government of Australia report lists alumina
(ALLO3) having an embodied energy of 11GJ/t [80]. However, alu-
mina is a precipitated, filtered, washed, dried, and calcined version of
the AI(OH), species reported in Bayer liquor. Deducting an energy
figure for calcination of 3.9;GJ/t [77], then the embodied energy for
dissolved aluminum (reported as Al,O;) in Bayer liquor is 7.1 GJ/t.
The embodied energy for calcined alumina has been reported else-
where as 12.3GJ/t [77]. Subtracting the reported energy for calcina-
tion as above (3.9 GJ/t), the embodied energy for dissolved aluminum
(reported as Al,O3) in Bayer liquor would be 8.4 GJ/t.
The International Aluminum Institute (IAI) represents 57% of global
production and has provided a figure for the embodied energy of
hydrate (Al(OH);; but reported as Al,O5) at 8.9 GJ/t [81]. This figure
could be taken as a very conservative estimate for dissolved aluminum
given that it includes the subsequent steps of precipitation, filtration,
washing, and drying to product hydrate.

It 1s assumed that the IAI estimate is most reliable given the coverage
of data collection. However, it does not include a bauxite-mining compo-
nent, reported by Smith et al. [77] to be 0.04 GJ/t bauxite. It takes 2-3¢t
of bauxite to produce a tonne of alumina, so a figure of 0.1GJ/t will be
added to the IAI number, giving the embodied energy for dissolved alu-
minum (reported as Al,O;) in Bayer liquor to be 9.0 GJ/t.

Utilizing this figure, the contribution of dissolved aluminum to the
Bayer liquor feedstock is 2.1 GJ/m?, or 1.3 GJ/t.

The active components of Bayer liquor feedstock combine to 2.7 GJ/t
of indirect embodied energy.

When the direct energy cost of 0.8 GJ/t is included, the final embod-
ied energy for Bayer liquor feedstock becomes 3.5 GJ/t.
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8.3.2 Results and Discussion

8.3.2.1 Embodied Energy of Concrete Formulations

The feedstock embodied energy and the mix formulation are combined
to give the concrete embodied energy (Fig. 8.2).

This analysis shows that the Bayer-derived geopolymer concrete is
only 33% of the embodied energy of the OPC concrete. The Bayer liquor
is the most important component of the embodied energy in the Bayer-
derived geopolymer binder, of which approximately half of the impact is
attributable to NaOH and the rest to the alumina content.

Variations in the specific mix ratios and addition of transportation may
have significant impacts on the relative performance of the two concretes.
If we add a significant transport cost to the sand and aggregate compo-
nents, the comparative advantage is reduced. For example, in the Australian
context, many geopolymer components are transported long distances
adding significantly to the feedstock embodied energy, whereas the major-
ity of OPC is locally produced. Adding the transport component in this
context would reduce the geopolymer embodied energy as a fraction of
OPC to 38% [35].

8.3.2.2 Embodied Energy of Binding Agent
Various methods of presenting the comparison are possible, which is one
factor in the variability of literature values. It may be useful to present

Energy (GJr) [N EOIE

Bayer geopolymer

\ l
Mass (t/t)
|

Mass (tt) [

OPC

mq
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Embodied energy (GJ/t) or Mass (t/t)

H Binder Sand ® Aggregate ® Mixing

Figure 8.2 Embodied energy and mass component for alternative concrete mixes.
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the figures on the basis of the embodied energy of the binder alone. This
allows the concrete producer to readily calculate the relative change in
embodied energy based on alternative binder ratios. Bayer-derived geo-
polymer binder has embodied energy of 0.9 GJ/t compared to dry OPC
binder with an embodied energy of 4.9GJ/t. In this comparison, the
embodied energy of Bayer-derived geopolymer is only 18% of that of
OPC. However, if cement is assumed to be mixed with water to consti-
tute a binder then the OPC binder embodied energy effectively drops to
2.5-3.3G]J/t (at 1:2-1:1 ratio water : OPC). The embodied energy of the
Bayer-derived geopolymer binder is then 27-36% of that of wet OPC.

8.3.3 Bayer Liquor as a Waste Product

The removal of Bayer liquor from the Bayer process circuit and its
replacement with fresh caustic is effectively an impurity-removal pro-
cess [19]. The question is, what to do with this heavily impurity laden
sodium aluminate solution? In some cases, the liquor is burnt to remove
the organic species with the remaining solids returned to the process.
However, inorganic impurities must be dealt with by other processes. It
is argued here that Bayer liquor should be treated as a waste material and
the energy utilized for its manufacture be attributed to the Bayer process
production of alumina (following standard LCA protocols). In this case,
the embodied energy of the Bayer liquor bleed stream could reasonably
be attributed a value of 0GJ/t, leaving just the direct energy required to
process the liquor to make it a suitable geopolymer feedstock. This would
give an overall embodied energy of Bayer liquor feedstock of 0.78 GJ/t.

Applying this approach, the calculated embodied energy of Bayer-
derived geopolymer binder becomes 0.27 GJ/t and represents only 6% of
the embodied energy of dry OPC. For the first time, we can discuss bind-
ing agents within the same embodied energy range as manufactured sand
[66], gravel [72], and recycled stone |71].

8.3.4 Embodied Energy Implications

Evaluation of the global impact by introduction of Bayer geopolymer into
the market place is contingent upon a series of variables. These include
the rate of uptake within global plants, their impurity load, the geographi-
cal location to markets, the cost of caustic, and value of alumina. Making
a series of conservative estimates results in an average available Bayer
liquor feedstock volume of 0.012kL/t, or 0.02t/t alumina produced.
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The estimated alumina production in 2011 was 92 million tonnes; hence
the mass of Bayer geopolymer feedstock liquor 1s 1.8 million tonnes. Given
that Bayer feedstock equates to about 25% of binder paste, there is the
potential to make 7.3 million tonnes of Bayer-derived geopolymer binder.

Given that cement production in 2010 was 3310 million tonnes,
uptake of Bayer-derived geopolymer would equate to less than 1% of the
global market. This may seem small, but it is an appropriate entry level
into the market. With market forces and a carbon-rated economy, this
value could be significantly higher, especially as other byproduct sources
of caustic could come to market.

8.3.5 Embodied Energy Conclusions

The determination of the embodied energy of a product depends on
many assumptions. Reporting these assumptions and how they are derived
is essential.

In this case, two methods of calculating the embodied energy of
hydrate in Bayer liquor were used. They compared favorably with industry-
collected data that was reported for the first time from the IAI. Once
the energy of mining is included, that figure is put at a value of less than
9.0GJ/t of Al(OH);.

The embodied energy to produce hydrate, caustic, and the energy used
to process Bayer liquor into a geopolymer feedstock are combined to pro-
vide an embodied energy for Bayer liquor feedstock of 3.5 GJ/t.

A new class of construction material, Bayer-derived geopolymer, was
then assessed and the embodied energy calculated for binder paste was
0.9 GJ/t, while the embodied energy for a subsequent concrete product
was 0.33 GJ/t.

It 1s further argued that the Bayer liquor feedstock can be considered
as an impurity-removal waste product and should be assigned an embod-
ied energy of zero at the point of it leaving the alumina production pro-
cess, as 1s fly ash and other waste streams. In this case, the embodied energy
of geopolymer paste made utilizing Bayer liquor feedstock would be
0.27 GJ/t.

These conclusions indicate that there is a significant embodied energy
advantage to the production of geopolymers from Bayer process liquors.
This advantage may reflect a potential commercial advantage allowing
large-scale utilization of this low-carbon technology. Further investigation
is warranted as production opportunities arise. Moreover, there may be a
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specific argument for adjusting alumina production from a cross-industry
or industrial symbiosis perspective. Further research is recommended to
identify the system-wide impacts of undertaking such a process alteration,
expanding the scope to include both the production of alumina and the
production of geopolymer.

There are many barriers present that are slowing down the adoption of
geopolymer products including little or no information about the embod-
ied energy of this relatively new product. The figures presented here reveal
that a geopolymer based on Bayer liquor has significantly lower embodied
energy than OPC, thus removing one of the barriers to adoption. In addi-
tion, the embodied energy figures for Bayer-derived geopolymer are so
low that it should act as a catalyst to industry considering moving to the
production of this product.

8.4 DEVELOPMENT OF BAYER-DERIVED GEOPOLYMERS

There are many steps in achieving production of a new engineering prod-
uct. Some of these steps require technical problems to be resolved and
others require product development, market planning, cost control, and
potential production designs. These steps allow for a considered busi-
ness gate review utilizing cost—benefit analysis. Some of these steps are
described below.

8.4.1 Ambient Curing: The Impact of Calcium and
Fly Ash Sources
High-volume concrete applications typically require ambient in situ cur-
ing. The incorporation of Ca(OH), or blast furnace slag into a silicate-
activated geopolymer mixture facilitates ambient curing and now a similar
impact for a Bayer-derived aluminate-activated geopolymer has been con-
firmed [82]. Blast furnace slag is significantly less expensive than Ca(OH),;
however, larger quantities are required to achieve a compressive strength of
20 MPa (a strength specification typical for pathways, driveways, etc. [29]).
Samples of Collie (Western Australia) fly ash/Bayer liquor geopolymer
were produced with different levels of Hylime (Ca(OH),). Fig. 8.3 shows
the 7-day compressive strength for samples cured at ambient temperature
(approximately 22°C). The strength increases with increasing Ca(OH),
content, with mixtures of 4wt% or higher achieving the targeted strength
criteria.
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Figure 8.3 7-day compressive strength results for ambient-cured Collie fly ash/Bayer
liquor geopolymer samples with increasing Ca(OH), (Hylime) content (wt%).
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Figure 8.4 XRD pattern showing phase identification of the Collie fly ash/Bayer liquor-
based geopolymer paste with 5wt% Ca(OH), (Hylime).

Fig. 8.4 is an XRD pattern for geopolymer with 5wt% of Ca(OH),).
The absence of Portlandite indicates that the calcium is incorporated in
the geopolymer structure. Phases identified in the geopolymer paste are
quartz (PDF# 01-070-7344), mullite (PDF# 01-074-4146), hematite
(PDF# 00-033-0664), and magnetite (PDF# 04-009-2285) all originating
from the fly ash precursor.

Ground blast furnace slag (builder’s slag) is an industrial residue
that can be used as a source of calcium (42.9wt% CaQO). Bayer-derived
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Figure 8.5 Muja fly ash/Bayer liquor. 7-day ambient cure compressive strength for cal-
cium from different sources.

geopolymers were made utilizing Muja fly ash (Western Australia) and
incorporated either blast furnace slag or Hylime for direct comparison of
ambient curing. Fig. 8.5 shows the comparative compressive strengths after
7 days of ambient cure.

For similar calcium content, it is evident that Hylime (Ca(OH),) is
more effective at strength generation during ambient cure. The authors
believe that the particle size of the blast furnace slag will dictate how read-
ily the calcium is provided to the geopolymerization process. As the cal-
cium availability appears to have a large impact upon curing and strength
development, it is therefore essential that a strict quality control/quality
assurance process be put in place for reliable production.

Comparison of Figs. 8.3 and 8.5 demonstrate that Muja fly ash pro-
duces a geopolymer of higher compressive strength compared to geopoly-
mers made utilizing Collie fly ash. The Muja fly ash—based geopolymer
also requires less calcium to achieve the desired compressive strength. The
authors believe that the higher surface area of Muja ash (Muja ash 2.2m?/
cc, Collie at 1m?/cc) contributed to improved alkali reactivity leading to
greater geopolymer formation. This would also suggest that quality assur-
ance and control is an essential element for production of reliable geo-
polymer products.

Fig. 8.6 shows the XRD patterns collected from 1.0wt% and 5.5wt%
calcium addition (from Ca(OH),) to Muja fly ash—based geopolymers.
There is a marginal increase in the amorphous geopolymer component,
recognizable from the broad elevation in the pattern centered at ~28° 20.
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Figure 8.6 A selected portion of the XRD patterns from Muja fly ash/Bayer liquor geo-
polymer with 1.0 and 5wt% addition of Ca(OH), (Hylime). Crystalline phases present
are the same as shown in Fig. 8.4.

It is apparent that addition of calcium to the formulation of Bayer-
derived fly ash geopolymer results in ambient temperature curing with
increasing calcium resulting in higher compressive strength. The target
compressive strength of 20 MPa is achieved with there being no discern-
able changes to the formation of geopolymer.

8.4.2 Aggregate Production: A Low-Risk, High-Volume
Strategic Market
For a Bayer refinery to implement the production of geopolymer feed-
stock, volumes of liquor exported would need to be between 1 and
20kL/h to reflect refinery impurity-removal processes. Consumption of
this liquor would equate to between 0.1 and 2 million tonnes of Bayer-
derived geopolymer concrete per year. This represents up to 50% of the
concrete market in Western Australia, which would be disruptive to local
industry and difficult to achieve.

Hence, many different applications are required to allow products to
enter markets without significant displacement or disruption.

To achieve industrial synergy, large volume markets are required,
but also a product that can perform as a base load to allow continuous
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production. One option for a base-load product is aggregate. This can be

summarized as follows:

e The consumption of aggregate is a very large volume market.

» Application of aggregate is wide ranging.

e The value of aggregate can be measured and predicted within a trans-
port envelope.

» Aggregate can be produced in a continuous plant process.

* Aggregate has an indefinite storage life.

* Aggregates in Australia are governed by performance standards, not by

composition [83,84].

Other advantages arise due to the geography and location of the Bayer
refineries in Western Australia.

The source of all reagents is local or they can be transported by rail or ship.

Demand for aggregate is expected to rise significantly and for a pro-

longed period due to population expansion in the area [85].

Traditional sources of aggregates are disadvantaged by significantly lon-

ger transport distance.

Finally, the largest advantage of using Bayer-derived geopolymer to
manufacture aggregate is that liquor volume consumed would be much
higher. For instance, approximately 4wt% of Bayer liquor feedstock is
used to make geopolymer concrete whereas over 25 wt% would be used
if included in aggregate. This dramatic increase in utilization would be less
threatening to the conventional cement and concrete industries and could
consume a large amount of Bayer liquor.

8.4.3 Aggregate Production: Possible Production Design

There are several methods for artificial aggregate production utilizing
Bayer-derived geopolymers [23,24]. However, economics, material charac-
teristics, and supply availability are fundamental to plant design.

The Western Australian consumption of aggregates and rock prod-
ucts has been estimated to be up to 7 million tonnes annually (derived
from Refs. [86,87]). Some of these products have a value as little as $A14/t
while others products such as seawall armor can command $A40/t. These
are high-volume, low-value products that are heavily influenced by trans-
port costs. With limited local competition, a market value—transport enve-
lope can be developed.

Bench-scale production has produced mechanically extruded products
as well as blocks of material that have been crushed in a jaw crusher and
screened (Fig. 8.7).
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Figure 8.7 Mechanically extruded product on the top and crushed block on the bot-
tom. Scale in cm.

The following observations were made during the laboratory-based
processing;:

* Dry reagents can be gravity-fed utilizing hoppers. Vibration is recom-
mended due to a tendency for the powders to arch and bridge over a
teed well.

*  Components should be made of materials suitable for highly caustic
solutions and abrasive sand.

* Standard pug-mixing equipment should suffice for appropriate shear to
mix the reagents.

e Extrusion of the mixture was demonstrated by hand and by mechani-
cal screw feed machinery. A screw-fed extruder is believed to be a
viable option.
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Figure 8.8 Proposed process flow diagram for aggregate production.

* Mechanical extruders should have vacuum applied to prevent air
entrapment.

e Other factors governing design included: (1) important to minimize
handling, (2) keep power consumption low, and (3) utilize standard
equipment to deliver a suitably priced product. Due to the inher-
ent sticky nature of the geopolymer, a formulation containing up to
50 wt% sand was utilized to reduce machine fouling.

Using these observations and the mix design, potential process dia-
grams were developed. The availability of low-grade steam for elevated
temperature curing is a preferred option but the addition of lime will
enable ambient setting. Formation of the aggregate can be applied imme-
diately postextrusion (wet), or by standard jaw crushers postcure. The sec-
ond option is shown in Fig. 8.8.

8.4.4 Aggregate Production: Embodied Energy

Starting with an embodied energy of Bayer-derived geopolymer binder
of 0.27 GJ/t and mixing 50/50 with sand having an embodied energy of
0.1GJ/t [67], the resulting mortar would have an embodied energy of
0.19GJ/t. An estimate can be made for the production processing energy



184 Handbook of Low Carbon Concrete

at 0.05G]J/t, hence the artificial aggregate would have an embodied
energy of 0.24 GJ/t. This result is similar to mined gravel (0.3G]J/t [72])
and recycled aggregate (0.25GJ/t [71]). Clearly this is an environmentally
significant result allowing for the utilization of byproducts from an indus-
trial precinct while minimizing consumption of virgin materials.

8.4.5 Aggregate Consumption: Bayer-Derived Geopolymer
Aggregates Utilized in OPC Concrete

Utilizing geopolymer aggregates within OPC concrete might seem like a
backward step for the low-carbon construction materials industry; how-
ever, it may be initially necessary. Demonstrating the reliability of Bayer-
derived geopolymer aggregates has the potential to allow implementation
and familiarization while achieving volume production.

Five batches of aggregates were made having different sand, lime,
and total water contents. The base geopolymer mortars ranged from 30
to 42MPa (23], which is significantly lower than the normal aggregate
(granite) having a compressive strength of up to 130 MPa.

The aggregate particle size distribution (PSD) is shown in Table 8.3.
Wet strength was 99kN and dry strength was 150kN as determined in
accordance with AS1141 [88]. The dry density was 2020kg/m?® (granite is
2700kg/m?) and the saturated surface-dry density was 2170 kg/m>. Water
absorption was determined to be 7.7 wt%.

Sand, Bayer aggregate, water, and OPC (450kg/m’) were added to
a high-shear pan mixer to make an 84-kg batch of concrete. The design
specification compressive strength was 45MPa. The aggregates were added

Table 8.3 PSD of Bayer-derived geopolymer aggregate

Sieve size % Passing
19.00 mm 100
13.2mm 77
9.5mm 52
6.7 mm 35
4.75 mm 24
2.36 mm 14
1.18 mm 9
600 pm 6
300 pm 4
150 pm 2
75 pm 1
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in the saturated-surface dry state to prevent water absorption impacting upon
the mix.

The batch slump test was shown to be 65mm, just within the criteria
of 80 +20mm. It was noted that the slump is not only dependent on rhe-
ology, but also on the density of the aggregate. As the density of the geo-
polymer aggregate was significantly lower than granite, the concrete slump
would naturally be smaller.

The wet (plastic) density was recorded at 2080kg/m? while the 7-day
hardened density was 2125kg/m?>. This was lower than the expected mix
design 2400kg/m? and is a result of the lower aggregate density.

It is noted that normal concrete has a minimum density of 2100 kg/m’
[61] suggesting a minor formulation modification could result in achiev-
ing lightweight concrete standards. The Bayer-derived geopolymer aggre-
gate contained an average 33 wt% sand and the OPC concrete used sand
for fine aggregate, which has a density of 2650kg/m?. As Bayer aggre-
gate is only 2020kg/m?, replacing the virgin sand with geopolymer sand
would lower the density of the resulting concrete further.

The artificial aggregate OPC concrete achieved a compressive strength
of 50 MPa after 7-day ambient cure, 57 MPa at day 27 and 69 MPa after
day 56. These results are well above the design specification of 45MPa
(Fig. 8.9).

It is concluded that the Bayer geopolymer aggregate has increased
the concrete compressive strength while decreasing the product density.
Fig. 8.10 gives the first clues as to why the artificial aggregate in OPC
concrete was so much stronger than expected. It is apparent that the

80
70 - -
60 +

50
40
30

L 4

20 ¢ Bayer aggregate

10 - Mix design

Compressive strength (MPa)

0 20 40 60 80 100

Days of cure

Figure 8.9 Compressive strength for OPC concrete using geopolymer aggregate.
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Figure 8.11 SEM image of aggregate and OPC showing strong surface interaction.

aggregate was sheared during the compression test, in preference to either
OPC or surface adhesion sites.

The weakest region in concrete is the interfacial zone between
Portland cement paste and aggregate, where aggregate is typically gran-
ite and sand [89]. It has also been demonstrated that cracks initiated at
the interface boundary before extending into the mortar layer [90]. The
interface bond is described as mostly mechanical and dependent upon the
aggregate surface roughness and cleanness [91]. For OPC with geopoly-
mer aggregate there appears to be a chemical bond between the binder
and aggregate (Fig. 8.11). This shifts the weakest point of the concrete
from the surface boundary to the aggregate.
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OPC paste
ety 7

Figure 8.12 SEM image showing rough aggregate surface providing bind sites for
OPC paste.

In addition to the interfacial zone, the surface-area-to-volume ratio of
the aggregate controls the degree of mechanical bonding with the OPC
binder. For Bayer-derived geopolymer aggregate the microscopically
rough surface (Fig. 8.12) facilitates extensive mechanical bonding. This
has resulted in a significant improvement in the composite compressive
strength.

Similar effects were found using manufactured sand in OPC concrete
[33] and by using recycled OPC aggregate in geopolymer [92].

It has also been reported that a large difference in mechanical prop-
erties between binder and aggregate would accelerate the development
and spread of microcracks [93]. With OPC and Bayer-derived geopolymer
aggregate being similar in mechanical properties, the composite concrete
is actually stronger in performance.

These results have enabled some important implications to be identi-
fied. The lower concrete density will reduce transport cost, vehicle wear,
and road deformation. In Western Australia, concrete products can be trans-
ported many hundreds of kilometers. The higher than anticipated compres-
sive strength may enable the OPC content to be lowered, reducing the cost
and the embodied energy of the concrete. Alternatively, the thickness of the
concrete can be reduced thereby reducing the weight and cost.

The successful demonstration of Bayer-derived geopolymer aggre-
gate adds support to the proposal that OPC recycled aggregate be uti-
lized within geopolymer concrete once geopolymers have become the
dominant binding agent [94,95]. This is in line with the European Union
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decree that 70% of demolition waste be recycled by 2020 [96], providing a
significant potential future recycling opportunity.

8.4.6 Product Application Conclusions

The development of Bayer-derived geopolymers is reliant on large-scale
production of products. The supply of caustic Bayer aluminate solution
needs to be of large volume and relatively constant demand to facilitate
the export being a legitimate impurity-removal process for the alumina
refinery. This requirement and the conservative nature of the construc-
tion industry places constraints on geopolymer production and application
development.

The use of Bayer process liquor as the activating solution for the man-
ufacture of geopolymer has been demonstrated utilizing two sources of
fly ash precursors. Two sources of calcium have also been demonstrated
to successfully achieve ambient curing, a requirement for in situ concrete
market development. The chemical availability of calcium to the geo-
polymer gel during cure appears critical to the final product compres-
sive strength. This would indicate that well-defined calcium reagents are
required for quality control and quality assurance. Smaller but still sig-
nificant improvements in geopolymer performance are attributed by the
authors to changes in fly ash composition and particle size, again highlight-
ing the need for quality control processes. It has been stated that “waste is
a product made to poor specifications” [97], so to prevent the manufacture
of waste, the starting reagents must be supplied to specification.

It has been demonstrated that Bayer-derived geopolymer mortar is
suitable for the manufacture of artificial aggregate. Based on our labora-
tory test work and an analysis of the economics of a possible geopoly-
mer production process we believe that the production of Bayer-derived
geopolymer aggregate is potentially viable and technically feasible. The
embodied energy of the Bayer-derived geopolymer mortar aggregate has
been calculated to be similar to recycled aggregate and mined gravel.

Initial trials of the artificial aggregate have demonstrated that it can be
utilized in the manufacture of OPC-based concrete. The Bayer-derived
geopolymer mortar aggregate when added to OPC concrete mixes
achieved a 30% lower density, while increasing compressive strength by 50%.

The use of multiple industrial byproducts to manufacture ambient-
curing geopolymer products and subsequent demonstration is a major
step forward toward the potential commercialization of Bayer-derived
geopolymer.
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9.1 INTRODUCTION

With an annual production of almost 3Gt ordinary Portland cement
(OPC) is the dominant binder of the construction industry [1]. The pro-
duction of 1t of OPC generates 0.55t of chemical CO, and requires
an additional 0.39t of CO, in fuel emissions for baking and grinding,
accounting for a total of 0.94t of CO, [2]. Other authors [3] reported that
the cement industry emitted in 2000, on average, 0.87 kg of CO, for every
kilogram of cement produced. As a result the cement industry contributes
about 7% of the total worldwide CO, emissions [4]. The projections for
the global demand of Portland cement show that by 2056 it will double,
reaching 6 Gt/year [5]. The urge to reduce carbon dioxide emissions and
the fact that OPC structures that have been built a few decades ago are still
facing disintegration problems points out the handicaps of OPC. Portland
cement—based concrete presents a higher permeability that allows water
and other aggressive media to enter, leading to carbonation and corrosion
problems. The early deterioration of OPC reinforced concrete structures is
a current phenomenon with significant consequences both in terms of the
cost for the rehabilitation of these structures, and in terms of environmen-
tal impacts associated with these operations. Research works carried out so
far in the development of alkali-activated cement-based binders (AACBs)
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showed that much has already been investigated and also that an environ-
mentally friendly alternative to Portland cement is becoming more popu-
lar [6-8]. However, AACBs still show some shortcomings that need to be
addressed so that they can effectively compete against Portland cement. For
instance, Zheng et al. [9] mention some AACB problems, namely the diffi-
culty of handling of caustic solutions, poor workability, quality control, and
most important, the problem of efflorescences. Heidrich et al. [10] con-
ducted an industry survey in Australia to identify the barriers to the adop-
tion of AACB concrete, and conclude that the fact that this material is not
covered by existent Australian standards or any other constitutes the main
barrier. Strangely, only 30% of the respondents mention that the cost is a
relevant barrier. However, it 1s important to mention that only 23.1% of
the respondents had a detailed knowledge about AACB. The survey also
pointed to the need for more research regarding AACB durability. This
chapter thus reviews some AACB shortcomings, including its costs and car-
bon dioxide emissions, and also some durability issues like efflorescences,
alkali silica reaction (ASR), and corrosion of steel reinforcement.

9.2 AACB COST EFFICIENCY

Currently the cost of AACB concretes is located midway between OPC
concretes and high performance concretes [11,12]. These materials only start
to become economically competitive compared to OPC concretes with a
strength class above C50/60 [13]. Also the average ERMCO concrete class
production lies between C25/30 and C30/37 and only around 13% of the
concrete ready-mixed production is above the strength class C35/45 [14],
which means that currently geopolymer binders are targeting a very small
market share. For instance Pacheco-Torgal et al. [15—18] showed that tungsten
waste—based AACB mortars can be more cost efficient than current commer-
cial repair mortars. Therefore, in the short term the above-cited disadvantage
means that the study of AACB applications should focus only on high-cost
construction materials. The authors of Ref. [19] confirm that the high cost
of AACB is one of the major factors that still remain a severe disadvantage
over Portland cement. These authors suggest that waste-based activators could
be used to overcome that gap. McLellan et al. [20] also suggests that the use
of less expensive waste feedstocks may reduce AACB costs. Recently, some
authors studied [21]. However, these authors did not provide any information
regarding the costs of the new waste-based activator. Abdollahnejad et al. [22]
recently studied foam fly ash—based two-part (NaOH, NaSiO3;) AACBs and
reported that the mixtures cost more than 300 euro/m? (Fig, 9.1).
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Figure 9.1 Cost according to activator/binder ratio and sodium silicate/sodium
hydroxide mass ratio: (A) activator/binder ratio =1, (B) activator/binder ratio =0.8, and
(C) activator/binder ratio =0.6. Reprinted from Abdollahnejad Z, Pacheco-Torgal F, Félix T,
Tahri W, Aguiar A. Mix design, properties and cost analysis of fly ash-based geopolymer
foam. Constr Build Mater 2015,;80:18-30. Copyright © 2015, with permission from Elsevier.
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Cristelo et al. [23] compared the costs of 3880 m> of Portland cement
and AACB mixtures for jet mix columns and mentioned that the former
has an average cost of almost 90% of the latter. However, it is important
to emphasize that comparisons should have been made for identical ser-
vice life assessed by durability parameters. Also these authors made their
comparisons against a high-cost Portland cement (type I 42,5 R) that is
rarely used for this application. There is no doubt that if they used the less
expensive Portland cement type IV/A (V) 32,5 R [24] the cost perfor-
mance of AACB mixtures would be much less cost competitive. That is
why Provis et al. [25] recognized that new activators that allow for cost-
efficient AACBs constitute a key aspect that should be further investigated.

9.3 CARBON DIOXIDE EMISSIONS OF AACB

Davidovits et al. [26] was the first author to address the carbon dioxide
emissions of AACB stating that they generate just 0.184t of CO, per
ton of binder. Duxson et al. [27] do not confirm these numbers; they
stated that although the CO, emissions generated during the production
of Na,O are very high, still the production of alkali-activated binders is
associated to a level of carbon dioxide emissions lower than the emis-
sions generated in the production of OPC. According to those authors
the reductions can go from 50% to 100%. Duxson and Van Deventer
[28] mention a commercial life-cycle assessment (LCA) conducted by
NetBalance Foundation on Zeobonds E-Crete geopolymer, which was
compared to standard OPC blends available in Australia in 2007. The
binder-to-binder comparison shows an 80% reduction of CO, emissions
while the concrete-to-concrete comparisons show around 60% savings.
Such conclusions allow the presentation of E-Crete as a very impressive
performer against OPC concretes (Fig. 9.2).

A recent E-Crete geopolymer LCA study [29] used a 100% OPC con-
crete as the reference concrete although the construction industry uses
concrete mixtures with partial replacement of Portland cement by poz-
zolanic additions. ERMCO [14] reports that the ready-mixed concrete
industry in the United States and United Kingdom used 22% of cement
additions while some countries like Israel and Portugal used respectively
26% and 28%. Also important is the fact that the study mentioned that a
40-MPa reference OPC concrete requires 440kg/m? of Portland cement.
However, a similar 40-MPa 28-day compressive strength could easily be
achieved with a mixture of just 200-kg/m> Portland cement type II 42,5
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Figure 9.2 CO, emissions of various cement binders as a function of OPC content.
Reprinted from Duxson P, Van Deventer JSJ. Geopolymers, structure, processing, prop-
erties and applications. In: Provis J, Van Deventer J, editors. Cambridge, UK: Woodhead
Publishing Limited Abington Hall; 2009. Copyright © 2009, with permission from Elsevier.

plus 300-kg/m?® fly ash [30]. The LCA used an OPC with an emissions
factor of 0.904t CO,e/t, which is very far from being the best OPC
environmental performance. It also used an alkali activator with a 1.070¢t
COse/t, which does not allow the assessment of which part is from the
sodium hydroxide and which part is related to the sodium silicate. Weil
et al. [31] confirm that the sodium hydroxide and the sodium silicate are
responsible for the majority of CO, emissions in alkali-activated binders.
These authors compared OPC concrete and AACB concrete with simi-
lar durability reporting that the latter has 70% lower CO, emissions.
However, these authors’ study used 100% OPC concrete and as it was
previously mentioned this is not a mix solution used by the construc-
tion industry. Habert et al. [19] carry out a detailed environmental evalu-
ation of alkali-activated binders using the LCA methodology, confirming
that AACBs have a lower impact on global warming than OPC, but on
the other hand, they have a higher environmental impact regarding
other impact categories. McLellan et al. [20] reported a 44—64% reduc-
tion in greenhouse gas emissions of AACB when compared to OPC.
Strangely, other authors [32] who also used Australian-based materi-
als presented very diftferent numbers. They showed that the CO, foot-
print of a 40-MPa AACB concrete was approximately just 9% less



200 Handbook of Low Carbon Concrete

Emissions
(kg CO,-e/m°)
TOTAL 354

Geopolymer TOTAL 320 350 T e OPC
Placement —— 9 |Placement
Transport 9 |Transport
Curing <1 _|Curing
Batching 3 |Batching
Admixtures <1 |Admixtures
Fine Aggregates 11 |Fine Aggregates
Coarse Aggregates § — 51 |Coarse Aggregates
Sodium Silicate +— 269 |Cement
Sodium Hydroxide
Fly Ash

Geopolymer ) PC

Figure 9.3 Summary of CO,-e for Grade 40 concrete mixtures with OPC and AACB.
Reprinted from Turner L, Collins F. Carbon dioxide equivalent (CO2-e) emissions: a compari-
son between geopolymer and OPC cement concrete. Constr Build Mater 2013;43:125-130.
Copyright © 2013, with permission from Elsevier.

than comparable concrete containing 100% OPC binder (328kg/m?).
This is much less than the 440kg/m> used in the Aurora Construction
Materials (ACM) [29] E-Crete LCA. The study of Turner and Collins
[32] shows that the major part of geopolymer carbon dioxide footprints
is due to sodium silicate (Fig. 9.3). However, it is important to remem-
ber (once more) that the construction industry does not use plain 100%
OPC concretes; therefore, these mixtures should not be used as a refer-
ence comparison. The OPC concrete mixture used in this study could
even have a much lower carbon footprint (below the AACB con-
crete carbon footprint) if fly ash had been used as partial replace-
ment of OPC. A similar 40-MPa 28-day compressive strength could
easily be achieved with a mixture of just 200 kg/m? Portland cement [30].
These results confirm the fact that in some situations AACB can show “an
emissions profile worse that of Portland cement-based concretes” as was
already recognized by Ref. [7]. More recently, Provis et al. [25] empha-
size that AACBs “are not intrinsically or fundamentally ‘low-CO,’ unless
designed effectively to achieve such performance.”

Ouellet-Plamondon and Habert [33] confirmed that AACB only
has better carbon dioxide emissions when comparisons are made against
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100% OPC concrete—based mixtures. These authors mention that only
one-part geopolymers show carbon footprint levels much lower than
Portland cement, 10-30% when compared to 100% OPC mixtures. One-
part geopolymers are considered an important phenomenon in the evo-
lution of low-carbon AACB technology in the “just add water” concept.
However, they were associated with low compressive strength [34]. The
2014 investigations of Peng et al. [35] confirm that one-part geopoly-
mers show low mechanical strength. These authors noticed that one-part
geopolymer mixtures show an increased reduced compressive strength
after being immersed in water. This reduction is dependent on the kaolin
thermal treatment. Higher calcination temperatures are responsible for
higher compressive losses. Other authors [36] even reported a compres-
sive strength decrease for one-part geopolymers based on calcined red
mud and sodium hydroxide blends just after the first week of curing.
Abdollahnejad et al. [37,38] investigated one-part geopolymers hav-
ing obtained relevant compressive strength by using fly ash and minor
amounts of OPC. Cristelo et al. [23] compared the carbon dioxide emis-
sions of 3880m® of Portland cement and geopolymer-based mixtures for
jet-mix columns and mentioned that the AACB solution is responsible for
just 77% of the Portland cement-based emissions. These results are only
possible because these authors made their comparisons against a high-
clinker Portland cement (type I 42,5 R). Also the emission factors that
they used for sodium hydroxide and silicate (Table 9.1) are considerably
lower than the ones used by Turner and Collins [32], respectively 1915
and 1514kg CO,eq/t. If they did use those emissions factors they would
have to conclude that the AACB-based mixtures had a lower carbon diox-
ide footprint than the Portland cement—based ones. Strange as it may
seem, Poowancum and Horpibulsuk [39] mentioned that AACB is a low-
energy-consuming process and does not emit carbon dioxide. This shows
the level of misunderstanding about these materials and that is related to
the fact that, as it was previously mentioned, AACBs have been advertised
as low-carbon footprint materials. However, since Davidovits [40] just
mentioned that the carbon footprint calculations of sodium silicate in the
paper of Habert et al. (2011) and in the paper of Turner and Collins [32]
are wrong because these authors allegedly used the carbon emissions for
100% solid lumps, in place of the actual value of the diluted silicate solu-
tion (45% solid), which means that further studies are needed to confirm
the real carbon footprint of AACB.



Table 9.1 Characterization of the activities involved in the production of 3880 m? of jet mixing columns

Activity SC5A1 SA3a

Quant. Emission factor co, Quant. Emission factor Cco,

(kg/m3) (kg CO,-eq/t) (database) (eq) (ton) (kg/m3) (kg CO,-eq/t) (database) (eq) (ton)
Materials (prim.)* — — 836 — — 630
Cement 200 930 (Sust. conc.) 720 — — —
Steel rebars 22 1351.47° 110 22 1351.47° 110
Fly ash — — — 186 4 (Sust. conc.) 3
Water 100 0.3 (AEA, 2012) 0.1 100 0.3 (AEA, 2012) 0.1
Sodium hydroxide — — 50 999 (Ecoinvent) 194
Sodium silicate — — — 75 1096 (Ecoinvent) 319
Energy (prim.) — — 53 — — 53
Diesel — 3.6028¢ (AEA, 2012) 49 — 3.6028° (AEA, 2012) 49
Network electricity — 0.379285¢ (IEA—CO, 4 — 0.379285¢ (IEA—CO, 4

emissions from fuel emissions from fuel
combustion) combustion)

Mob/demob (second.) — — 17 — — 13
Freight (second.) — — 54 — — 44
People transp. (second.) — — 4 — — 4
Assets (second.) — — 3 — — 3
Waste (second.) — — 1 — — 1

Source: Reprinted from Cristelo N,

"The EF value used is a weighted average of the Ecoinvent v2.2 emission factor of the steel rebars (1857 kg CO,-eq/t) and the recycled steel rebars (624 kg CO,-eq/t),

Miranda T, Oliveira D, Rosa I, Soares E, Coelho P, et al. Assessing the production of jet mix columns using alkali activated waste
based on mechanical and financial performance and CO, (eq) emissions. ] Clean Prod 2015;102:447—460. Copyright © 2015, with permission from Elsevier.
*Only the materials actively contributing to the CO, (eq) emissions are listed.

considering the 59% and 41% respective shares used.
“In this case the EF unit is kg CO,-eq/L.

In this case the EF unit is kg CO,-eq/kWh.
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9.4 SOME IMPORTANT DURABILITY ISSUES OF AACBs

Duxon et al. [27] state that AACB durability is the most important issue in
determining the success of these new materials. Other authors [41] men-
tion that the fact that samples from the former Soviet Union that have
been exposed to service conditions for in excess of 30 years show little
degradation means that AACBs do therefore appear to stand the test of
time. But since those samples were of the (Si +Ca) type that conclusion
cannot be extended to geopolymers defined as “alkali aluminosilicate gel,
with aluminium and silicon linked in a tetrahedral gel framework™ [28].
Juenger et al. [1] argue that “[t]he key unsolved question in the develop-
ment and application of alkali activation technology is the issue of dura-
bility”” Also, Van Deventer et al. [8] recognized that “whether geopolymer
concretes are durable remains the major obstacle to recognition in stan-
dards for structural concrete.” Reed et al. [42] stated that the construc-
tion industry has not yet fully embraced AACB concrete mainly because
the information pertaining to the service life and the durability of AACB
concrete applications or infrastructure has yet to be quantified. Scrivener
[43] also mentioned that the durability of AACB is not well known. The
present section thus reviews three durability issues, namely, efflorescences,
ASR and corrosion of steel reinforcement.

9.4.1 Efflorescences

Very few authors have investigated this serious limitation of AACB. Also a
search on Scopus journal papers show that the first paper where this prob-
lem is mentioned was only published in 2007. Efflorescence is originated
by the fact that “alkaline and/or soluble silicates that are added during pro-
cessing cannot be totally consumed during geopolymerisation” [9]. It is
the presence of water that weakens the bond of sodium in the aluminosili-
cate polymers, a behavior that is confirmed by the Rowles structure model
(Fig. 9.4). In the crystalline zeolites the leaching of sodium is negligible,
contrary to what happens in the aluminosilicate polymers [45,46]. Recently
Skvara et al. [47] showed that Na, K is bounded only weakly in the nano-
structure of the AACB (N, K)-A-S—H gel and is therefore almost com-
pletely leachable. This confirms that efflorescences are a worrying limitation
of AACB when exposed to water or environments with RH above 30%.
Temuujin et al. [48] state that although ambient-cured fly ash AACB
exhibited efflorescences, that phenomenon does not occur when the
same AACB are cured at elevated temperature, which means the leachate
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Figure 9.4 Rowles structure model. Reprinted from Rowles MR, Hanna JV, Pike KJ,
Smith ME, O'Connor BH. 29Si, 27Al, 1H and 23Na MAS NMR study of the bonding charac-
ter in aluminosilicate inorganic polymers. Appl Magn Reson 2007;32:663-89. Copyright ©
2007, with permission from Springer.

sodium could be a sign of insufficient reaction. Pacheco-Torgal and Jalali
[49] found that sodium efflorescences are higher in AACB based on alu-
minosilicate prime materials calcined at a temperature range below the
dehydroxylation temperature with the addition of sodium carbonate as
a source of sodium cations (Fig. 9.5). Kani et al. [50] showed that efflo-
rescences can be reduced either by the addition of alumina-rich admix-
tures or by hydrothermal curing at temperatures of 65°C or higher. These
authors found that the use of 8% of calcium aluminate cement greatly
reduces the mobility of alkalis, leading to minimal efflorescences. Zhang
et al. [51] confirmed that hydrothermal curing can reduce eftlorescence.
They mentioned that NaOH-activated AACBs possess slower eftlores-
cence than the sodium silicate solution—activated specimens.

According to Fig. 9.6 the lower Na-leaching rate is observed for the
NaOH-based mixture (CL1H) while the higher one is related to the
sodium silicate AACB (CL2H). Both were cured at 80°C for 90 days.
A rather lower leaching behavior is associated with the AACB mixture
CL1L made with NaOH and cured at 23°C having just 4.0 MPa at 90
days curing (Table 9.2).

A rather lower leaching behavior is associated to the mixture CL1L
made with NaOH and cured at 23°C having just 4.0 MPa at 90 days cur-
ing (Table 9.2). A higher leaching behavior is noticed in the mixture CL2H
that has a much higher compressive strength (58.4 MPa). These results are
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Figure 9.5 AACB mine-mortar specimens after water immersion. Above mortars
based on plain mine-waste mud calcined at 950°C for 2h. Below mortars based on
mine-waste mud calcined at different temperatures with sodium carbonate. Reprinted
from Pacheco Torgal F, Jalali S. Influence of sodium carbonate addition on the thermal
reactivity of tungsten mine waste mud based binders. Constr Build Mater 2010;24:56-60.
Copyright © 2010, with permission from Elsevier.

not in line with those of Allahverdi et al. [53] who mentioned that a highest
compressive strength is associated with the least tendency for efflorescence
formation. These authors also mentioned that slag-containing specimens
showed much less and slower efflorescence. Still the role of calcium remains
unclear and requires further study. The previous results seem to consti-
tute a step back in the development of AACB. For one, AACBs based only
on NaOH solutions without sodium silicate show moderate mechani-
cal strength. Also, the use of hydrothermal curing has serious limitations
for onsite concrete placement operations. On the other hand, the use of
calcium-based mixtures reduces the acid resistance and raises the chances for
the occurrence of the deleterious ASRs. Besides, the use of calcium reduces
the global warming emissions advantage over Portland cement.
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Figure 9.6 The concentration of Na (A) and K (B) leached from the Callide fly ash
mixtures. Reprinted from Zhang Z, Provis J, Reid A, Wang H. Fly ash-based geopolymers:
the relationship between composition, pore structure and efflorescence. Cem Concr Res
2014,;64:30-41. Copyright © 2014, with permission from Elsevier.

9.4.2 ASR of AACBs

The chance that ASR may take place in AACBs is still a little-studied
subject. For OPC binders, however, the knowledge of ASR has been
intensively studied; therefore, some explanations could be also applied
to understand the possibility of ASR when AACBs are used. ASR was
reported for the first time by Stanton [54] and needs the simultaneous
action of three elements in order to occur: (1) enough amorphous silica,



Table 9.2 Mix proportions and curing conditions of AACBs, and their compressive strengths at 90 days

Mixtures Flyash(g) Slag(g) Activator solutions (g) Foam (g) Curing scheme Compressive
strength (MPa)
Callide 12M NaOH | Na,O -1.58i0,

CL1L 100 0 23.1 0 0 23°C x 90 days | 4.0+0.3
CL1H 100 0 23.1 0 0 80°C X 90 days | 26.2 + 2.1
CL2L 100 0 0 35 0 23°C x 90 days |53.2+0.9
CL2H 100 0 0 35 0 80°C x 90 days | 58.4 + 12.1
CLSL 80 20 0 35 0 23°C x 90 days |77.4+7.0
CLSH 80 20 0 35 0 80°C x 90 days |58.2+ 11.2

Source: Reprinted from Zhang Z,
efflorescence. Cem Concr Res 2014;64:30—41. Copyright © 2014, with permission from Elsevier.

Provis J, Reid A,Wang H. Fly ash-based geopolymers: the relationship between composition, pore structure and
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(2) alkaline ions, and (3) water [55]. The ASR begins when the reactive
silica from the aggregates is attacked by the alkaline ions from cement,
forming an alkali—silica gel, which attracts water and starts to expand. The
gel expansion leads to internal cracking, which has been confirmed by
others [56] reporting 4 MPa pressures. Those internal tensions are higher
than OPC concrete tensile strength, thus leading to cracking. However,
some authors believe that ASR is not just a reaction between alkaline ions
and amorphous silica but also requires the presence of Ca’* ions [57].
Davidovits [58] compared AACB and OPC when submitted to the ASTM
C227 mortar-bar test, reporting a shrinkage behavior in the first case and
an expansion for the OPC binder. Other authors [11,12] reported some
expansion behavior for AACB although it was smaller than for OPC
binders. However, Puertas [59] believed ASR could occur in slag-based
AACB containing reactive opala aggregates. Bakharev et al. [60] compared
the expansion of OPC and AACB, reporting that the former had higher
expansion. This is clear from the microstructure analysis (Fig. 9.7).
Garcia-Lodeiro et al. [61] showed that fly ash-based AACB is less
likely to generate expansion by ASR than OPC. They also showed that
the calcium plays an essential role in the expansive nature of the gels.
Investigations by Puertas and Palacios [62] show that siliceous aggregates
are more prone to ASR than calcareous aggregates in AACB mixtures.

Figure 9.7 AACB concrete after 10 months curing. Reactive aggregate; G = alkali-silica
gel. Reprinted from Bakharev T, Sanjayan JG, Cheng YB. Resistance of alkali-activated slag
to alkali-aggregate reaction. Cem Concr Res 2001,31:331-4. Copyright © 2001, with permis-
sion from Elsevier.
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Cyr and Pouhet [63] reviewed the work of several authors concerning
the expansion due to ASR (Fig. 9.8) noticing that some mixtures show
an expansion above the limit proposed in the standard used for ASR tests.
Therefore the study of ASR in AACB is not a closed subject, at least for
the AACBs containing calcium.
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respectively
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2.4% Na
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Figure 9.8 Ratios of the expansion relative to the limit proposed in the standard used
for the ASR test, for Portland cement, and slag-based AACB mixtures. Reprinted from
Cyr M, Pouhet R. Resistance to alkali-aggregate reaction (AAR) of alkali-activated binders.
In: Pacheco-Torgal F, Labrincha J, Palomo A, Leonelli C, Chindaprasirt P, editors. Handbook
of alkali-activated cements, mortars and concretes. Cambridge, UK: WoddHead Publishing;
2014. p. 397-422. Copyright © 2014, with permission from Elsevier.
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9.4.3 Corrosion of Steel Reinforcement in AACBs

The corrosion of steel reinforcement is one of the causes that influences
the structural capability of concrete elements. As concrete attack depends
on its high volume and therefore is not of great concern, an attack on
the steel reinforced bars is a serious threat eased by the fact that steel
bars are very near to the concrete surface and are very corrosion sensi-
tive. In OPC binders, steel bars are protected by a passivity layer, due to
the high alkalinity of calcium hydroxide. The steel bars’ corrosion may
happen if pH decreases, thus destroying the passivity layer, due to carbon-
ation phenomenon or chloride ingress. The steel corrosion occurs due
to an electrochemical action, when metals of different nature are in elec-
trical contact in the presence of water and oxygen. The process consists
of the anodic dissolution of iron when the positively charged iron ions
pass into the solution and the excess of negatively charged electrons goes
to steel through the cathode, where they are absorbed by the electrolyte
constituents to form hydroxyl ions. These in turn combine with the iron
ions to form ferric hydroxide, which then converts to rust. The volume
increase associated with the formation of the corrosion products will lead
to cracking and spalling of the concrete cover. For AACB, the literature
is scarce concerning its capability to prevent reinforced steel corrosion.
Aperador et al. [64] mention that AACB slag concrete (AAS) is associ-
ated with poor carbonation resistance, a major cause for corrosion of steel
reinforcement. The calculated carbonation rate coefficients were 139 and
25mm (year)™"? for AAS and OPC concretes. Fig. 9.9 shows the low cor-
rosion resistance of AACB slag concretes. Other authors also confirmed
the low carbonation resistance of AACB mixtures [65,60].

Lloyd et al. [67] showed that AACB is prone to alkali leaching, which
could lead to a rapidly and disastrous reduction in the pH, causing steel
corrosion. They stated that it is not certain how long a steel-reinforced
AACB concrete structure would be able to resist corrosion. They also
mention that the presence of calcium is crucial for having durable steel-
reinforced AACB concrete because calcium-rich mixtures have much
lower diffusion coefficients and a more tortuous pore system that hinders
the movements of ions through the paste. Law et al. [68] recently recog-
nized that for chloride-induced attack the long-term protection provided
by AACB concrete may be lower than for OPC and blended cement con-
cretes. It is true that as Criado [69] recommends, the use of stainless steel
reinforcement could overcome the corrosion problems of AACB concrete;
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Figure 9.9 Polarization resistance (R,) and current density (ico,) versus time for steel
rebars embedded in AAS and OPC concretes with and without exposure to carbon-
ation: AASA and OPCA were exposed to accelerated testing in a cabinet with 3% CO,,
65% RH, and 25°C while AASL and OPCL remain in a laboratory environment with
0.03% CO,, 65% RH, and 25°C. Reprinted from Aperador W, de Gutiérrez R, Bastidas D.
Steel corrosion behaviour in carbonated alkali-activated slag concrete. Corros Sci
2009;51:2027-33. Copyright © 2009, with permission from Elsevier.

however, since stainless steel is much more expensive than current steel
this option will damage the AACB concrete cost competitiveness against
OPC concrete. The use of corrosion inhibitors or even the use of concrete
coatings may be a more cost-eftective option than stainless steel. Still, fur-
ther studies are needed to confirm this.
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9.5 CONCLUSIONS AND FUTURE TRENDS

Research carried out so far in the development of AACB showed
that much has already been investigated and also that an environmen-
tally friendly alternative to Portland cement is becoming more viable.
However, AACB:s still show some shortcomings that need to be addressed
so that they can effectively compete against Portland cement. This chapter
reviewed some AACB shortcomings, including its costs and carbon diox-
ide emissions, and also some durability issues like efflorescences, ASR, and
corrosion of steel reinforcement. Currently the cost of AACB concretes is
located midway between OPC concretes and high-performance concretes.
These materials only start to become economically competitive compared
to OPC concretes with a strength class. In the short term, the above-cited
disadvantage means that the study of AACB applications should focus only
on high-cost construction materials. The use of activators based on less-
expensive waste feedstocks may reduce AACB costs. This constitutes a
research area that deserves priority attention. AACBs have been advertised
as low-carbon footprint materials; still, no study has ever confirmed the
very low emissions (0.184t of CO, per ton of binder) found by Davidovits.
Some studies even found that OPC and AACB have similar carbon foot-
prints. However, and since Davidovits has mentioned that the carbon
footprint calculations of sodium silicate used in those studies are wrong,
further studies are needed to confirm the real carbon footprint of AACB.
The durability of AACB is the most important issue in determining the
success of these new materials; still, some durability issues show some wor-
rying results. So far, very few authors have investigated the efflorescence of
AACB, which is originated by the fact that Na, K is bounded only weakly
in the nanostructure of these materials and is therefore almost completely
leachable. Efflorescence can be greatly reduced by the use of hydrothermal
curing and the addition of calcium aluminate. However, the use of hydro-
thermal curing has serious limitations for onsite concrete-placement oper-
ations. On the other hand, the use of calcium-based mixtures reduces the
acid resistance and raises the chances for the occurrence of the deleterious
ASRs. Besides, the use of calcium reduces the global warming emissions
advantage over Portland cement. Although ASR has been intensively stud-
ied for OPC concrete, the chance that it also may take place in AACB
concrete is still scarcely studied. Since calcium plays a significant role in
ASR expansion this could mean that studies on how to prevent ASR in
calcium-based AACB are needed. The corrosion of steel reinforcement
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is one of the causes that influences the structural capability of concrete
elements. In OPC binders, steel bars are protected by a passivity layer, due
to the high alkalinity of calcium hydroxide. Some studies show that since
AACSB is prone to alkali leaching, that could lead to a rapidly and disastrous

reduction in the pH causing steel corrosion. They also show that the pres-

ence of calcium is crucial for having durable steel-reinforced AACB.
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CHAPTER 10

Progress in the Adoption of
Geopolymer Cement’

J.S.). Van Deventer'-
1Univcrsity of Melbourne, Melbourne, VIC, Australia
2Zeobond Pty. Ltd., Melbourne, VIC, Australia

10.1 INTRODUCTION

Under the 2009 Copenhagen Accord, more than 120 countries have agreed
to keep global average temperature increase below 2°C. This maximum
acceptable temperature increase is based on recommendations from numer-
ous scientific studies, warning that increases in excess of 2°C can trigger
dangerous anthropogenic interference with the climate system, including
climate-tipping points, with unmanageable consequences to water supply,
agricultural productivity, sea-level rise, human habitability, and global secu-
rity [1]. This is an urgent goal, because many scientists estimate that the con-
centrations of CO, and other climate-forcing substances in the atmosphere
already exceed the safe level [2]. In contrast, there remain many skeptics,
including in the minerals industry, which do not accept that climate change
is a result of human activity |3]. This chapter does not aim to contribute to
such debate, but instead assumes that there is economic and social benefit
in reducing CO, emissions and valorizing waste materials at the same time,
and develops discussions from this viewpoint.

Concrete made from Portland cement, including its blends with
mineral admixtures, is second only to water as the commodity most used
by mankind today. Global cement production in 2008 was around 2.6
billion tons [4], contributing conservatively 5-8% of global anthropogenic
CO, emissions [5,6], and the rapidly increasing demand for advanced civil
infrastructure in China, India, the Middle East, and the developing world
is expected to expand the cement and concrete industries significantly [7].
CO, emissions are due mainly to the decomposition of limestone and
combustion of fossil fuels during cement production; grinding and

*This chapter is an updated version of the article: Van Deventer JS]J, Provis JL, Duxson P.
Technical and commercial progress in the adoption of geopolymer cement. Miner Eng
2012;29:89-104.

Handbook of Low Carbon Concrete. © 2017 Elsevier Inc.
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transport are also significant contributors to the environmental footprint
of the cement industry.

The cement industry has started to acknowledge the role of alternative
binders in a carbon-constrained industry, given that there are significant
reductions in CO, emissions and also advantages in performance only
offered by these alternative binding systems [8,9]. Historically, the driver
for competition in the construction-materials industry has been cost
reduction, in which case alternative binders, starting from a low-volume
basis, could never compete against large-scale Portland cement production.
However, CO, abatement and technical features are now playing a major
role in the growth of alternative binder systems. Juenger et al. [10] recently
presented a review of potential alternatives to Portland cement technol-
ogy, including calcium sulfoaluminate cements, magnesium cements, the
magnesium phosphate system, and alkali-activated materials or geopoly-
mers. In this chapter, the term “geopolymer,” which was coined by Joseph
Davidovits [11] for a certain class of alkali-activated aluminosilicates, will
be used here for all alkali-activated materials.

Calcium sulfoaluminate cements are made from clinkers that include
ye’elimite as a primary phase, which requires a lower amount of limestone
and lower fuel consumption. Their commercial use in expansive cements
and ultrahigh early-strength cements has been pioneered in China.
Magnesium-based cements and magnesium phosphate cements have been
used in niche applications and can also give superior fire resistance, with
much lower CO, emissions than Portland cement. The use of magne-
sium silicate hydrates together with magnesium carbonate as a “carbon-
negative concrete” is also attracting commercial attention at present [12].
However, many of these alternative binders require a new supply chain
for raw materials, the development of new chemical admixtures, regula-
tory approval, the development of new durability testing protocols, and an
in-service track record before they would be adopted widely by industry.

Geopolymer cement faces the same obstacles, but has a longer in-
service track record [13—-16], supported by an expanding body of fun-
damental research relating gel chemistry and nanostructure to durability.
In geopolymer chemistry, the reactive aluminosilicate phases present in
precursors including fly ash from coal combustion, metallurgical (includ-
ing blast furnace) slag, calcined clays, volcanic ash, and/or reactive natural
materials are reacted with alkaline reagents including alkali metal silicates,
hydroxides, carbonates, and/or aluminates [17,18] to form aluminosilicate
gel phases with varying (but generally low) degrees of crystalline zeolite
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formation. Geopolymer concrete has been widely reported to display
high resistance to fire and acids, and does not produce the high evolu-
tion of reaction heat associated with Portland concrete, reducing cost and
potential cracking issues when the material 1s placed in large volumes. The
benefits of geopolymerization, when compared with Portland technol-
ogy, are largely based around the ability to valorize high-volume industrial
waste streams into high-performance concretes, with a highly signifi-
cant reduction in CO, emissions [19]. Fly ash and slag appear at present
to be the most promising precursors for large-scale industrial production
of geopolymer cement due to the more favorable rheological properties
and lower water demand achievable when compared to mixes based on
calcined clays [20].

The history, chemical principles, reaction phenomena, and engineer-
ing properties of geopolymer concrete have been reviewed extensively
[11,17,18,21-27]. With the core focus of these recent reviews being
laboratory research on geopolymer binders rather than the production
of concrete, it is not the aim of this review to duplicate such analysis or
discussion. Instead, this chapter will fill a gap in the current literature by
explaining the relevance of particle technology in geopolymer concrete
design, linking synchrotron-based and other nanostructural characteriza-
tion of geopolymers to durability and engineering properties, identifying
the technical, commercial and regulatory barriers to industrial adoption,
and reviewing progress made in Australia along the path of commercializa-
tion. This will be addressed from a joint research—commercialization view-
point, with a particular focus on the areas of research that are specifically
beginning (or continuing) to impact developments in the commercial
arena. The underlying assumption in research papers and grant applications
is that good research will necessarily lead to adoption in industry, which is
far from the situation in reality. This chapter will use an experiential and
tutorial style to show that the interplay between research problem identifi-
cation, technical development work, and commercial strategy is as impor-
tant as high-quality fundamental research, and that both are required in
the implementation of a new class of binders on a large scale.

10.2 THE ROLE OF CHEMICAL RESEARCH IN THE
COMMERCIALIZATION OF GEOPOLYMERS

The commercial implementation of geopolymer technology in Australia is
currently being driven by multiple teams operating in different parts of the
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country. Curtin University in Perth has made advances in this area over
the past decade and conducted a number of trial pours in recent years. The
Melbourne-based company, Zeobond, developed its own pilot-scale pro-
duction facilities in 2007 and has now licensed its E-Crete technology for
application in major civil infrastructure projects including freeway expan-
sion works, bridge construction, railway structures, and structural elements in
buildings. Significant advances have also been made recently in South Africa,
where Murray & Roberts Construction has built several structures, including
a high-rise building in Cape Town utilizing the principles of geopolymer-
ization. E-Crete utilizes for its binder mostly a blend of fly ash and ground
blast furnace slag, with combinations of proprietary alkaline-activating
components that are tailored for specific raw materials and products.

There are various technical and commercial factors driving the
commercial adoption of geopolymer technology; demand pull, led
by a carbon-conscious end-user market, continues to be the key driver
for the short-term adoption of geopolymer concrete in Australia.
Counterbalancing this demand driver is the inherent resistance of the civil
construction industry to the large-scale adoption of new products, where
time and demonstration on an industrial scale are prerequisites for practi-
cal credibility, as well as the cost implications of the absence of economies
of scale. Nevertheless, there is now an increasing openness in the market
internationally to consider alternative binders, especially when the driver
is to utilize large volumes of waste such as fly ash in India, thereby reduc-
ing production cost, or where there is a need for construction materials
with advanced properties like superior fire resistance.

A detailed chemical understanding of the properties of geopolymer
binders, in particular in areas such as control of setting time, workability,
and durability, also plays an enabling role in the commercialization process.
There is a growing volume of scientific literature exploring the proper-
ties of geopolymeric materials at the laboratory scale. Unfortunately, much
of this information has limited direct value in commercial adoption; geo-
polymer concrete that performs adequately according to all standards can
be synthesized easily in a laboratory, while it is substantially more difficult
to reproduce such performance in a commercially and practically feasi-
ble form in real-world applications. Indeed, closing this apparent dispar-
ity and gap between the laboratory and the real-world has been the focus
of much research conducted by the author and associates. Being able to
achieve this challenging goal has thus unlocked the commercial value of
geopolymer technology.
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10.3 DEVELOPMENTS IN GEOPOLYMER
GEL-PHASE CHEMISTRY

This section summarizes selected research advances in geopolymer gel
chemistry and also identifies topics that require further work, as depicted
in Fig. 10.1.

10.3.1 Precursor Design

Based on data obtained from the literature, Duxson and Provis [28] pro-
posed an ideal composition range for glassy aluminosilicate precursors
containing network-modifying cations (particularly calcium, magnesium,

Distribution of glassy
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Silicate modulus Chemical form of Ca
Charge balancing cations Coordination of Al

\ Effect of Fe on glass lability
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glassy surfaces
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N, /
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Zeolite nucleation is suppressed by large oligomers
Diffusion barriers around precursors

Water mainly in large gel pores or "zeolitic";
Low bound water/-OH content in mature gel

Figure 10.1 Conceptual diagram showing geopolymer gel-phase processes.
Reproduced from Van Deventer JSJ, Provis JL, Duxson P. Technical and commercial progress
in the adoption of geopolymer cement. Miner Eng 2012,29:89-104.
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sodium, and potassium) in order to give sufficiently high solubility to sup-
ply the necessary aluminum into the growing geopolymer gel. This con-
trol of aluminum availability has been highlighted as being necessary to
enable the growth of geopolymer gel particulates, leading to cross-linking,
hardening and strength development [29,30]. The need for addition of a
separate alkali source may be either greatly reduced or even eliminated if
the correct glass, or combination of glasses, can be selectively synthesized
[31]. Duxson and Provis [28] postulated that this may be achieved by the
addition of components into pulverized coal prior to combustion, or by
the selective manufacture of a highly reactive raw material [32] that can be
blended with less-reactive raw materials to provide a geopolymer cement
to a given specification. Provis et al. [17] reviewed recent work on the use
of alternative precursors in geopolymers.

Keyte [33] determined that the aluminosilicate glass particles present
within Class F fly ashes predominantly consisted of two intimately inter-
mixed amorphous phases, one silica-rich and one very alumina-rich, with
composition close to AlgSi,O3 and resembling mullite. By applying devit-
rification to geopolymers, Keyte [33] showed that the poor performance
of certain fly ashes in geopolymer synthesis is related to the low aluminum
content of the amorphous phases present in the precursor, resulting in a
high silicon-to-aluminum ratio in the formed geopolymer. The coordi-
nation environment of aluminum in geopolymer precursors is a complex
issue, and plays a key role in controlling the availability of Al in geopoly-
merization; this is an area of active research and debate [34].

Clearly, there is a need for a workable one-part (“just add water”) mix
design if geopolymeric cements and concretes are to achieve widespread
market penetration, as this would greatly simplify the process of handling
and distributing the components of a geopolymer binder compared to the
use of two-part systems involving large volumes of alkaline liquids.Various
methodologies for designing the necessary precursors have been proposed
[28,32,35,36], but its successful commercial implementation still remains
to be demonstrated.

10.3.2 Binder-Phase Chemistry

By studying the remnant fly ash and slag particles left embedded in a
hardened geopolymer binder using scanning electron microscopy (SEM),
the authors of Refs. [37,38] observed that calcium is active during alkali
activation, and that, if discrete high-calcium binder regions are formed
(rather than the calcium being incorporated into the main aluminosilicate



Progress in the Adoption of Geopolymer Cement 223

gel binder), it is on a nanometer rather than a micron-length scale.
Yip et al. [39,40] suggested that both geopolymeric sodium alumino-
silicate hydrate (N-A-S-H) gel and calcium silicate hydrate (C-S-H) gel
coexist at low alkalinities, while geopolymeric gel appeared to be the
dominant product at high alkalinities, while Buchwald et al. [41] also
showed gel coexistence at relatively high alkalinity. Recent work from
Garcia-Lodeiro et al. [42] shows different trends with respect to alkalinity,
with C-A-S-H gel proposed to be more stable than N-A-S-H at high pH
and further work is certainly required in this area to resolve the remain-
ing disagreements. Provis et al. [43] did identify discrete Ca-rich regions
within a hydroxide-activated Class F fly ash binder using 80-nm-resolu-
tion X-ray fluorescence microscopy; these regions were not observed in
silicate-activated samples, and were proposed to be related to the precipi-
tation of Ca(OH), in poorly crystalline form during the very early stages
of reaction of the fly ash particles in highly alkaline environments, in con-
trast to its wider distribution throughout the gel formed at lower alkalinity.

Using the results of synchrotron X-ray diffraction, Oh et al. [44] pro-
posed that the geopolymeric gel contains zeolitic precursors related to
disordered forms of the ABC-6 family of zeolites, depending on the pH
environment of the paste. Despite a high calcium content, only very weak
C-S-H(I) peaks and no Ca(OH), phase were found in their Class C fly
ash paste when activated with sodium hydroxide solution. This implies
that the calcium in Class C fly ash did not dissolve in the activator solu-
tion as readily as the calcium in the slag; slag-based systems yielded much
higher levels of crystalline C-S-H(I). The high calcium content in the
Class C fly ash seemed to reduce the strength of the matrix, while the
calcium in the slag appeared to increase strength. Oh et al. [44] postulated
that the calcium in the slag is available to form C-S-H(I) while it is not
available in the Class C fly ash “due to the different chemical forms of
calcium in these raw materials.” In summary, the precise role of calcium
in geopolymer formation remains poorly defined, although it is clearly
pivotal in determining the engineering properties and durability of the
product.

Iron is also likely to be important in geopolymers. Lloyd et al. [37]
observed that a high iron content appears to render precursor particles
relatively unreactive, and noted that phase segregation between iron-rich
and iron-poor glasses within particles can mean that compositional infor-
mation obtained even at an individual particle level is not necessarily able
to describe reactivity in geopolymer formation. During alkali activation,
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iron does not appear to move much from its original position within fly
ash particles [38,43]. Bernal et al. [45] recently used synchrotron nano-
probe X-ray fluorescence maps to show discrete iron-rich, titanium-rich
and manganese/silicon-rich particles present in blast furnace slag grains,
and that these particles remain intact when the slag is alkali activated.
These particles appear to be entrained during slag production, and remain
stable under the reducing conditions prevailing during alkali activation.
There is no evidence of chemical interaction between these particles and
the C-A-S-H gel. However, the eftect of iron on the lability of precursor
glassy phases and the role that iron may play during geopolymer reactions
remain largely undescribed; Massbauer spectroscopy does appear to be
giving some initial answers in this area, at least for the case of very Fe-rich
precursors [46].

According to Provis and Bernal [26], magnesium incorporation into
C-A-S-H-type structures is very limited because the ionic radius of Mg**
is not a good match for the Ca®" sites in the tobermorite-type structure.
Nevertheless, it appears that the presence of higher levels of MgO in alkali
activated blast furnace slag can enhance the strength of the binder [47,48],
which appears to be linked to the formation of hydrotalcite-type phases.
Bernal et al. [49] showed that these hydrotalcite phases increase resistance to
carbonation. This beneficial effect of hydrotalcite, which itself is not believed
to be a particularly strength-giving phase, that may be related to a reduced
level of aluminum incorporation into the C-A-S-H gel [26]. Increased
Al,Oj content in the slag reduces the extent of reaction at early times of
curing and consequently decreases the compressive strength of alkali-
activated slag binders [26], although the specific effect of aluminum incor-
poration on the mechanical properties of C-A-S-H-type gels is not yet clear.

The mechanistic distinction between silicate-activated and hydroxide-
activated geopolymer formation can be attributed to some extent to the
differences in the sites at which gel precipitation takes place, with hydroxide-
activated gels forming predominantly on fly ash particle surfaces rather
than by polymerization in the bulk region [38]. In silicate-activated fly ash,
the gel consisted of roughly similar colloidal-sized, globular units closely
bonded together at their surfaces. The gel appeared to be homogenous
throughout the sample, whether at the surface of the ash particles or rel-
atively far away in the interstitial space. It 1s, however, possible to influ-
ence this through nanoparticle seeding of hydroxide-activated binders to
manipulate the nucleation location and enhance gel growth [50]. This is
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an area that deserves further research with potentially important commer-
cial outcomes.

The reason why this geopolymer gel is formed instead of large zeo-
litic crystallites is related to the degree of polymerization of silicate species,
as well as the influence of temperature and water content [18,30,51,52].
White et al. [53] used neutron pair distribution function (PDF) analysis
to show that, with increasing reaction time, the geopolymer gel derived
from metakaolin transitions to a more ordered state via an increase in
cross-linking. Following the initial nuclear magnetic resonance and ther-
mal analysis data of Duxson et al. [54,55], a neutron PDF study of heated
geopolymer gels [56] confirmed that the water in metakaolin geopoly-
mers was present mainly as free water in large pores, with only a small
percentage (approximately <5%) of water either physically bound in small
pores or chemically bound as hydroxyl groups attached to the aluminosili-
cate framework structure.

Coarse-grained Monte Carlo simulations, based on interaction ener-
gies derived from density functional modeling, showed that, as the activa-
tor silica content of a metakaolin geopolymer system is increased, more
species (both aluminate and silicate) participate in geopolymerization,
leading to a denser nanostructure and less monomeric species existing
in the pore solution [57]. The precipitates formed become larger with
increasing silica content, which indicates that different structural trans-
formation mechanisms occur depending on the type of activator used.
The results of these simulations have confirmed a previously proposed
hypothesis [52] regarding nucleation of precipitates in metakaolin-based
systems, where in the presence of silicate-activating solutions the early
release of aluminum from metakaolin was suggested to lead to localized
nucleation close to the surface of the partially dissolved metakaolin par-
ticles; this behavior was reflected in the simulation results. On the other
hand, in hydroxide-activated systems there is no localized nucleation tak-
ing place, and therefore the precipitates form throughout the system. This
differs from the nucleation behavior observed in fly ash systems, as out-
lined above; the aluminum release rates and dissolution mechanisms dif-
fer significantly between the two systems, and this leads to differences in
the influence of dissolved silica in the nucleation processes. The simula-
tion results for silicate-activated systems also provide direct evidence of
Ostwald ripening of geopolymer gel particles, which has never before
been explicitly shown to occur in geopolymer systems [57].
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These differences in particle-dissolution mechanisms, and their influence
on geopolymer gel development, are essential in determining the processes
that control the rate and location of geopolymer gel formation, and thus the
microstructure and performance of the final geopolymer binder. By using
attenuated total reflectance Fourier transform infrared (ATR-FTIR) spec-
troscopy, Rees et al. [58,59] observed that in a sodium hydroxide—activated
Class F fly ash system selective leaching of Al from the fly ash produces
in the first instance a loose, Al-rich, “primary” gel, as proposed earlier by
Fernandez-Jiménez and Palomo [60]. The Al-deficient surface layer on the
fly ash particles then dissolves, followed by later stoichiometric release of Al
and Si species. During an induction period, the gel slowly comes to pseu-
doequilibrium with the surrounding solution via depolymerization/repoly-
merization reactions [57]. Gel nuclei (particles that are sufficiently stable to
resist depolymerization) begin to form, and the growth of a new gel phase
begins. This new gel is the phase predominantly responsible for strength
development and durability in geopolymers.

When nanoparticle seeds are added to the geopolymer system, no
induction period occurs, as the nanoparticles immediately catalyze the
formation of nuclei [50]. In this case, when the first Al-rich species are
released into the solution from the fly ash particles, their immediate addi-
tion to the nuclei forms an Al-rich gel. Structural reorganization of this
gel will later lead to the formation of zeolites, which can difter in crys-
tal structure from the zeolites that develop in unseeded systems [50].
Dissolution of the remnant siliceous layer on the fly ash particles releases
Si-rich species, which also add rapidly to the growing nuclei, forming a
high-silica gel region. Congruent ash dissolution then releases Al and Si
species, which add to the growing nuclei in a similar way to the unseeded
system, creating a bulk geopolymer gel with similar composition and
structure to that observed in the absence of seeds. The authors of [61-63]
continued with this work by applying synchrotron radiation-based FTIR
microscopy to the spatially resolved analysis of both one-part and two-
part geopolymer systems, showing that the release rates of both Si and Al
are critical in determining strength development and microstructural evo-
lution in growing geopolymer gels. The enhancement of the nucleation
process through seeding led to the formation of an additional silica-rich
phase in the early stages of the reaction, which left more Al available to
contribute to bulk gel formation and improved the early strength devel-
opment of geopolymer binders. The later release of more silica from the
Si-rich phase then also enhanced final strength.
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10.3.3 Modeling of Phase Assemblage

Provis et al. [17] explain that substantial progress has been made recently
in modeling the phase assemblage in geopolymers. This is beneficial as
it is challenging to unravel this complex system by experimentation
alone. Also, the availability of appropriate structural models is essential in
enabling the correct interpretation of spectroscopic data for C-A-S-H and
N-A-S-H gels. Myers et al. [64] implemented a structurally based frame-
work by which cross-linking degrees can be calculated in tobermorite-
like C-A-S-H gels, and Richardson [65] also provided a crystal chemical
model to describe layer spacings in these gels.

Geochemical-type thermodynamic models have been successful in
describing the phase assemblages formed in Portland cement and other
Ca-rich systems, but until recently have not fully described the alkali
metals and Al, which are known to play important structural roles in the
C-(N)-A-S-H gels in geopolymers [17]. This gap has been filled by the
thermodynamic model of Myers et al. [66], which describes this phase as
an ideal eight-member solid solution, and can accurately describe solu-
bilities in the full quaternary CaO-Na,O-Al,03-Si0, aqueous system, as
well as the pore-solution chemistry of high-Ca geopolymers. This pro-
vides confidence in the long-term phase stability of the C-(IN)-A-S-H gel
and accompanying secondary phases, as the observed phase assemblages
are consistent with predictions made from a thermodynamic basis [17].
Unfortunately, such models are not yet available for N-A-S-H type gels,
as the thermodynamics of this type of gel are much less well defined. It is
envisaged that further developments in modeling of phase assemblage will
aid in the prediction of durability and in-service life for geopolymers.

White et al. [67] used neutron PDF analysis to show differences in
ordering between the C-A-S-H gels formed by hydration of tricalcium
silicate and in alkali activation of blast furnace slag. Provis et al. [17]
ascribe this mainly to the low Ca/Si ratio and the high Al content of the
gel produced in slag-based geopolymers, which increases the likelihood
of cross-linking between the silicate chains within the tobermorite-like
gel |64]. Incorporation of alkali metal cations into the gel structure is
important, and this may provide a partial explanation for the difterences
in PDF analysis results between slag-based geopolymers and tricalcium
silicate hydration products. Incorporation of alkali cations into the inter-
layer space of the C-A-S-H gel is inducing additional structural disorder
in the gel [17].
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10.4 ROLE OF PARTICLE TECHNOLOGY IN THE
OPTIMIZATION OF GEOPOLYMER PASTE AND
CONCRETE

Fig. 10.2 depicts a conceptual model for the interrelationship between
geopolymer concrete mix design, the behavior of wet concrete, and the
performance of in-service concrete regarding engineering properties and
durability. In this section the principles of particle technology will be
used to analyze the behavior of fresh geopolymer cement paste and wet
concrete, while in Section 10.5 recent progress on the interrelationship
between binder microstructure and durability will be reviewed.
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Figure 10.2 Conceptual diagram showing interrelationships between mix design,
gel chemistry, matrix characterization, engineering properties, and durability of geo-
polymer concrete. Reproduced from Van Deventer JSJ, Provis JL, Duxson P. Technical and
commercial progress in the adoption of geopolymer cement. Miner Eng 2012;29:89-104.
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10.4.1 Particle-Shape Effects in Fresh Pastes

The grinding of clinker and blast furnace slag into cementitious pow-
ders results in nonspherical particle morphologies. It has been hypothe-
sized that the spherical particle shape of fly ash reduces viscosity and yield
stress of fresh paste when fly ash is added to Portland cement [68]. Provis
et al. [20] used a packing model to demonstrate the “ball-bearing” effect
of spherical ash particles in a paste, by the reduction of particle interlock-
ing when the paste is sheared. Kashani et al. [69] showed that addition of
fly ash to a concrete mix can reduce the yield stress due to its broad par-
ticle-size distribution. Palomo et al. [70] observed that ash chemistry and
variability largely affected the rheology of fly ashes activated by sodium
hydroxide solutions. Various studies have focused on the effect of ash fine-
ness on early-age properties of Portland and geopolymer pastes. However,
many of these investigations used milling to obtain difterent particle-size
distributions [71-73], which adds the complication of a change in particle
shape as the glassy spherical ash particles are shattered into fragments dur-
ing the milling process.

Kumar et al. [72] showed that slightly higher geopolymer strengths
were achievable by use of the finer particle-size fractions obtained by clas-
sification or attrition milling, when compared to the use of raw fly ash,
but that vibratory milling was able to give an improvement in strength of
as much as 50%. These etfects could not be attributed solely to particle-
size reduction, given that the vibratory-milled fly ash was not the finest
of the ash samples studied, and a mechanochemical activation process was
postulated to enhance reactivity. In contrast, Keyte [33] did not show a
significant effect of either classification or ring milling on the compressive
strength of geopolymers.

Clearly, the effect of particle geometry on the behavior of fresh geo-
polymer pastes is complex, so there is a need to deconvolute the eftects
of particle shape, particle size, mechanochemical phenomena, and fly ash
chemistry. Some detailed studies in this area have used synthetic alumino-
silicate glasses [33,74]. However, to fully simulate the geopolymerization
of waste materials, it is also necessary to incorporate nonframework cat-
ions into these synthetic glasses to better reflect the main reactive phases
participating in alkaline activation [28]. Some of the knowledge of mixed
alkali/alkaline earth aluminosilicate glasses developed recently through the
study of synthetic slags [75,76] should also be relevant in future develop-
ments in this area.
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10.4.2 Water-Binder Ratio and Rheology
of Geopolymer Pastes

The pore volume of calcium silicate-based (Portland cement), aluminate-
based (high-alumina cement) or sulfate-based (supersulfated or calcium
sulfoaluminate cement) binders decreases significantly as they hydrate
over the first few days to weeks after mixing, with this reduction in pore
volume attributable to the effective consumption of water as it partici-
pates in hydration reactions. A water to binder (w/b) ratio of approxi-
mately 0.2, where the exact value depends on the cement composition
[77], is converted during the hydration of Portland cement to “non-
evaporable” water in hydration products, in addition to the consider-
able amount of water bound in “gel pores” (less than ~2.7 nm diameter),
which is also not readily removed from the gel. Thus, hydrated Portland
cement with a nominal water/binder ratio of 0.5 has a final pore volume
that is markedly less than the volume of the water that was initially added
into the mix |78].

In contrast, geopolymeric binders are primarily aluminosilicate-based
and do not form hydrate products, as discussed in Section 10.3.2. Hence,
geopolymers do not normally have the same pore-volume reduction ben-
efit through the conversion of water into a solid via its incorporation into
reaction products. This distinction has significant implications for the
development of geopolymer concrete. While in geopolymer binders
the pore-size distribution is much finer, and is greatly refined throughout the
hardening process [79—-81], the absolute pore volume is not affected by
the formation of hydration products and there is no significant amount of
water bound into the solidified geopolymer gel [82]. Consequently, the min-
imization of w/b ratio in geopolymer concrete is a particularly significant
operational factor in ensuring quality low-permeability concrete.

10.4.3 Particle Packing and Mix Design

in Geopolymer Concretes

Besides particle shape, particle-size distribution also has a marked effect
on the mixing, workability, and rheology of wet concrete. This is an active
area of research in which many fundamental questions remain unanswered
[83], and the development of advanced analytical and simulation tech-
niques is continuing to provide important advances. Because this is based
around the analysis of the locations and interactions of particles on every
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length scale from a few nanometers (the basic building units in C-S-H or
geopolymer gel) to more than a centimeter (coarse aggregate), it is not
a problem that has an easy or straightforward answer. It is very difficult
to develop a unified discussion of particle—fluid interactions across such a
range of length scales, as the effects, relative importance and interactions
of parameters such as surface tension, chemical admixtures, and solution
ionic strength will differ across length scales [20]. Therefore, most studies
consider in detail either the packing of larger particles (particularly the
“fine” and “coarse” aggregates; usually sand and crushed rock) [84,85] or
the packing of binder components [86], with the combination of these
two types of components presenting a much more challenging set of
experimental and theoretical problems [87,88].

The term “mix design” in concrete is used mainly to describe the
process of proportioning of binder constituents, chemical and mineral
admixtures, rock, and sand, with the aim of optimizing some specified
combination of technical (mechanical and durability) properties, place-
ment and finishing, and cost [89]. In geopolymer concrete mix design, it is
important to tailor the content and composition of the alkali activator and
aluminosilicate precursor materials, as well as the aggregate components.
This does not necessarily mean that the change from Portland cement to
a geopolymer binder requires wholesale changes to overall mix designs,
as the optimization of the aggregate blends and aggregate—binder ratio
is driven by the order of magnitude cost differentials between cementi-
tious materials and aggregate. However, with a fundamental understand-
ing of aluminosilicate chemistry, significant improvements in geopolymer
concrete quality and economy can be achieved, particularly with regard
to control of curing conditions, activator dosage, and eftlorescence.
Successful geopolymer concrete mix designs have been published by vari-
ous researchers with some of these mix designs incorporating chemical
admixtures (particularly superplasticizers). However, analysis of the effec-
tiveness of many of the admixtures that are commonly used in Portland
cement mixes under the highly alkaline conditions of geopolymerization
has shown mixed outcomes [90,91]. Kashani et al. [92] outlined the com-
plex surface chemistry of the alkali-activated slag system and its relation-
ship with paste rheology, which explains why specially designed polymer
architectures are required to plasticize geopolymer concrete, as suggested
by Kashani et al. [93].
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10.5 LINKING GEOPOLYMER BINDER STRUCTURE
AND DURABILITY

10.5.1 Factors Affecting the Service Life
of Reinforced Concrete

The fundamental basis of the durability of reinforced concrete is the abil-
ity to develop and maintain a dense, impermeable binder gel that creates
and stabilizes a highly alkaline environment, with appropriate chemi-
cal (in particular electrochemical) conditions to enable the stabilization
of embedded steel in a passive state. Steel corrosion is, on a worldwide
basis, the predominant cause of premature failure of reinforced concrete
elements [94]. Weather-induced mechanisms of attack on the binder
and concrete (including freeze—thaw damage and/or salt scaling), and
alkali—aggregate reactions involving some siliceous or carbonate aggre-
gates, can also be problematic under given circumstances and in some cli-
matic conditions, but the focus of the review presented here will be on
mechanisms of degradation that are explicitly related to ionic transport.
The loss of alkalinity (via leaching, carbonation, or other mechanisms) and
the ingress of chloride are the primary causes of steel corrosion within
concrete, and the resistance of the material to degradation by these mech-
anisms will obviously depend intrinsically on its mass transport proper-
ties. In particular, the width, connectivity, and degree of water saturation
of the pores and cracks that are present throughout the binder will play a
highly significant role in determining the resistance to ingress by aggres-
sive agents. Cracks and pores with relevance to binder structure and
durability performance are present on length scales from nanometers to
millimeters in most concrete structures, making this another true multi-
scale problem, similar to the problems of mix design and particle packing
as discussed above. The application of both traditional and advanced tech-
niques in the analysis of the microstructure of the binder therefore again
becomes imperative to understanding and designing for durability, particu-
larly when introducing a new binder system such as the alkali-activated
family of binders.

Van Deventer et al. [15], Provis and Van Deventer [27], and Provis et al.
[17] outlined the physicochemical factors which can determine the service
life of a concrete and emphasized the complexity of the system. The discus-
sion below will present a brief overview of selected physicochemical factors,
with a specific focus on the design and characterization of durable geopoly-
mer binders and concretes.
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10.5.2 Microcracking Phenomena

In broad terms, cracking of concretes can be caused by chemomechanical
(shrinkage or expansion of gel phases, autogenous heating during curing)
or physicomechanical (applied load, freeze—thaw) processes. Concrete is
well known to be strong in compression but weak in flexion and tension;
the use of steel reinforcing, often in combination with techniques such as
pretensioning, and careful structural design, will often be intended specifi-
cally to compensate for this weakness by ensuring that the concrete itself
bears minimal tensile load. However, an advantage of geopolymer binders
is that they tend to demonstrate a flexural (and presumably also tensile,
although this is rarely tested directly) strength significantly higher than is
specified by the standard relationships that apply for Portland concretes of
similar compressive strength [95]. Mortar compressive strengths in excess
of 100 MPa, and concrete strengths higher than 70 MPa, have been rel-
atively widely reported for laboratory samples. Achieving such strengths
consistently in large-scale production is more complex, but the large-scale
production of “high-performance” concretes by alkaline activation of suit-
ably chosen precursor blends is certainly possible, and is beginning to be
demonstrated on a commercial scale.

It is also important to distinguish load-induced macroscopic cracking
of the concrete from microcracking of the binder; both are likely to be
deleterious in terms of durability performance, but the length scales on
which the cracks form are very different. In an early investigation, Byfors
et al. [96] observed significant microcracking in samples of “F-concrete”
(superplasticized NaOH/Na,COj-activated slag). The authors of Refs.
[97,98] observed a tendency towards microcracking in alkali-activated slag
concretes, with a corresponding increase in the rate of carbonation and
reduction in strength, and found that a high activator content tended to
correlate with a high extent of microcracking. Collins and Sanjayan [99]
conducted a detailed investigation in this area and concluded that drying
effects during curing were a primary cause of microcracking of alkali-
activated slags.

More recently, Bernal et al. [100] proposed, via capillary-suction mea-
surements, that the extent of microcracking in silicate-activated slag-based
concretes depends significantly on the paste content of the concrete mix
design; excessive binder content was suggested to lead to heat generation
during curing of concrete specimens, leading to thermally induced micro-
cracking of the concrete at early ages. However, in this case, microcracking
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was not observed to have any significant influence on the rate of carbon-
ation of the concretes, indicating that the higher binder content was able
to provide sufficient densification of the matrix to compensate for addi-
tional carbonation taking place via transport along cracks. The fundamen-
tal cause of microcracking is the partially restrained chemical shrinkage of
binder phases after hardening, which has been proposed from a thermody-
namic basis to be intrinsic to the chemistry of alkali-activated binders and
related (pozzolanic) systems [101,102]. Almost all cementlike binders show
either shrinkage or expansion during or after hardening as a result of the
process of crystallographic (including gel) phase evolution, which results
in strength generation and development [77]|. Maintaining dimensional
stability is thus a key challenge across the field of cement and concrete
technology.

The observed trends in microcracking intensity in alkali-activated con-
cretes as a function of paste content and curing regime thus highlight the
value of understanding interactions between the binder and aggregate, and
effects related to heat generation and heat and moisture transport dur-
ing curing, in mitigating the effects of microcracking on concrete perfor-
mance and durability. The key interactions take place in the region known
as the interfacial transition zone, and the microstructural characteristics of
this region of the concrete are critical in terms of both strength and dura-
bility performance.

10.5.3 Interfacial Transition Zone Effects

In the area where the binder comes into contact with aggregate parti-
cles, there are often microstructural differences when compared with bulk
binder regions, meaning that these specific regions can exert a dispropor-
tionately high (and usually negative) influence on the mass transport, ten-
sile, and flexural properties of the geopolymer concrete. This is an area in
which geopolymer binders are believed to provide significant advantages
over Portland cement. The chemistry of the high-calcium Portland sys-
tems tends to lead to the formation of a porous zone containing large,
mechanically weak crystals surrounding aggregate particles [103,104], and
this is a key pathway for both mechanical failure and mass transport in
concrete. The interfacial transition zone in geopolymer concretes has been
identified as being dense and much less microstructurally distinct from the
bulk of the binder region [105-110], which provides much higher ten-
sile and flexural performance, as well as removing the possibility for these
regions to lead to the formation of a percolated porous pathway for mass



Progress in the Adoption of Geopolymer Cement 235

60 ,
1

- 1
g
£ 407 Geopolymer
o 1
® 1 .
2 20 1
] uartz
g Q

0 T T T
=20 -10 0 10 20

Distance from interface (micron)

Figure 10.3 Elemental concentrations (from SEM-EDS). Data from Lee WKW,
Van Deventer JSJ. Chemical interactions between siliceous aggregates and low-Ca alkali-
activated cements. Cem Concr Res 2007;37(6):844-55.

transport through the binder, thus enhancing the durability of the geo-
polymer material.

Fig. 10.3 shows an example, presented in detail by Lee and Van
Deventer [109] and reproduced in simplified form here, of the elemental
compositions observed across the interface between a (K, Na) silicate-
activated fly ash geopolymer binder and a quartz particle within a
section of siltstone. The elemental compositions were determined by scan-
ning electron microscopy-energy dispersive spectroscopy (SEM-EDS),
and show a uniform binder region spanning the distance from the bulk
binder to the aggregate particle surface. Similar results were also obtained
for a range of phases present within a basalt specimen; an iron-rich augite
region in the basalt did generate a distinguishable region less than 2 pm in
thickness and rich in Fe and Si at the interface, but there was not a distinct
and chemically/crystallographically different region at the interface in any
case when comparing to the bulk binder structure. The SEM-EDS data in
Fig. 10.3 obviously do not provide detailed microstructural information;
however, imaging of the same specimens did not show any differences in
microstructure or any apparent additional porosity in these regions [109],
consistent with the general consensus in the literature regarding geopoly-
mer binders.

10.5.4 Microporosity in the Bulk of the Geopolymer Binder

There are a variety of techniques available for the analysis of micron-
scale pores within a geopolymer (or any cement-type binder), which
can be classified roughly into the categories of one-dimensional,
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two-dimensional, and three-dimensional analysis. Among these categories,
there is no universally applicable technique that can provide a full multi-
scale characterization of a complex material such as a geopolymer binder;
a fuller toolkit of techniques is required to obtain detail across the length
scales of interest.

One-dimensional analysis of porosity in the range of nanometers
to microns is usually conducted by gas sorption (most commonly the
Barrett-Joyner-Halenda, BJH, technique), direct penetration measure-
ments (air, water, and chloride penetration being the most commonly
applied), or mercury intrusion porosimetry (MIP). The limitations and
inaccuracies of MIP in application to cements are well known [111], but
it 18 widely used due to its apparent simplicity and the ready availability
of instrumentation. MIP largely fails in the case of samples with complex
pore geometries (the “ink-bottle” eftect), as the full volume of a com-
plex-shaped pore is registered as having an eftective pore size equivalent
to that of the narrowest part of its entry. This results in an underestima-
tion of mean pore size. The high pressures used to intrude mercury into
the smallest pores in a sample are also problematic, as the applied pres-
sure will often exceed the strength (compressive or tensile) of the mate-
rial to which it is being applied, which can result in significant crushing
effects. Multicycle MIP has been proposed as a method by which the
ink-bottle effect can be minimized or avoided [112], and appears to pro-
vide some significant advances in this area with good agreement with N,
sorption data. Gas sorption is believed to provide good characterization
of very small pores, but cannot accurately measure the larger pores which
are essential to mass transport in samples with pores spanning a very wide
range of length scales.

Direct water and air permeability measurements of geopolymer and
other alkali-activated binders have shown a range of performance, depend-
ing mainly on the mix designs tested. Binders with well-cured alkali-
activated binders with low water/binder ratios perform acceptably in
these tests [113—115], but generally do not provide results that could be
considered particularly outstanding, most likely due to the low levels of
space-filling bound water associated with these gels. On the other hand,
chloride permeability testing of geopolymer mortars and concretes has
shown a wide range of performance, with the outcomes depending to a
significant extent on the details of the testing methodology selected. The
ASTM C1202 test methodology involves the application of a current to
the sample and uses measurement of the charge passed as a proxy for the
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movement of chloride ions into the sample under the electrical field gra-
dient. The outcomes of this test are strongly dependent on pore-solution
chemistry [116,117], and so it sometimes registers geopolymer binders as
showing very good resistance to mass transport [100,114,118], and some-
times as performing rather poorly. Direct measurement of alkali cation
movements from the pore solutions of geopolymer binders [119] provides
insight into the cause of this behavior. The mobility of alkalis will certainly
display a strong influence on the total charge passed by the samples during
the test. It has been proposed that alternative methodologies which pro-
vide a more direct measurement of the progress of chloride migration into
the binder; for example ponding tests, or the NordTest Build 492 acceler-
ated test, will provide a more valid comparison that is relatively indepen-
dent of the pore-solution chemistry of the binder, and work in this area is
ongoing [27].

Two-dimensional analysis of pore structures is predominantly con-
ducted using microscopic methods, in particular SEM. The primary
challenge associated with the observation of porosity by SEM (designed
to detect solid matter) is that the aim of the measurement is to detect
the regions that contain no solid matter. This process of “trying to see
the parts that are not there” provides challenges in pore identification.
It can be overcome to some extent for calcium-rich systems, such as
Portland or alkali-activated slags, by the use of image-analysis algorithms
[120,121]. However, for aluminosilicate geopolymer systems with lower
electron density contrast between the solid and pore regions, the appli-
cation of Wood’s metal intrusion prior to the collection and analysis of
SEM images has proven to be of value [81]. In this technique, the pores
of the sample are filled with a high elemental-number, low melting-point
alloy, which is intruded into the pore space of the sample under moder-
ate pressure (lower than the pressures used in MIP, to prevent damage to
delicate parts of the microstructure) and at temperatures below 100°C but
still above the melting point of the alloy. The sample is then cooled, and
the alloy solidifies within the pore network, to provide a high degree of
elemental contrast and make the pores visible against the low-elemental
number binder regions [122,123]. In the recent application of this tech-
nique to geopolymer binders [81], it was calculated that pores as small
as 11 nm—well below the spatial resolution achievable by standard SEM
techniques—are able to be filled with the molten alloy, while using an
intrusion pressure lower than the compressive strength of the binder mate-
rial to minimize microstructural damage.



238 Handbook of Low Carbon Concrete

The primary three-dimensional characterization technique which
is able to be applied to the analysis of cements (geopolymer and tradi-
tional) is X-ray microtomography. There have been a number of studies of
Portland-based materials by this technique over the past decade or more
[124]. The systematic analysis of geopolymer binders by X-ray microto-
mography and hard X-ray nanotomography has recently been presented
for the first time [82,125].

In the analysis of the geopolymer sample set discussed here, the sam-
ples were analyzed using beamline 2-BM at the Advanced Photon Source
synchrotron at Argonne National Laboratory, using 22.5keV X-ray radia-
tion and achieving a 750-nm voxel resolution. Porosity was calculated
during segmentation of the sample into “pore” and “solid” regions using
slightly modified versions of freely available data processing scripts [126]
based on the full greyscale tomographic reconstructions, and tortuosity
was computed by random walker simulations utilizing the segmented pore
network, again based on the algorithms of Nakashima and Kamiya [126].
An example showing the greyscale and segmented images for a given
region of a fly ash—Na silicate geopolymer binder is given in Fig. 10.4.

Fig. 10.4 also demonstrates some of the challenges associated with
microtomographic characterization of fly ash geopolymer samples [15].

Figure 10.4 Binary thresholding of a microtomographic image: (A) original greyscale
image and (B) binary segmented image. Scale bar represents 200 m. Reproduced from
Van Deventer JSJ, Provis JL, Duxson P. Technical and commercial progress in the adoption
of geopolymer cement. Miner Eng 2012;29:89-104.
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The large dark regions represent the interior of hollow or partially hol-
low (cenosphere or plerosphere) fly ash particles; these regions are not
connected to the pore volume within the gel, and so will not contrib-
ute to the transport properties of the material. However, in measurements
or calculations of total porosity, these regions must be excluded via the
application of algorithms which considers “connected porosity” only. As
an additional complicating factor, the tomographic reconstruction process
(if sample alignment was not on a single vertical axis during rotation for
scanning in the instrument) can introduce streaking artifacts that effec-
tively break through the shell of a fly ash particle and connect its interior
to the binder pore network. Thus, the collection of high-resolution, high-
quality tomography data is of particular importance in enabling the cor-
rect analysis of pore network transport parameters for samples containing
fly ash. This consideration is less problematic for samples based on slag (or
Portland cement) because the precursor particles do not contain signifi-
cant inaccessible pore volumes.

The data collected by Provis et al. [82] as shown in Fig. 10.5, demon-
strate that the porosity of the more calcium-rich geopolymer binders (the
systems containing 50% or more slag) decreases as a function of curing
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Figure 10.5 Relationship between segmented porosity and curing duration for a
range of sodium silicate-activated fly ash/slag systems. Reproduced from Van Deventer
JSJ, Provis JL, Duxson P. Technical and commercial progress in the adoption of geopolymer
cement. Miner Eng 2012;29:89-104, with data selected from Provis JL, Myers RJ, White CE,
Rose V, Van Deventer JSJ. X-ray microtomography shows pore structure and tortuosity in
alkali-activated binders. Cem Concr Res 2012;42(6):855-64.
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duration, indicating that there is some chemical binding of water taking
place in this system, consistent with the known formation and coexistence
of N-A-S-H and C-A-S-H gels in mixed fly ash/slag geopolymer binders.

The results of drying tests conducted on a series of mortar samples
synthesized from the same binders as were studied by tomography [127]
show further that the C-(A)-S-H phase is binding some water, but to
a lesser extent than in the case of Portland hydrate products. As the gel
evolves, and its porosity decreases over time, the tortuosity of the pore
network also increases. The sample set presented in Fig. 10.5 shows close
agreement with an inverse relationship between connected porosity and
diffusion tortuosity [82]. The diftusion tortuosity describes the effect on
mass transport of the constriction due to the presence of the pore net-
work. An increase in this parameter by almost a factor of two between
early age (<7 days) and 45 days of age indicates that the rate of diffu-
sion through a well-cured binder would be halved when compared to a
poorly cured binder. This further highlights the importance of adequate
curing in achieving high performance and durability in geopolymer
concretes. A criticism of geopolymer technology is that when mixes are
poorly designed, thermal curing is often required for adequate strength
development. This is not the case for a well-designed mix with sufficiently
well-controlled activation conditions, as has been demonstrated for sys-
tems based on fly ash, on slag, and on mixtures of these two precursors.
However, it is clear from the tomography results that, regardless of the rate
of early-strength development, an extended period of curing will provide
marked advantages in service life and overall durability performance once
the binder is placed in service and exposed to aggressive environments.

The substitution of fly ash for slag is seen in Fig. 10.5 to lead to higher
porosity. This is consistent with the results of nitrogen sorption analysis of
a range of similar binders [81], and the porosities obtained from tomogra-
phy are also within 2 vol.% of the values obtained in that study for sam-
ples of similar mix design and curing duration. The slag-rich systems form
predominantly a C-(A)-S-H gel, which appears to bind a larger amount
of water into its nanostructure, while the fly ash-rich systems form
N-A-S-(H) gels with a low bound-water content [10].

The discussion presented here therefore highlights the importance of
understanding and controlling the porosity of geopolymer binders, partic-
ularly in the case of fly ash—rich systems. If the higher porosity of the geo-
polymer-type (sodium aluminosilicate) gel when compared with calcium
silicate gels such as those produced by Portland hydration were to lead to
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high diffusivity (and thus rapid mass transport) of aggressive ions through
the binder to reach the embedded steel reinforcing, this would mean that
the durability of these materials would in all likelihood be unacceptably
poor. Evidence from the in-service performance of geopolymer binders
[13,16,128], as well as from laboratory chloride penetration testing as dis-
cussed above, shows that the observed performance is significantly better
than would be expected from raw permeability or carbonation rate data
[13,100,110,129,130].

Bernal et al. [131] showed that the depth of carbonation in a set of
slag-geopolymers exposed to ambient conditions for 7 years was much
lower than would be predicted through accelerated carbonation test-
ing of specimens formulated to the same mix designs, demonstrating that
the exposure conditions used in accelerated testing do not replicate the
phenomena that take place under natural service conditions. In a recent
study of in-service geopolymer concrete in the Netherlands it was shown
that after 2 years the carbonation depths were comparable with those of
blended Portland cement concrete containing slag or fly ash [132].

Carbonation of alkali-activated binders is an open and active area
of research, and much remains to be explained in this area, particularly
with regard to the relationship between carbonation and steel degrada-
tion, which may or may not be similar to the corresponding relationship
in Portland cement—based concretes. This suggests that there are additional
effects that compound with, or mitigate, the direct influence of porosity
on permeability (particularly ionic permeability, which also relates to gel
chemistry-specific effects and interactions) and durability.

10.6 TECHNICAL CHALLENGES

In developing the technology of novel cements and concretes, it is often
important to apply expertise from other disciplines such as mineral pro-
cessing, and in particular fluid—particle interactions. For example, the phase
chemistry of cement and other mineral components (particularly fly ash
and slag) is critical in controlling reactivity. As was discussed previously, an
understanding of the different glassy phases present in geopolymer pre-
cursor materials is required to determine the optimal processing method
and composition of binder components in order to manipulate concrete
properties. Classified fly ash and ground slag available through the cement
supply chain are not always able to be used straightforwardly with existing
commercially available alkaline activators to prepare optimal geopolymer
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binders, so special preparation of alkaline activators may also be warranted.
In addition, fly ash and slag (being waste materials) are subject to far more
variability, especially when they are obtained from a range of sources, than
Portland cement as a quality controlled product. Therefore, online moni-
toring and optimization of activator types and binder components is nec-
essary in the production of consistent, high-quality geopolymer cements.

As was mentioned briefly above, it is important to control the rheol-
ogy of fresh concrete to enable it to be placed and finished, and the ability
to do this without adversely affecting the final properties of the hardened
concrete depends primarily on the manipulation of colloidal interactions
by the use of chemical admixtures such as superplasticizers [90,91]. The
existing range of commercially available superplasticizers has been devel-
oped specifically to suit the complex series of chemical reactions that take
place in the Portland system, and are usually not eftective in the geopoly-
mer system. Moreover, most of the various admixtures used to control
slump, air dispersion, water retention, and other properties of the Portland
system are less effective in the geopolymer system. Consequently, there
is a need to develop a whole set of new admixtures for the geopolymer
system, which presents a significant challenge for an emerging industry
with a lack of scale, but which is still required to compete with the well-
established Portland cement industry.

Geopolymerization also provides the potential for the utilization of
non-blast furnace slags; alternative materials such as ferronickel, steel, and
phosphorus slags have also been alkali activated to form usable binders and
concretes, some on a laboratory scale and some in larger-scale applica-
tions in China and the former Soviet Union [13]. The leaching of toxic
metal components from some of these slags during activation may prove
to be a cause for concern, but—as is the case for fly ashes—the selection
of appropriate waste materials for use as geopolymer precursors is both
important and possible.

At present, geopolymer concrete is most commonly produced in a
“two-part” mix format, by blending coal fly ash, slag, and alkali activa-
tors together in a concrete-batching plant. This requires a high level of
skill from the operators of the batching plant, which is rarely available in
the premix concrete industry. Ash and slag are waste materials of vari-
able composition, so that the concrete mix designs and the added alkalis
need to be varied to compensate for these variations in the ash and slag.
Such a technology, where the quality control is mainly at the batching
plant level, is not scalable on an industry-wide level and has limited appeal
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in the market, despite the growing market pull for “green” construction
materials.

In contrast with this situation, Zeobond has developed a process
whereby the various solid materials and proprietary activators are pro-
cessed together to produce a dry cement binder that behaves in a simi-
lar way to Portland cement [32]. The quality control is hence centralized
in the cement binder plant, so that the dry powder can be distributed to
various concrete-batching plants, as is the case with Portland cement. To
a large extent this addresses the supply chain challenges and difficulties
in price competition which are inherent when sourcing materials from
Portland-related suppliers. However, the process of establishing such dry
binder-processing facilities is capital intensive and requires significant mar-
ket drivers for geopolymer concretes (synthesized via the existing process)
to justify investment.

10.7 REDUCTION IN CARBON EMISSIONS

CO, emissions from cement production are incurred through the con-
sumption of fossil fuels, the use of electricity, and the chemical decompo-
sition of limestone during clinkerization, which can take place at around
1400°C. The decarbonation of limestone to give the calcium required to
form silicates and aluminates in clinker releases roughly 0.53t CO, per
ton of clinker [8]. In 2005, cement production (total cementitious sales
including ordinary Portland cement (OPC) and OPC blends) had an aver-
age emission intensity of 0.89 with a range of 0.65-0.92t CO, per ton
of cement binder [133]. Therefore, the decarbonation of limestone con-
tributes about 60% of the carbon emissions of Portland cement, with
the remaining 40% attributed to energy consumption, most of which
is related to clinker kiln operations; the WWF-Lafarge Conservation
Partnership [6] estimated that the production of clinker is responsible for
over 90% of total cement production emissions.

In view of the fact that the requirement for decarbonation of lime-
stone presents a lower limit on CO, emissions in clinker production,
and that there exist technical issues associated with the addition of sup-
plementary cementitious materials (SCMs, including fly ash and ground
granulated blast furnace slag), which restrict the viability of direct
Portland cement supplementation by SCM above certain limits, the
possibility to reduce CO, emissions using Portland chemistry is lim-
ited. The WWF-Lafarge Conservation Partnership [6] expects that the
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emissions intensity of cement, including SCM, could be reduced to 0.70t
CO, per ton of cement by 2030, which still amounts to around 2 billion
tons of CO, per annum worldwide, even if cement production does not
increase from its current level.

Fig. 10.6 shows the CO, emissions of various binder designs as a func-
tion of Portland cement content. There have been a limited number of
life-cycle analyses (LCA) of geopolymer technology. One reasonably
extensive research program carried out in Germany [134] has provided
information regarding the selection of precursors and mix designs for a
range of geopolymer-based materials. However, geographic specific-
ity plays a significant role in a full LCA, so there is the need for further
studies considering different locations in addition to a wider range of mix
designs spanning the broader spectrum of geopolymers. The main carbon-
intensive and also the most expensive ingredient in geopolymer cement is
the alkali activator, which should be minimized in mix design. McLellan
et al. [135] provided further detail, while Habert et al. [136] concluded
that geopolymer cement does not offer any reduction in carbon emissions;
such a conclusion needs to be drawn with caution.
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Figure 10.6 CO, emissions of various cement binders as a function of OPC content.

Reproduced from Van Deventer JSJ, Provis JL, Duxson P. Technical and commercial progress
in the adoption of geopolymer cement. Miner Eng 2012;29:89-104.
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Sodium carbonate is the usual Na source for the production of sodium
silicate. The different processes for conversion of Na,CO3 (or NaOH) and
S10, to sodium silicate, via either furnace or hydrothermal routes, difter
by a factor of 2-3 in CO, emissions, and up to a factor of 800 in other
emissions categories [137]. It is therefore essential to state which of these
processes is used as the basis of any LCA. Moreover, the best available data
for emissions due to sodium silicate production were published in the
mid-1990s [137], so improvements in emissions since that time have not
been considered. Sodium carbonate itself can be produced via two main
routes, which vary greatly in terms of CO, emissions. The Solvay process,
which converts CaCO3 and NaCl to Na,COj; and CaCl,, has emissions
between 2 and 4t CO, per ton of Na,COj;, depending on the energy
source used. Conversely, the mining and thermal treatment of trona for
conversion to Na,COj; has emissions of around 0.14t CO, per ton of
Na,COj; produced plus a similar level of emissions attributed to the elec-
tricity used. This indicates an overall factor of 5-10 difference in emissions
between the two sources of Na,COj5 [138].

A commercial LCA was conducted by the NetBalance Foundation,
Australia, on Zeobond’s E-Crete geopolymer cement, as reported in the
“Factor Five” report published by the Club of Rome [139]. This LCA
compared the geopolymer binder to the standard Portland blended
cement available in Australia in 2007 on the basis of both binder-to-
binder comparison and concrete-to-concrete comparison. The binder-to-
binder comparison showed an 80% reduction in CO, emissions, whereas
the comparison on a concrete-to-concrete basis showed slightly greater
than 60% savings, as the energy cost of aggregate production and trans-
port was identical for the two materials. However, this study was again
specific to a single location and a specific product, and it will be necessary
to conduct further analyses of new products as they reach development
and marketing stages internationally. Fig. 10.6 shows a comparison of the
CO, emissions of four different E-Crete products against the “Business as
Usual,” “Best Practice 2011,” and a “Stretch/Aspirational” target for OPC
blends. It is noted that in some parts of the world (particularly Europe),
some of the blends shown here in the “Stretch/Aspirational” category are
in relatively common use for specific applications, particularly CEM III-
type Portland cement/slag blends, but this is neither achievable on a rou-
tine scale worldwide at present, nor across the full range of applications in
which Portland cement is used in large volumes.
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10.8 STANDARDS FRAMEWORK

Fig. 10.7 shows that the strategic development of standards is pivotal to
the commercialization of geopolymer cement. The regulatory framework
governing concrete to be utilized in various applications relies on a typi-
cal cascade of standards, with application standards referring to concrete
standards, and concrete standards referring to standards covering cement
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Figure 10.7 Flow diagram for commercialization of geopolymer cement and concrete.
Reproduced from Van Deventer JSJ, Provis JL, Duxson P. Technical and commercial progress
in the adoption of geopolymer cement. Miner Eng 2012,29:89-104.
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and other raw materials. Hence, when considering the regulatory frame-
work for a concrete binder system such as geopolymer cement or con-
crete, most of the attention to regulatory aspects should be focused on the
cement standards, although some aspects of concrete standards also need to
be considered. In general, all of the world’s concrete and cement standards
are based on two “super’” standards, i.e., European Union EN 197 and
United States ASTM C150/C595/C1157. For instance, Chinese cement
and concrete standards are based largely on European Union Standards,
while Australian standards are based mainly on the American standards.

These standards have been developed over many years, and in col-
laboration with input from Portland manufacturing companies, with the
chemistry and behavior of Portland-based concretes intrinsically in mind.
However, prescriptive standards containing constraints such as “minimum
cement content” are increasingly being viewed as excessively prohibi-
tive, even for Portland-based systems. Products such as geopolymer con-
crete may not simply be an evolution of existing Portland technology, but
instead may require an entirely different chemical paradigm to understand
their behavior, and may perform entirely acceptably, but without con-
forming exactly to the established regulatory standards, particularly with
regard to rheology and chemical composition [140]. This is a significant
obstacle to the acceptance of geopolymer technology [141]. However, by
working with all stakeholders (Fig. 10.7), these barriers can be overcome,
provided that the intent of regulatory standards is met.

There 1s general agreement that a performance-based standards
framework must be developed if different binder types and propri-
etary cementitious mixes are to be used. The question remains which
performance testing and durability testing methods should be used in
order to specify performance criteria. It 1s no simple task to develop
testing methods for durability that are independent of initial binder-
phase assemblage. In a critical review of performance-based approaches,
Alexander and Thomas [142] explained that it is possible to relate
service-life prediction models to durability testing, even when it is
known that the diffusion parameters in concrete are complicated by sev-
eral factors, including interaction between the diffusing species and the
matrix, and the reduction of diffusion coefficients with age. It is note-
worthy that South Africa has developed a suite of durability index tests,
l.e., oxygen permeability, sorptivity, and chloride conductivity, and these
are linked to service-life models for the relevant deterioration mecha-
nisms in reinforced concrete structures [142].
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VicRoads, the state roads authority in Victoria, Australia, has recog-
nized geopolymer concrete as being equivalent to Portland concrete for
nonstructural applications in a 2010 update to their design specification
Section 703 [143]; this specification requires acceptable binder content,
strength development, water content and quality, aggregate properties,
consistency, mixing and placement methodologies, curing, finishing, and
material supplier competency guarantees. Zeobond is working with
VicRoads to also recognize geopolymer concrete for structural applica-
tions in Section 620. Zeobond’s E-Crete is already used in VicRoads
structural projects, and by local councils and housing developers in sub-
divisional works and slabs, applications that represent approximately 70%
of all concrete usage. These large-scale applications are pivotal to the pro-
cess of gradually convincing standards authorities to accept geopolymer
concrete.

10.9 TESTING FOR DURABILITY

The question of whether geopolymer concretes are durable remains the
major obstacle to recognition in standards for structural concrete, and
hence to their commercial adoption. A material such as geopolymer,
which has been subjected to detailed investigation only recently, cannot
possibly have the availability of decades of in-service testing and durabil-
ity data to prove its long-term stability. Most standard methods of test-
ing cement and concrete durability involve exposing small samples to very
extreme conditions—in particular, highly concentrated acid or salt solu-
tions, with or without the application of electrical field gradients—for
short periods of time. The data obtained from these tests are then used
to predict how the material will perform under normal environmental
conditions over a period of decades or more. In some of these predictive
models, engineering concepts including mass transport through porous
media, reaction kinetics, and particle packing are used, although usually
in a simplified and semiempirical form to enable utilization of the derived
equations by nonspecialists in the field. However, the key shortcoming of
this approach to “proving” durability is that it can only provide indica-
tions of the expected performance, rather than definitive proof. Therefore,
there has been a very slow process of adoption of new materials, as it is
considered necessary to wait up to 20-30 years for “real-world” verifica-
tion. Adoption of fly ash and slag in Portland concretes is the prime exam-
ple of this, where the use of these SCMs was resisted for decades. It is
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the author’s experience that asset owners and their insurance companies
are willing to use geopolymer concrete in low-risk applications based on
accelerated durability testing. Higher-risk applications such as high-rise
buildings, which constitute a smaller fraction of the total concrete mar-
ket, will follow only when the market is comfortable with the real-world
track record of the material in low-risk applications. Therefore, a staged
approach towards the development of standards and commercial adoption
needs to be followed, as outlined in Fig. 10.7.

Zeobond also works closely with various roads authorities in monitor-
ing the performance of in situ geopolymer concrete structures and also with
researchers in developing appropriate test methods for durability (Fig. 10.7).
The state-of-the-art report by RILEM Technical Committee 224-AAM on
Alkali-Activated Materials [27] and the current work by RILEM Technical
Committee 247-DTA on the Durability Testing of Alkali-Activated
Materials provide essential advice to standards authorities about the struc-
ture of performance-based standards for geopolymers and the associated
testing methods for durability.

As outlined by Provis et al. [144], there have been a number of stud-
ies of chloride diffusion in slag geopolymer concretes, with the perfor-
mance of these materials in accelerated chloride penetration tests generally
observed to be at least comparable to that of Portland concrete. Zeobond’s
E-Crete has been shown repeatedly to have significantly lower chlo-
ride diffusion and acceptable freeze—thaw performance compared with
Portland concrete. As outlined in Section 10.5.4, the excellent perfor-
mance of geopolymer concrete is related to the highly refined pore net-
work forming a dense low-calcium C-A-S-H phase [144]. It is envisaged
that advanced techniques such as synchrotron-based nanotomography will
ultimately be used to compute transport properties of the geopolymer
gel generated from various mix designs (such as water/binder ratio), and
hence changes in durability performance.

10.10 SUPPLY CHAIN RISKS

The presence of a competitive and efficient supply chain is essential for
the successful scale-up of geopolymer technology. For instance, granulated
blast furnace slag (GBFS) is produced during the production of pig-iron.
Although there is a risk that production methods for pig-iron will change
and reduce the availability of GBFS, this is not currently viewed as a sub-
stantial risk. As demand for GBES increases, blast furnace operators will
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increasingly invest in rapid-cooling slag-handling equipment in order to
increase the production of GBES. The further development and industrial
adoption of the new Commonwealth Scientific and Industrial Research
Organization air-cooled slag-granulation method [145] is important
in regions with a shortage of clean water, which is the standard chilling
medium used at present. The main risk facing GBES supply for geopoly-
mer use is preferential utilization of GBES in Portland blends rather than
in geopolymers.

There is a risk that a substantial reduction in worldwide carbon emis-
sions will result in reduced coal-fired energy production, and hence
reduced availability of coal ash. While there is a global determination to
reduce energy dependency on thermal coal, it is more likely that coal
combustion will continue to increase in the coming decades, but with
some level of carbon capture through sequestration or mineralization.
In any event, only a very small fraction of coal ash is currently used in
concrete. A more substantial risk is the well-intended control of coal ash
as a hazardous material by, for example the US Environment Protection
Agency, which leads to uncertainty in investment in the supply chain of
all SCMs. Laboratory studies have shown that natural pozzolans could be
used as geopolymer precursors, but no large-scale application has been
attempted and a supply chain is not in place, except in countries like
Indonesia. In the event of a shortage of fly ash or slag, natural pozzolans
could possibly be used as an alternative precursor.

In economically developed and structurally segmented markets for
cementitious materials, distribution networks for slag and fly ash are estab-
lished, making it uncompetitive or practically impossible to invest in new
channels to market. In some cases, even voluminous byproduct streams
such as slag and fly ash are largely utilized or earmarked via long-term
option contracts. Due to the rapid increase in demand and production
in markets such as China and India, new opportunities for both Portland
and geopolymer supply channels are foreseeable. However, in established
markets such as the United Kingdom, where fly ash production does
not exceed its consumption in cement, the existing market for Portland
cement utilizes all of the available fly ash. Despite the increasing number
of research papers on geopolymers, there has been little development of
the supply chain channels necessary for scale production, which will con-
tinue to limit the wider adoption of geopolymer technology until this
bottleneck is resolved.
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10.11 PERSPECTIVES ON COMMERCIALIZATION

Apart from the challenge to relate accelerated durability testing data to
in-service life predictions, there is also the question whether existing engi-
neering design methods for Portland-based structural concrete are appli-
cable to geopolymer concrete. From laboratory research and monitored
industrial applications it indeed appears to be the case. However, more
needs to be done to calibrate design codes for the specific characteristics
of geopolymer concrete.

Each concrete market is different, as price structures vary greatly, logis-
tics and supply chains are different, and the precursors available for geo-
polymer concrete will be different; for example, fly ash varies greatly in
reactivity from one location to another. Therefore, it is necessary to build
confidence in geopolymer concrete from scratch in each new market. Small
low-risk projects, where the cost of replacement is low if performance is
not met, must be completed first to build confidence before more complex
projects are taken on. The key challenge is often the availability of suitable
precursors at the right price for small demonstration projects in a new loca-
tion, which is a more challenging situation technically and commercially
than when there is a suitable supply chain at scale. This is the equivalent of
building a car from components compared with delivery from an assembly
line. Nevertheless, commercial adoption of geopolymer concrete has been
achieved in selected applications [27,141]. Recently, there has been renewed
interest in commercial application of geopolymers in new markets, with the
drivers being valorization of fly ash and waste metallurgical slag, reduction
of CO, emissions, improved technical properties, and cost reduction.

Fig. 10.8(A) shows a small section of E-Crete paving completed as
part of the Victorian Government upgrade of the Westgate Freeway in
Port Melbourne. While small in volume, this project required that the
concrete meet all of the technical specifications of the local road author-
ity, VicRoads, and the ultimate asset owner, the Port Melbourne City
Council, and was approved for use by a construction consortium which
included numerous national and multinational construction companies
and engineering firms. This small project demonstrates the entire process
of commercialization of geopolymer concrete (Fig. 10.7).

Fig. 10.8B shows the installation of 55-MPa E-Crete precast pan-
els for VicRoads. This concrete was required to meet the structural con-
crete code (VicRoads Section 610), which is far more stringent than the
requirements faced by the nonstructural grade concrete in Fig. 10.8A.
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Figure 10.8 Examples of E-Crete: (A) Footpath along Westgate Freeway extension,
Port Melbourne; (B) Precast panels across Salmon Street bridge, Port Melbourne; (C)
Embankment at Swan Street bridge, Melbourne; (D) Retaining walls for Regional Rail
Link, Melbourne; (E) Retaining walls along M80 freeway, Victoria; (F) Precast bridge
deck, Queensland; (G) and (H) Precast structural panels and in situ concrete for Melton
library, Victoria; (1) Vertically cast, roller compacted pipes for partly treated sewerage,
Victoria; (J) Portside building in Cape Town utilizing some Portland cement and the
principles of geopolymerization.

Here the level of concrete specification and scrutiny was consistent with
bridge design, with the aim of using the highest-grade concrete specified
by VicRoads as a “stretch target” for trial purposes.

Structural grade concrete (40 MPa) was used for the southern embank-
ment at the Swan Street bridge in the city of Melbourne, as shown in
Fig. 10.8C. This structure was instrumented by VicRoads and has been
monitored for durability and steel corrosion, with good effect. Fig. 10.8D
shows 40-MPa structural retaining walls for the Regional Rail Link in
the city of Melbourne. This project involved several authorities and took
a long time to get approved, even after a recommendation by VicRoads.
Despite the obstacles to get such projects approved, it is essential to pur-
sue such signature projects as they build confidence in the technology
in the wider market. Fig. 10.8E shows a section of the 40-MPa retaining
walls as part of the VicRoads project to upgrade the M80 freeway to the
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Figure 10.8 (Continued)

northwest of Melbourne. Although a large geopolymer concrete bridge
has not been built, several smaller precast bridge decks have been made,
such as the one depicted in Fig. 10.8E

Zeobond’s E-Crete was used for the in situ cast concrete and archi-
tectural panels in the Melton Library and Learning Hub project, as
depicted in Figs. 10.8G and H. This project won several architectural and
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sustainability awards and was the first completed building in Australia to
achieve a Five-Star Green Star—Public Building Design Pilot rating from
the Green Building Council of Australia. Fig. 10.81 shows vertically cast,
roller-compacted pipes for partly treated sewerage in Victoria. It is signifi-
cant that Murray and Roberts in South Africa constructed the Portside
high-rise building (Fig. 10.8]) in Cape Town using minimum Portland
cement by applying the principles of geopolymerization. Although this
project should contribute substantially to the building of confidence in
geopolymers worldwide, the market remains hesitant to transfer positive
experience from one location to the next.

As opposed to focusing on the technical detail of these projects, atten-
tion is drawn to the fact that these case studies demonstrate something
that is rarely seen in geopolymer technology, i.e., the vast regulatory, asset
management, liability, and industry stakeholder engagement process that
has been undertaken by Zeobond to commercialize its E-Crete (Fig. 10.7).
The shift from the laboratory to the real world is not a process of scale-
up of technology alone. While such technical challenges are sufficient to be
insurmountable to many, it 1s the ability to manage the scale-up of industry
participation and acceptance of geopolymer concrete that provides the core
challenge to the future of a geopolymer cement/concrete industry.

10.12 FINAL REMARKS

Significant progress has been made in developing an understanding of
the colloid and interface science, gel chemistry, phase formation, reac-
tion kinetics, and transport phenomena underlying geopolymerization
of aluminosilicates. Despite much research, the role of calcium and the
location of alkali metals in geopolymeric tobermorite-type C-A-S-H
phases remain poorly understood. Analysis of the nanostructure of geo-
polymer gels has enabled the tailored selection of geopolymer precursors
and the design of alkali-activator composition; such studies have estab-
lished the relationship between geopolymer gel microstructure and dura-
bility. Geopolymer concrete has performed well in accelerated durability
tests, which is supported by its tortuous pore structure and the specific
details of its gel chemistry, although detailed analytical work in this area is
ongoing. In the absence of a long in-service track record, microstructural
research is essential to validate durability testing methodology and improve
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geopolymer cement technology. Although the principles of particle tech-
nology have been applied to the mix design and rheology of fresh geo-
polymer concrete, this area is in its infancy and could benefit from the
knowledge base of particle technology and surface chemistry. For example,
suitable superplasticizers for the geopolymer system have been developed
only recently, so more progress can be expected in this area.

Demand pull by a carbon-conscious market continues to be the key
driver for the adoption of geopolymer cement in Australia. While the
scale-up from the laboratory to the real world is technically challenging,
the core challenge is the scale-up of industry participation and acceptance
of geopolymer cement. High-profile demonstration projects in Australia
and South Africa have highlighted the vast regulatory, asset management,
liability, and industry stakeholder engagement process required to com-
mercialize geopolymer cement.

The fact that all premixed and precast concrete standards are based on
an assumption of the use of Portland cement remains a major obstacle to
the commercial adoption of geopolymer cement. Even when asset own-
ers and specifiers such as government, architects, and design engineers
accept the results of durability testing of geopolymer concrete, the main
barrier to the entry of geopolymers into an established market is access
to a suitable supply of source materials including fly ash, GBEFS and alka-
line activators. Significant development of supply chains to accommodate
geopolymer cement, predominantly in developing markets, is essential in
overcoming this barrier. This crucial aspect of commercialization is seldom
appreciated by the research community, governments, or the ultimate users
of concrete. It is important for commercial geopolymer concrete produc-
ers to work closely with research partners to develop testing methods for
accelerated durability, especially as longer-term in-service testing data
become available. Substantial progress has been made in Australia, where
the local road authority has recognized geopolymer concrete for non-
structural applications.
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CHAPTER 11

An Overview on the Influence of
Various Factors on the Properties
of Geopolymer Concrete Derived

From Industrial Byproducts
W.K. Part, M. Ramli and C.B. Cheah

Universiti Sains Malaysia, Penang, Malaysia

11.1 INTRODUCTION

Since the 1980s, the feasibility and the sustainability of utilizing ordinary
Portland cement (OPC) as primary construction material has been ques-
tioned extensively due to the environmental impact resulting from the
production of clinker, in particularly the greenhouse gas emissions and the
embodied energy of production [1,2]. In fact, the production of Portland
cement clinker from cement production plants worldwide emits up to 1.5
billion tons of CO, annually. This accounts for around 5% of the total man-
made CO, emissions and if this undesirable trend continues, the figure will
rise to 6% by 2015 [3-5]. Apart from OPC, sand and aggregate are also the
main constituent source materials in the production of concrete, which
originated from quarrying operations, which are both energy intensive
and produce a high level of waste materials. A shortage of natural resources
for construction materials in many developing countries has also led to
long-distance haulage of the materials and thus significantly increased the
life-cycle carbon emission and production cost of concrete. All of the above-
mentioned issues are against the context of sustainable development in the
construction industry. Hence, immediate remedy actions must be taken to
ensure sustainability in the construction industry [1].

The aforementioned issues prompted various studies in an attempt to
reduce the global carbon footprint, ranging from utilizing supplementary
cementitious materials as partial cement replacement materials [6—10]
to developing a whole new cementless binder, namely geopolymer
[11-15]. Geopolymer is an alternative cementitious material synthesized
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by combining source materials that are rich in silica and alumina such as
fly ash (FA), ground granulated blast furnace slags (GGBES) with strong
alkali solutions such as potassium hydroxide (KOH), sodium hydroxide
(NaOH). In many circumstances, soluble silicates such as sodium silicate
are also used as the primary alkali activator. Geopolymer binder is formed
when the dissolved AL, O3 and SiO, minerals undergo geopolymerization
to form a three-dimensional (3D) amorphous aluminosilicate network
with strength similar or higher than that of OPC concrete. Generally,
the mechanism of geopolymerization can be divided into three main
stages: (1) dissolution of oxide minerals from the source materials (usually
silica and alumina) under highly alkaline conditions; (2) transportation/
orientation of dissolved oxide minerals, followed by coagulation/gela-
tion; (3) polycondensation to form a 3D network of silicoaluminates
structures [16]. Based on the types of resultant chemical bonding, three
types of structures can be derived from the 3D aluminosilicate network:
poly(sialate) (-Si-O-Al-O-), poly(sialate-siloxo) (Si-O-Al-O-Si-O) and
poly(sialate-disiloxo) (Si-O-Al-O-Si-O-Si-O-) [17]. As most of the geo-
polymer’s source materials, e.g., FA and GGBFS, originated from the waste
stream of their respective industries, the carbon footprint of these materi-
als 1s extremely low compared to OPC.This is because processing energy
is incurred only during the posttreatment process, namely drying, milling,
and separation. This presents fellow researchers and concrete manufactur-
ers a very attractive avenue for reducing the carbon footprint of concrete
materials and the construction industry as a whole.

The potential of geopolymer binders to replace the traditional OPC
binders was further supported by the fact that there is abundance of indus-
trial byproducts generated in various industries that was found to be suit-
able to use as geopolymer source materials. These industrial wastes pose a
significant challenge in term of finding an ideal solution for disposal pur-
poses. For instance, pulverized fuel ash (PFA) or more commonly known
as FA, an industrial byproduct of the coal-burning power plant industry,
makes up 75-80% of global annual ash production [18]. With alkali activa-
tion, PFA can be used for production of geopolymer concrete with supe-
rior mechanical and durability properties as compared to OPC concrete
[19-21]. GGBEFS, a byproduct of pig-iron manufacture from iron ore, has
also found significant use in the production of high-strength geopoly-
mer concrete [22,23]. The use of palm oil fuel ash (POFA), waste mate-
rials derived from the burning of empty fruit brunches, oil palm shells
and oil palm clinker from the oil palm industry to generate electricity as
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geopolymer binder, has gathered pace in recent years. POFA is widely
used as a geopolymer binder especially in oil palm-rich countries such as
Malaysia and Thailand due to its increasing amount, which rendered the
disposal method by means of landfilling not economically and technically
feasible [4,11,24]. Other industrial byproducts, for example, rice husk ash
(RHA) from the rice milling industry, red mud (RM) from the alumina
refining industry, and copper and hematite mine tailings (MTs) from the
mining industry [14,21,25,26] have also found considerable use in the fab-
rication of geopolymer concrete.

With the ever-present problem of reducing the carbon footprint in the
construction industry, coupled with the problems of disposing of indus-
trial byproducts in various industries, there is a huge potential for geo-
polymeric binder to completely replace OPC for concrete production.
This marks the emergence of a new low-carbon binding material for
the production of concrete and ultimately ensuring the sustainability of
construction industry in terms of environmental perspective. The current
work aims to review the current research and development of geopoly-
mer concrete by identifying the governing factors that affect the various
properties of the resultant geopolymer concrete. Besides, the relationship
of these strength-determining factors with the eventual carbon footprint
of the end products is also assessed. This chapter is also constructed with
the aim to identify the various challenges presents in the geopolymer field
that must be overcome to ensure full-scale industrial implementation of
geopolymer technology. Some proposed solutions and recommendations
to address the various challenges are also included in the current chapter.

11.2 EFFECT OF CHEMICAL ACTIVATORS AND CURING
REGIME ON THE MECHANICAL, DURABILITY, SHRINKAGE,
MICROSTRUCTURE, AND PHYSICAL PROPERTIES OF
GEOPOLYMER

The efficiency of the alkali activation process of geopolymers is very
much dependent on the addition of chemical activators (sodium/
potassium hydroxide, soluble silicates, etc.) and also the curing regime
(heat treatment) employed on the hardened geopolymer concrete.
Strength development of geopolymers fabricated without the addition of
chemical activators or subsequent heat treatment is very slow, particularly
during the early stages. This renders the industrial application of geopoly-
mers, especially in precast industries, impractical. The following sections
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discuss in detail the importance or the effect of chemical activators’ addi-
tion and curing regime employed towards the mechanical, durability,
shrinkage, microstructure, and physical properties of geopolymers.

11.2.1 Mechanical Properties

Chemical-activator or alkali-activator solution plays a vital role in the
initiation of the geopolymerization process. Generally, a strong alkaline
medium is necessary to increase the surface hydrolysis of the aluminosili-
cate particles present in the raw material while the concentration of the
chemical activator has a pronounced effect on the mechanical properties
of the geopolymers [27,28]. On the other hand, the dissolution of Si and
Al species during the synthesis of geopolymer is very much dependent on
the concentration of NaOH, where the amount of Si and Al leaching is
mostly governed by the NaOH concentration and also the leaching time
[29]. Somna et al. [30] studied the compressive strength of ground fly ash
(GFA) cured at ambient temperature by varying the NaOH concentration
from 4.5 to 16.5 M. Results showed that by increasing NaOH concentra-
tions from 4.5 to 9.5M, a significant increase in the compressive strength
of paste samples can be observed, while the variation of NaOH concen-
trations from 9.5 to 14M also increases the compressive strength of paste
samples, but in a much lesser extent. The increase in compressive strength
with the increasing NaOH concentrations is mainly due to the higher
degree of silica and alumina leaching. The compressive strength of GFA-
hardened pastes starts to decline at the NaOH concentrations of 16.5 M.
This decrease in compressive strength is mainly attributed to the excess
hydroxide ions that caused the precipitation of aluminosilicate gel at very
early stages, thus resulting in the formation of lower-strength geopolymers.

Gorhan and Kurklu [19] investigated the influence of the NaOH solu-
tion on the 7 days compressive strength of ASTM Class F FA geopolymer
mortars subjected to difterent NaOH concentrations. Three difterent con-
centrations of NaOH (3, 6, and 9 M) were used throughout the laboratory
work while other parameters such as sand/ash ratio and sodium silicate/
NaOH (SS/SH) ratio was maintained constant. Based on the compressive
strength results acquired, the optimum NaOH concentration that pro-
duced the highest 7 days compressive strength of 22.0 MPa is 6 M. In the
aforementioned concentration, an ideal alkaline environment was provided
for proper dissolution of FA particles and at the same time the polycon-
densation process was not hindered. When the NaOH concentration is
too low at 3M, it is not sufficient to stimulate a strong chemical reaction,
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while the excessively high concentration of NaOH (9M) resulted in
premature coagulation of silica that in both cases culminated in lower-
strength mortars.

Eco-friendly geopolymer bricks were fabricated by Ahmari and
Zhang [25] using solely copper MTs and NaOH as the chemical activa-
tors. NaOH concentrations were varied from 10 to 15M to study the
effect of NaOH concentration on the unconfined compressive strength
(UCS) of cured geopolymer bricks. The authors reported that the UCS
of 15M NaOH specimens is higher than the 10 M NaOH counterparts
for all the mixtures due to the higher NaOH/MT ratio, which conse-
quently resulted in higher Na/Al and Na/Si ratios. This in turn produced
a much thicker geopolymer binder gel that binds the unreacted particles
and directly contributes to the UCS of geopolymer bricks.

According to Komljenovic et al. [31], the nature and concentration
of alkali activators is the most dominant parameter in the alkali activa-
tion process. The authors utilized five different types of alkali activators,
i.e., Ca(OH),, NaOH, NaOH + Na,CO3;, KOH, and Na,SiO3, with vari-
ous concentrations to fabricate FA-based geopolymer mortars. The curing
condition was made constant in order to eftectively study the influence of
types of alkali activators on the mechanical properties of the geopolymer
mortars. Based on the compressive strength results, the alkali activator that
possesses highest activation potential, i.e., highest compressive strength, was
Na,SiO3, followed by Ca(OH),, NaOH, NaOH + Na,COj;, and KOH.
The lower activation potential of KOH compared to NaOH was due to
the difference in ionic diameter difference between sodium and potassium.
Regardless of the types of alkali activators used, the compressive strength
generally increased with the increase in activator concentration. The
authors also concluded the optimum value of Na,SiO3; modulus was 1.5.
Anything higher than the prescribed modulus will have deleterious effects
on the compressive strength of geopolymer mortars.

While most of the research papers reported enhancement in compres-
sive strength with the increase in the concentration of chemical activators,
particularly NaOH [19,25,30,32], some research shows a total contrast in
compressive strength development. For example, a study done by He et al.
[14], which focused on RM-/RHA-based geopolymer concluded that a
higher concentration of NaOH had resulted in a decrease in the compres-
sive strength of the geopolymer. The possible reasons for the contrasting
trends could be attributed to (1) the high viscosity of NaOH solution due
to fact that the higher concentration disrupts the leaching of Si and Al
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ions, (2) excessive OH™ concentration results in premature precipitation of
geopolymeric gels, (3) the partially reacted/unreacted RHA particles due
to the incomplete dissolution of Si and Al species caused the deterioration
in the mechanical properties of the geopolymer produced.

The dissolution, hydrolysis, and condensation reaction of geopoly-
mers are greatly affected by the effective Si/Al ratios. In a low Si/Al ratio
geopolymer system, the condensation reaction tends to occur between
aluminate and silicate species, thus resulting in mainly poly(sialate) geo-
polymeric structures. On the other hand, the condensation reaction in a
high Si/Al system would result in a predominantly between-the-silicate
species itself, forming oligomeric silicates that in turn condense with
Al(OH,)*™ and form geopolymeric structures of poly(sialate-siloxo) and
poly(sialate-disiloxo) [16,33].

Sukmak et al. [34] studied the eftect of sodium silicate/sodium hydrox-
ide (Na,SiO3/NaOH) and liquid alkaline activator/FA (L/FA) ratios on
the compressive strength development of clay-FA geopolymer bricks
under prolonged curing ages. The Na,SiO3;/NaOH ratios used were 0.4,
0.7,1.0, 1.5, and 2.3 while the L/FA ratios used were 0.4,0.5, 0.6, and 0.7
by dry clay mass. The clay—FA geopolymer bricks were compressed using
a hand-operated hydraulic jack at the optimum water content to attain
maximum dry unit weight. The bricks were left to set at room tempera-
ture for 24h before being subjected to oven curing at 75°C for 48 h. The
compressive strength tests were performed after 7, 14, 28, 60, and 90 days
of curing. Results showed that L/FA ratios of less than 0.3 and greater
than 0.8 are not suitable for fabrication of clay—FA geopolymer bricks
as the strength i1s null at the aforementioned L/FA ratios. The optimum
values of Na,Si0O;/NaOH and L/FA ratios are 0.7 and 0.6, respectively.
The optimum Na,SiO;/NaOH ratio of 0.7 is less than that of FA-based
geopolymers as the clay possesses high cation absorption capability and
may have absorbed some of the NaOH added. The significant decrease in
strength for clay-FA geopolymer bricks with excessive alkali activator (L/
FA > 0.6) was claimed to be due to the precipitation of dissolved Si and
Al species at the early stages before the initiation of the polycondensa-
tion process, resulting in the formation of cracks on the FA particles. The
maximum compressive strength attained at the aforementioned optimized
specimens was approximately 15MPa at the age of 90 days. On the other
hand, Ridtirud et al. [35] reported the optimum SS/SH ratio for FA-based
geopolymer mortar to be 1.5. FA geopolymer mortars with SS/SH ratios
of 0.33, 0.67, 1.0, 1.5, and 3.0 achieved compressive strengths of 25.0,
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28.0, 42.0, 45.0, and 23.0 MPa, respectively. The increasing trend of com-
pressive strength is mainly attributed to the increasing Na content in the
mixture where the Na¥ ion plays a critical role in the formation of geo-
polymer by acting as a charge, balancing ions. However, excessive sili-
cate in the geopolymer system reduces its compressive strength as excess
sodium silicate hampered the evaporation of water and also disrupted the
formation of 3D networks of aluminosilicate geopolymers.

Various factors such as liquid alkaline/ash ratio, SS/SH ratio, and
NaOH concentration on the compressive strength of ground bottom ash
(GBA) geopolymer mortars were reported by Sathonsaowaphak et al. [32].
Besides, water and naphthalene-based superplasticizer (NCP) were also
incorporated into the mortar mixes in an effort to improve the work-
ability while maintaining the strength of the mortars. Results have shown
that the liquid alkaline/ash ratio, SS/SH ratio and NaOH concentration
values of 0.4209-0.709, 0.67-1.5 and 10 M, respectively, produced GBA
geopolymer mortars with high compressive strength and desired workabil-
ity. The authors also stressed that the addition of 10 M NaOH solution is
essential to the geopolymerization as the Na™ ions act as charge-balancing
ions while the NaOH solution increases the dissolution rate of silica and
alumina. While for POFA geopolymers, the optimum solid-to-liquid ratios
and SS/SH ratios to achieve highest compressive strength were reported
to be 1.32 and 2.5, respectively [36]. Higher presence of voids in solid to
liquid ratio less than 1.32 will adversely affect the compressive strength.
Also, SS/SH ratios more than 2.5 will cause excessive sodium silicate,
which hindered the geopolymerization process.

A proper adjustment of SiO,/Al,O; ratio in geopolymers by hybrid-
izing two different sources of aluminosilicate source material and adjust-
ment in hybridization ratios can improve the compressive strength
of geopolymers [14,21,37]. Nazari et al. [21] proposed an innovative
approach for large-volume recycling of rice husk-bark ash (RHBA),
which is a solid waste, generated by biomass power plants using rice husks
and eucalyptus bark as source of fuel. The proposed approach requires the
blending of RHBA (high silica source) with FA in order to modify the
chemical composition of the resultant geopolymer. Sodium silicate and
varying concentration of NaOH (4, 8, and 12M) were used as chemi-
cal activators for solidification and stabilization of the RHBA-FA blend.
SS/SH ratio and chemical activator to FA-RHBA mixture were fixed at
2.5 and 0.4, respectively. RHBA was added to the mixture at replacement
levels of 20%, 30%, and 40% by total binder weight. The specimens were
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tested after being subjected to 80°C oven curing for 36 h upon precuring
duration of 24h. The authors concluded that at all FA replacement levels,
the compressive strength of FA-RHBA geopolymer increased proportion-
ally with the concentration of NaOH. Moreover, RHBA-FA geopolymer
with FA replacement level of 30% using RHBA at any concentration of
NaOH exhibited the highest compressive strength among the various
geopolymer mixes examined. The compressive strength of geopolymer
with the aforementioned FA replacement level by RHBA and varying
NaOH concentrations was found to range between 20 and 30 MPa.

Besides the SS/SH ratio, it is also very important to study the effect of sil-
ica modulus (M,) of the activator and its relationship with the SS/SH ratio in
order to maximize the strength and also the economy aspect in the synthesis
of alkali-activated binders [38,39]. M, determines the amount of soluble sili-
cates present and 1s crucial in controlling the dissolution rate and also the gela-
tion process during geopolymerization, which in turn has a significant effect
on the strength development of the hardened geopolymer mixes. However,
the appropriate M, varied for different geopolymer systems comprising of dif-
ferent source materials, 1.e., different chemical composition, indicates the need
to understand the suitable M, for each category of geopolymer. For instance,
Guo et al. [40] attempted to evaluate the influence of the M, and the content
of alkali activator on the compressive strength of Class C Fly Ash (CFA)-based
geopolymer. Mixtures of sodium silicate and sodium hydroxide were used as
the alkali activator for the CFA geopolymer (CFAG). The silica—alkali modu-
lus of the alkali activator was varied from 1.0 up to 2.0 while the content of
alkali activator was based on the mass proportion of Na,O to CFA and ranged
between 5% and 15%. From the results acquired, both the silica—alkali modu-
lus and content of alkali activator were proven to be equally crucial for the
strength development of CFAGs.The optimum modulus and content of alkali
activator values were found to be 1.5% and 10%, respectively, which yielded 3,
7,and 28 days compressive strength values of 22.6, 34.5, and 59.3 MPa, respec-
tively when cured under normal room temperature (23°C).

Law et al. [39] suggested that the optimum M, for class F FA based
geopolymer concrete is 1.0, and that further increase in M, does not bring
about any significant increase in compressive strength. The authors sug-
gested that at M, > 1.0, either all the FA particles have been dissolved,
or any increase in M, beyond 1.0 does not result in further dissolution
of the protective crust on the FA particles developed from the precipita-
tion of the geopolymerization reaction products. Yusuf et al. [38] found
that the strength of alkaline-activated ground steel slag/ultrafine (AAGU)
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POFA with various M, ranging from 0.915 to 1.635 to be insignificant,
with M, = 0.915 yielded compressive strength of 69.13 MPa while M, =
1.635 yielded compressive strength of 65 MPa.

Generally, compressive strength can be correlated with the modulus
of elasticity, where a higher degree of geopolymerization brings about a
denser geopolymer matrix, which in turns resulted in higher compressive
strength and modulus of elasticity [41]. Chemical activators have a pro-
nounced effect on the compressive strength development of geopolymer
concrete. However, other mechanical properties such as modulus of elas-
ticity of the resultant geopolymer concrete do not depend entirely on the
chemical activator dosage [42]. It was found that modulus of elasticity was
governed by the amount of aggregate present in the geopolymer concrete
mixtures. A proper adjustment in the total aggregate content and also the
ratio of fine aggregate to total aggregate can result in geopolymer concrete
with equal or higher modulus of elasticity compared with OPC con-
crete [18]. In separate studies, it was reported that the high silicate content
might increase the elasticity of geopolymer concrete, subsequently result-
ing in a lower modulus of elasticity than OPC concrete [43,44]. Topark-
Ngarm et al. [41] reported high-calcium FA geopolymer concrete can
exhibit similar or higher modulus of elasticity with a lower SS/SH ratio,
corresponding to a higher amount of Na,O.

It 1s well known that conventional geopolymers require heat treatment
in order to attain similar or higher compressive strength in comparison
with OPC concrete [14,23,24,45,46]. Heat treatment is beneficial towards
the dissolution and geopolymerization of aluminosilicate gel, which results
in high early-strength gain [47]. It also helps in accelerating the dissolution
of silica and alumina species and the subsequent polycondensation pro-
cess. However, the heat-curing regime applied must be appropriate in such
a way that it provides an ideal condition for the proper dissolution and
precipitation of dissolved silica and alumina species. Geopolymerization
might be hindered upon exceeding certain temperature and heat treat-
ment period, depending on the source material, which in turns adversely
affect the mechanical properties of the geopolymers [14,21,25]. Difterent
types of heat treatment and curing environment such as steam and auto-
clave curing [22], saline-water curing [20] and even microwave-assisted
curing regime [48] have been employed in order to maximize the poten-
tial and capacity of geopolymerization.

He et al. [14] studied the effect of curing period on the compressive
strength of geopolymer paste derived from two industrial wastes, namely
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RM and RHA. The geopolymer paste was activated using 4M NaOH
with the constant solution-to-solid weight ratio of 1.2. The RHA/RM
ratio was fixed at 0.4. Upon casting, the geopolymer pastes specimens
were left to cure at room temperature and atmospheric pressure for the
periods of 14, 28, 35, 42, and 49 days before being subjected to compres-
sion test. The following conclusions were derived from the experimen-
tal study: (1) a near constant compressive strength value of 11.7 MPa was
obtained at the testing age of 35 days, which implies that the geopolymer-
paste specimens have only achieved complete geopolymerization at that
particular time frame; (2) the slower rate of RM and RHA geopolymer-
ization compared with other geopolymer source materials such as FA and
metakaolin (MK)-based geopolymer is due to the dominant crystalline
solid phases in RM, which acted as unreactive fillers; the larger particle
size of RHA, which slows down the rate of dissolution; and also the con-
siderable amount of impurities present in both RM and RHA, which may
cause a deleterious effect on the geopolymerization rate.

The effect of curing temperature on the compressive strength of
FA-RHBA geopolymer was studied by Nazari et al. [21]. FA was replaced
by RHBA at three replacement levels of 20%, 30%, and 40% by total
binder weight. The FA-RHBA geopolymer mixtures were activated by
sodium silicate and NaOH with sodium silicate/NaOH of 2.5, NaOH
concentration of 12M and alkaline activator/ash ratio of 0.4. A precur-
ing period of 24h was allowed upon casting to increase the homogene-
ity of geopolymeric materials before the application of heat curing. After
the precuring period, the geopolymer samples were subjected to 50-90°C
oven curing for 36 h. From the results of compressive strength the follow-
ing conclusions were made: (1) the optimum curing temperature for all
the mixtures at both 7 and 28 days of curing is 80°C; (2) compressive
strength of samples cured at higher temperature 1.e., 90°C, start to decrease
after certain period of time. This is because prolonged curing at high
temperature could destroy the granular structure of geopolymer. High-
temperature curing had also resulted in dehydration of the geopolymer
matrix and subsequently excessive shrinkage due to contraction of the
polymeric gel; (3) compressive strength as high as 58.9 MPa after 28 days
of curing was achieved for the geopolymer mixture with FA replacement
level of 30% cured at 80°C for 36 h.

An experimental study on the effect of curing temperature on the
UCS of copper MTs-based geopolymer bricks showed that the optimum
curing temperature that produced the highest UCS geopolymer bricks is
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90°C. Any temperature higher than that will cause a drastic drop in UCS
of the geopolymer bricks. The authors concluded that too high a tem-
perature will cause a rapid polycondensation process and excessive early
formation of geopolymeric gels, which will hinder the dissolution of
unreacted silica and alumina species. Also, excessively high curing tem-
perature will cause rapid evaporation of pore solutions and may result
in an incomplete geopolymerization. The optimum curing temperature
yielded geopolymer bricks with UCS of approximately 15MPa [25]. On
the other hand, Ridtirud et al. [35] concluded that higher curing tempera-
ture, 1.e., 60°C, will give rise to a rapid strength development during the
early ages of curing, i.e., 7-28 days. Upon 28 days of curing, the strength
development was deemed insignificant for higher curing temperature. The
initial curing at elevated temperature accelerates the geopolymerization
reaction and thus the strength of the resultant geopolymer was improved.

Giasuddin et al. [20] discovered the potential of geopolymeric binder
in replacing traditional oil-well cements in CO, geosequestration in saline
aquifer. The slag-added FA-based geopolymer was cured in three different
curing environments, i.e., water curing, saline-water curing (8% and 15%
concentration), and sealed curing. American Petroleum Institute (API)-
recommended class G oil-well cement was fabricated for benchmarking
purposes. From the 28-days compressive strength results, it can be con-
cluded that (1) saline water cured geopolymer specimens exhibited higher
compressive strength as compared to water-cured geopolymer specimens,
while the oil-well cement specimens showed a contrasting trend as com-
pared to their geopolymer counterpart specimens; (2) for geopolymer
specimens, the compressive strength of specimens cured in sealed condi-
tion is consistently higher as compared to water-cured and saline-water-
cured specimens; (3) the variation in compressive strength with different
curing environments was attributed to the leaching out of alkali-activator
solution and other useful reactants from the geopolymer specimen to the
surrounding curing medium.

Aydin and Baradan [22] studied the effect of steam and autoclave cur-
ing on the compressive strength of alkali-activated slag (AAS) mortars. In
this study, GGBES with low hydration modulus (HM) of 1.33 was used.
The slag was activated using the mixture of NaOH and Na,SiOj in dif-
ferent proportions to obtain different M, values and different Na,O con-
tent. Aggregate-to-binder (cement or GGBFS) and water-to-binder ratio
were fixed at 2.75 and 0.44 respectively for all the mixtures. One batch of
specimens was kept in a humidity cabinet for 5h before being subjected
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to steam curing at 100°C for 8h. Another batch of specimens was kept
in humidity cabinet for 24h and subsequently autoclaved at 210°C and
under 2.0 MPa pressure for 8h. The compressive strength results of AAS
mortars were then compared with a standard PC mortar. The following
conclusions were derived: (1) Compressive strength values in the range of
15-90MPa were achieved by steam cured AAS mortars, despite using low-
HM GGBFS; (2) compressive strength values of steam-cured AAS mortars
were significantly higher than the PC mortars when the Na,O and M val-
ues are higher than 4% and 0.4, respectively; (3) high-performance AAS
mortars with compressive strength value of 70 MPa can be achieved using
a mere 2% Na,O (by weight of slag) under autoclave curing; (4) compres-
sive strength of autoclaved PC mortar was found to be significantly lower
than its steam-cured AAS counterpart due to the formation of crystalline
structure o-calcium silicate hydrate (a-C,SH) under high temperature and
pressure, which caused the increase in porosity and reduction in compres-
sive strength; (5) autoclave curing was found to be more favorable for acti-
vator solutions with low Na,O concentrations and low M, ratios while
steam curing is more favorable for activator solutions with high M ratios.

Chindaprasirt et al. [48] proposed a method of reducing the heat-
treatment period of high-calcium FA geopolymer paste. The results
showed that by subjecting the paste sample to microwave heating of 5 min
plus conventional oven curing for 6h at 60°C, the compressive strength
obtained was higher if compared to paste samples cured at 60°C for 24 h
without microwave treatment. Tables 11.1 and 11.2 summarize the effect
of the chemical activator and curing regime on the mechanical properties
of geopolymers.

11.2.2 Dimensional Stability and Durability Properties

The effect of chemical activator (SS/SH ratio, NaOH molarity, etc.) and
curing regime on the dimensional stability and durability properties of
geopolymers has an indirect relationship with the mechanical proper-
ties exhibited by the geopolymers. Generally, geopolymers with excellent
mechanical properties will exhibit superior dimensional stability and dura-
bility properties if compared with geopolymers with inferior mechanical
properties [22,35,39,48].

Ridtirud et al. [35] investigated the effect of NaOH concentration
and sodium-silicate-to-NaOH (SS/SH) ratio on the shrinkage of ASTM
class C FA geopolymer mortars. In order to determine the influence of
NaOH concentration, SS/SH ratio of 0.67 and NaOH concentrations of



Table 11.1 Effect of chemical activator on the compressive strength of geopolymer concrete

Types of geopolymer Chemical activator Compressive Primary findings
SS/SH NaOH M, strength
ratio concentration
FA-based
Gorhan and Kurklu [19] 0.4-2.3 3-9M 12-23 MPa 6 M NaOH optimal
Sukmak et al. [34] 10M 4-14MPa SS/SH ratio of 0.7 optimal
Somna et al. [30)] 0.33-3.0 4.5-16.5M 7-25MPa Strength increased from 4.5 to 14M
NaOH, but decreased at 16.5M NaOH
Ridtirud et al. [35] 7.5-125M 25—-45MPa SS/SH ratio of 1.5 and 7.5M NaOH
optimal
Guo et al. [40] 1.0-2.0 5.0-63.4MPa | M, of 1.5 optimal
Law et al. [39] 10M 0.75-1.25 39-57.3MPa | M, of 1.0 optimal
RHA/RHBA-based
He et al. [14] 2.5 2-6M 8—-15MPa 2M NaOH optimal
Nazari et al. [21] 4-12M 20-30 MPa 12M NaOH optimal
Songpiriyakij et al. [49] 0.5-2.5 14 and 18 M 34-56 MPa 18 M NaOH optimal
Detphan and Chindaprasirt [50] | 1.9-5.5 15—40 MPa SS/SH ratio of 4.0 optimal
POFA-based
Salih et al. [36] 0.5-3.0 10M 7-32MPa SS/SH ratio of 2.5 optimal
Yusuf et al. [38] 10M 0.915-1.635 | 65-69 MPa M of 0.915 optimal but insignificant
MT-based
Ahmari and Zhang [25] 10-15M 4-34MPa 15M NaOH optimal




Table 11.2 Effect of curing regime on the compressive strength of geopolymer concrete

Types of geopolymer Curing regime Compressive Primary findings
strength
FA based
Giasuddin et al. [20)] 10—12h room temperature curing upon 49-91 MPa Sealed-condition curing optimal, followed
casting, followed by saline-water, normal- by saline-water and normal-water
water, and sealed-condition curing curing
Nazari et al. [21] 24 h precuring period after casting followed 49-60 MPa 80°C oven curing optimal
by 36 h 50-90°C oven curing
Ridtirud et al. [35] 25°C, 40°C, and 60°C curing for 24 h after 22-53 MPa 60°C oven curing optimal (applicable for
1h of precuring period 7 and 28 days strength development)
Chindaprasirt et al. [48] 24h 65°C curing; 5min microwave curing + 20-42.5 MPa 5min microwave curing + 6h 65°C
3/6/12h 65°C curing; ambient curing optimal
temperature curing
Slag-based
Aydin and Baradan [22] — Steam curing (5h humidity cabinet curing 15-90 MPa Steam-cured specimens exhibited higher
followed by 100°C steam curing for 8 h) strength than autoclaved specimens
— Autoclaved curing (24 h humidity cabinet
curing followed by 210°C, 2.0 MPa
autoclaved curing for 8 h)
MT-based
Ahmari and Zhang [25] 7 days 60—120°C oven curing after casting 4-34MPa 90°C oven curing optimal
RHBA based
He et al. [14] Cured at room temperature after casting for 2-12MPa Optimum strength achieved at 35 days of

14, 28, 35, 42, and 49 days

curing
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7.5, 10.0, and 12.5M were used. While for the influence of SS/SH ratio,
geopolymer containing 10M of NaOH and SS/SH ratios of 0.33, 0.67,
1.0, 1.5, and 3.0 were examined. Sand-to-FA ratio of 2.75:1, liquid-to-
ash ratio of 0.6, and curing temperature of 40°C were used for the afore-
mentioned series of tests. The authors concluded that the shrinkage of FA
geopolymer mortars increased with higher NaOH concentration mainly
due to the low strength of the corresponding mortar samples. On the
other hand, the increase in the SS/SH ratio produces geopolymer with
significantly lower values of shrinkage as the high silica-to-alumina ratio
with high SS/SH ratio gives rise to rapid geopolymerization reaction or
condensation of geopolymer. Thus, the increase in shrinkage was gener-
ally associated with the low strength development of geopolymers. The
authors also studied the effect of curing temperature on the shrinkage
properties of ASTM class C FA geopolymer mortars. The results show
that FA geopolymer mortars subjected to higher curing temperature, i.e.,
40°C and 60°C, had undergone a significantly lower degree of shrinkage
as compared to geopolymer mortars cured at ambient temperature, i.e.,
23°C.The lower shrinkage at higher curing temperature is associated with
the higher strength value as a result of accelerated heat curing for 24 h.
The authors also highlighted the significantly low shrinkage value after
three weeks for samples cured at all three temperatures. This shows that
the geopolymer mortars have high potential for commercialization espe-
cially for the precast structural element industry.

However, the variations in M, were found to have no significant effect
on the chloride diftusivity of class F FA based geopolymer concrete and
are comparable to those of OPC concrete [39]. The authors predicted
that the long-term chloride resistance of geopolymer concrete would be
lower if compared with OPC concrete owing to the lower strength incre-
ment over time of the geopolymer concrete. The attempted investigation
of long-term chloride resistance of geopolymer concrete by the authors
using rapid chloride permeability test (RCPT) was proven to be futile as
the geopolymer specimens exhibited a rapid rise in temperature during
testing which is against Ohm’s law, implying that RCPT is not a suitable
testing method to evaluate the chloride resistance of geopolymer concrete.

Aydin and Baradan [22] studied the effect of steam curing and autoclave
curing on the drying shrinkage of AAS mortars. A standard OPC mor-
tar was fabricated and used for comparison with all other heat-cured AAS
mortars. Besides, a group of OPC and AAS mortars were cured in standard
water conditions and used for comparison purposes. Upon heat treatment,
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the specimens were left to be cooled to room temperature and the length
changes of the specimens were measured periodically up to 6 months.
The authors concluded that (1) drying shrinkage values of AAS mortars
were higher as compared to PC mortars in all curing conditions; (2) dry-
ing shrinkage values of AAS and PC mortars were reduced upon heat cur-
ing; (3) reduction of drying shrinkage values of AAS mortars upon being
subjected to heat curing is more significant as compared to heat-cured PC
mortars; (4) generally, autoclave curing was found to be more effective in
reducing the drying shrinkage of AAS and PC mortars than steam curing.
The sulfate and acid resistance of high-calcium FA geopolymer paste
was greatly enhanced by using the microwave-assisted heat-curing method
to cure the paste sample. Microwave radiation is thought to enhance the dis-
solution rate of Si and Al species from the FA particles by the rapid and uni-
form heating of the aqueous alkaline solution by microwave energy, leading
to multiple gel formation, and subsequently a denser, stronger, and durable
matrix was formed if compared to the conventional oven heat curing [48].

11.2.3 Microstructure of Geopolymer Matrix

Mineral phases of GFA using different NaOH concentrations (4.5—
16.5M) as chemical activator were investigated by Somna et al. [30]. The
authors observed that at low NaOH concentrations, i.e., 4.5 and 7.0M,
the X-ray diffraction (XRD) pattern is somewhat similar to GFA paste
without any addition of NaOH, suggesting that the degree of geopoly-
merization is low. The presence of crystalline silicate and aluminosilicate
compounds was detected at higher NaOH concentrations (9.5-14.0 M).
At NaOH concentrations of 16.0M, crystalline products of aluminosili-
cate compound at around 34° and 38° (260°) disappeared. The observation
is probably due to the excess hydroxide ion concentration, which caused
the aluminosilicate gel to precipitate at very early stages, hindering the
polycondensation process.

Hanjitsuwan et al. [12] reported similar mineralogical phases in high-
calcium lignite FA where the amorphous phase was indicated by the
broad hump between 20° and 38° while the crystalline phases were indi-
cated by sharp peaks mainly consisted of quartz (SiO,), hematite (Fe,O3),
anhydrite (CaSO,), magnesioferrite (MgFe,Oy,), and calcium oxide (CaO).
Upon alkali activation by NaOH (8, 10, 12, 15, and 18 M), the broad
hump was shifted to around 25°-38°, which is indicative of the existence
of alkaline aluminosilicate gel and C-S-H gels due to the high calcium
content of the FA. The new phases occurring in the alkali-activated FA



Overview on the Influence of Various Factors on the Properties of Geopolymer Concrete 279

include portlandite (Ca(OH),), sodium sulfate (Na,SO,) and hydrosoda-
lite (Nay-Al;Si304,(OH)). The peak intensity of C-S-H and hydrosodalite
increased as the NaOH concentration increases indicating that both the
aforementioned phases are the governing factors in the strength develop-
ment of high-calcium lignite FA geopolymers. Following the optimization
of the modulus (Si0,/Na,O) and content (Na,O/CFA) of alkali activator
which were determined to be 1.5% and 10%, respectively, the mineralogi-
cal phases of the optimized CFAG specimen were evaluated using XRD
and compared against the pure CFA sample. The major components of
pure CFA consisted of mullite, quartz, anhydrite, and {~-CaO. Upon geo-
polymerization, a broad and amorphous hump between 20° and 40° (20)
appeared in the XRD pattern of CFAG, which included both geopoly-
meric gels and calcium silicate hydrate (C-S-H). This finding suggested
that the geopolymeric and hydrate reaction occurred concurrently in a
single CFAG system [40]. Similar findings where the coexistence of geo-
polymer gel and C-S-H gel were also observed in high-calcium FA-based
geopolymer system can be found in Refs. [12,13,51,52].

Komljenovic et al. [31] analyzed the X-ray diffractograms of different
sources of FA geopolymer pastes activated using sodium silicate with dif-
ferent M, and concentrations. All the geopolymer pastes were cured for
1 day at 20°C followed by 6 days at 55°C. The M, used were 0.5 and
1.5 while the concentration of sodium silicate used was 8% and 10%. The
M of sodium silicate was adjusted accordingly by adding NaOH. Zeolite
morphological phases of faujasite was found in the geopolymer speci-
mens with low M, of 0.5 but disappeared in the 1.5 M, specimens, regard-
less of sodium silicate concentrations, as can be seen in Fig. 11.1. With
the increase in the concentration of sodium silicate, the crystallization of
zeolites were slowed down as the alkali-activation process was acceler-
ated due to the higher amount of dissolved silicon in the solution, result-
ing in the formation of amorphous phases as the only reaction products.
The authors also concluded that the reduction or absence of crystalline
product had contributed to the higher compressive strength of the geo-
polymers. Similar findings were observed on the alkali-activated POFA
paste where the authors concluded that the intensity of main crystalline
peaks originated from the grounded POFA was found to be reduced
upon alkali-activation process which corresponded to the higher-strength
POFA geopolymer paste [36].

Somna et al. [30] performed Fourier transform infrared spectroscopy
(FTIR) analysis on GFA with various NaOH concentrations (4.5-16.5M)
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Figure 11.1 X-ray diffractogram of various FA activated by sodium silicate with various
modulus (n) and concentrations [31].

cured at ambient temperature. The IR spectrum of GFA consists of an
intense band at 450cm™' (Si-O-Si bending vibration) and 1180cm™
(Si-O-Si and Si-O-Al asymmetric stretching vibration). A downward shift
of intensity band at 1180cm™
for all the samples upon the addition of NaOH. This downward-shifting
pattern was due to the rise in the tetrahedrally positioned Al atom pres-

to around 972-990cm™! was observed

ent in the geopolymer system and is also indicative that geopolymerization
of NaOH-activated GFA has taken place. There is also the existence of a
newly formed broad band around 1650 cm™" and 3480 cm™" in the NaOH-
activated GFA samples, which is associated with the stretching vibration of
—OH and bending vibration of O-H-O due to the geopolymerization of
NaOH-activated GFA into geopolymer pastes. Similar adsorption bands
were reported by other authors using class C FA (CFA) [40].

The effect of curing temperature and the initial heat-curing dura-
tions on the morphology of clay-FA geopolymer bricks were evaluated
by Sukmak et al. [34]. The formation of microcracks was clearly seen in
specimens cured at high temperature, i.e., 85°C, even at a relatively short
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micrograph

Figure 11.2 Scanning electron microscopy (SEM)
polymer brick cured at 85°C for 24 h [34].

curing duration of 24h (Fig. 11.2). Similar microcrack development was
observed for the specimens cured at lower temperature (75°C) but much
longer curing durations (72h) and is illustrated in Fig. 11.3. Both micro-
crack formations were very much related to the substantial loss of mois-
ture and pore fluid from the geopolymer matrix, which induced excessive
shrinkage during drying and subsequent loss of structural integrity of the
clay-FA geopolymer matrix [53,54].

SEM analysis was performed by Aydin and Baradan [22] to study the
microstructure characteristic of steam- and autoclave-cured AAS mortars.
NaOH and Na,SiO; were used as alkali-activation agents. Na,O content
was fixed at 6% while silicate modulus (M) values varied between O and
1.2. The microstructure of steam-cured AAS mortars was transformed
from a porous structure into a well-packed and homogencous structure
with the increasing M, value. However, the crack intensity of the matrix
phase is higher for higher M value due to the tension generated during
shrinkage [55]. As opposed to steam curing, autoclave-cured specimens
exhibited a dense and well-packed structure especially for M, values of O
and 0.4. No significant microcracks were observed at the aggregate matrix
interface for all the autoclave-cured specimens. The main reaction prod-
ucts for both steam- and autoclave-cured AAS mortars are Na-substituted
C-S-H, though a lower Ca/Si ratio for the C-S-H was observed for the
autoclave-cured AAS mortars.
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Figure 11.3 SEM micrographs of 28 days clay-FA geopolymer bricks cured at 75°C for
(A) 24h, (B) 48h,and (C) 72h [34].

Guo et al. [40] analyzed the micrographs (Fig. 11.4) of pure class C
FA (CFA) and also the optimized CFAG. The optimized CFAG was based
on the M, and content (Na,O/CFA) of alkali activators of 1.5% and 10%,
respectively. The morphology of CFA (Fig. 11.4A) showed a series of
spherical vitreous particles with varying sizes, similar to that of class F FA.
Upon geopolymerization, the partial dissolution of CFA particles can be
clearly seen in Fig. 11.4B and the cavities of the broken CFA particles
seem to be filled with a large amount of microparticles of the reaction
products (Fig. 11.4C). Also, the energy-dispersive X-ray analysis con-
firmed the main geopolymeric gel existed in CFAG is (Na)-poly(sialate-
disiloxo-), i.e., Na,~(Si-O-Al-O-Si-O-Si-O-),-. The geopolymeric gels
were also found to be coexistent with C-S-H gels and some unreacted
CFA spheres (Fig. 11.4D).

Komljenovic et al. [31] studied the effect of different M, on the ele-
mentary composition of sodium silicate—activated FA geopolymers. When
the modulus of sodium silicate increased, the Si/Al atomic ratio of the
reaction products also increased, while the Na/Si and Na/Al decreased
as can be seen in Table 11.3. Based on the compressive strength results
obtained in the study, the authors concluded that higher compressive
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10 um

Figure 11.4 SEM images of (A) pure CFA powder, (B) the reactive CFA sphere, (D) the
reactive area A of the CFA sphere in SEM image (B), and (D) CFAG cured at 75°C for 8h
followed by curing at 23°C for 28 days [40].

Table 11.3 Average content of different elements (atomic %)
and their ratios in the reaction products of FA + Na,0-nSiO,
(10% Na,0) [31]

Elements and ratios SiO,/Na,0
0.5 1.5

Si 10.25 17.40
Al 3.95 5.91
Na 11.66 441
Ca 2.32 2.62
Fe 0.87 0.98
Si/Al 2.64 3.16
Na/Si 1.98 0.26
Na/Al 4.47 0.86

strength is directly related to higher modulus value, which in turns is also
directly related to the higher Si/Al atomic ratio of the reaction prod-
ucts. Yusuf et al. [38] reported that M, has a significant effect on the bond
characteristic, structural units of reaction products, amorphosity, and also
the morphology of the products. The authors concluded that (1) the
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high-silica modulus (HSM) system contained more polymerized alu-
minosilicate structure due to attachment of more Al than the low-silica
modulus (LSM) system, thus the HSM system has the tendency to form
products resembling calcium-(alumino) silicate hydrate (C-(A)-S-H) while
the LSM system tends to form calcium silicate hydrate (C-S-H); (2) the
HSM system yielded products with higher amorphosity than the LSM
products; and (3) the HSM paste sample exhibited morphology that was
denser, more compact, and segmental than LSM paste sample due to the
lower volume of residual water present in the latter system.

The effect of curing temperature and duration on the apparent poros-
ity of ASTM class F FA geopolymer mortars activated by water glass and
NaOH were evaluated by Gorhan and Kurklu [19]. Geopolymer mortars
were subjected to 65°C and 85°C oven curing for 2, 5, and 24 h after being
molded. Results show that both the curing temperature and time have sig-
nificant effect on the apparent porosity of geopolymer mortars. Similar find-
ings where water absorption has a direct influence on the apparent porosity
of geopolymer have been reported [56,57]. From the results acquired, the
following conclusions were made: (1) the increase in curing time consis-
tently reduces the apparent porosity of geopolymer mortars cured at con-
stant temperature of 85°C; (2) the samples cured at 65°C have a more
porous structure as compared to their counterparts, which were cured at
85°C, with the former exhibiting apparent porosity range of 26.1-29.2%
while the latter have the apparent porosity range of 25.3-29.8%; (3) suf-
ficient while not excessive curing temperature and time play an important
role in the pore structure development in geopolymer mortars.

The Mercury Intrusion Porosimetry (MIP) analysis carried out to
study the pore-size distribution of steam- and autoclave-cured AAS mor-
tars showed that steam curing caused a coarser pore-size distribution
(>25nm). Meanwhile, autoclave-cured specimens exhibited a finer pore-
size distribution. This is due to the formation of C-S-H with lower Ca/
Si ratio, which has denser matrix structure. Moreover, the higher degree of
slag grains hydration and the stronger aggregate—matrix interface of auto-
clave-cured specimens had also contributed to the finer pore-size distribu-
tion [22].

11.2.4 Rheological and Physical Properties of Geopolymer

Rheological properties (initial and final setting time and flow test) and phys-
ical properties of geopolymers were found to be influenced by the nature
and complex of geopolymerization process, which in turn was governed
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mostly by the chemical activator and also the curing regime employed
[12,58=61]. The setting time of high-calcium FA geopolymer pastes was
found to increase proportionally with increasing the NaOH concentra-
tion up to 18M of NaOH concentration. The leaching of Ca®* to the
pore solution at low NaOH concentration was not disrupted significantly
which enables sufficient dissolved Ca®" in the system for the formation of
calcium silicate hydrate (C-S-H) and calcium aluminate hydrate (C-A-H)
gels. While at higher NaOH concentration, the hardening and setting of the
paste is governed by the geopolymerization process, which usually occurred
in a slower rate as compared with CSH- and CAH-dependent cementitious
systems, thus resulting in a higher setting time [12].

Sathonsaowaphak et al. [32] performed flow tests on fresh GBA geo-
polymer mortars with various liquid alkaline/ash ratio, sodium silicate/
NaOH ratio, and NaOH concentration. The workable range of liquid
alkaline/ash ratios was found to be in between 0.429 and 0.709. Higher
liquid alkaline/ash ratios give rise to a more workable geopolymer mix
due to lower particle interference and also larger interparticle distance.
On the other hand, the workable range of sodium silicate/NaOH ratios
and NaOH concentration lies between 0.67 and 1.5 and 7.5 and 12.5M,
respectively. The increase in sodium silicate/NaOH ratio and NaOH con-
centration resulted in less workable mortar mixes owing to the higher
viscosity of sodium silicate and NaOH. It is also recommended that the
amount of sodium silicate in the mortar mixes should be kept as low as
possible for economic reasons, while at the same time does not compro-
mise the workability and also the strength of the geopolymer mortars.

A higher amount of efflorescence was observed in POFA geopolymer
paste samples that contained lower solid-to-liquid ratios and lower
sodium-silicate-to-sodium-hydroxide ratios [36]. Higher Na ions in lower
sodium-silicate-to-sodium-hydroxide ratios and lower solid-to-liquid
ratios samples have higher tendency of alkaline leaching-out phenomena
on the specimen’s surface due to the weakly bound Na ions in the nano-
structure of geopolymer gel.

11.3 EFFECT OF PARTICLE-SIZE DISTRIBUTION OF
BINDER PHASE AND ADDITIVES ON THE PROPERTIES
OF GEOPOLYMER

Besides the adjustment in the chemical activator and curing regime, the
nature and also the fineness of the geopolymer source materials play a
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crucial role in the strength development, durability properties, and micro-
structure of the resultant geopolymer matrices. Several authors have
come to an agreement that the variation of particle-size distribution of
the binder phase poses a significant effect on the compressive strength,
physical properties, durability properties and microstructure of the resul-
tant geopolymer paste [14,62]. Generally, the binder phase with finer
particle-size distribution will have a higher reactivity and subsequently
produce geopolymer paste which has denser microstructure, higher com-
pressive strength, and refined physical properties [21,50]. For instance,
Chindaprasirt et al. [51] reported an improvement in drying shrinkage for
geopolymer mortars fabricated using fine high-calcium FA as geopolymer
source material. The authors also suggested that high-calcium geopolymer
mortars exhibited 1000% improvement in term of drying shrinkage in
comparison with OPC mortars, proving the excellent dimensional stabil-
ity of high-calcium FA geopolymers.

In order to achieve an efficient geopolymer synthesis, one must find
or achieve an ideal balancing between the essential elements during the
geopolymerization, i.e., Si0,, Al,O3, Na,O, and most recently CaO. One
of the ways of finding the ideal balancing of the aforementioned elements
is by the addition of commercially available additives such as calcium
hydroxide (Ca(OH),), aluminum hydroxide (Al(OH)3), silica fume (SF),
nano-Si0,, nano-Al, O3, etc. [11,13,63,64]|. Some researchers utilized a
“waste-to-waste” stabilization technique by incorporating waste materials
such as flue gas desulfurization gypsum (FGDG) and Al-rich waste sludge
to achieve a more efficient geopolymerization [52,65]. The addition of
difterent types of fibers, polymer resin, superplasticizers (SPs), and nano-
materials was also found to greatly enhance the properties of geopolymers,
particularly the mechanical properties such as flexural strength, splitting
tensile strength and also the modulus of elasticity [13,66—-69].

The influence of particle-size distribution of binder phase and addi-
tives on the mechanical, durability, physical, and microstructure properties
of geopolymers derived from industrial byproducts will be deliberated in
detail in the following sections.

11.3.1 Mechanical Properties

Nazari et al. [21] investigated the effect of particle-size distribution on
the compressive strength of FA-RHBA based geopolymers. The FA and
RHBA were sieved and ground into two different particle sizes. The aver-
age particle sizes obtained for FA were 75 and 3pm while for RHBA,
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average particle sizes of 90 and 7pum were obtained. The finer FA and
RHBA were denoted fF and fR while the coarser FA and RHBA were
denoted cF and cR. A total of four series of geopolymer samples based
on the difterent particle sizes of FA and RHBA as illustrated in Table 11.4
were fabricated and subjected to compressive strength tests at the curing
ages of 7 and 28 days. Generally, specimens made with fine FA and fine
RHBA particles (fF-fR series) exhibited the highest compressive strength
regardless of curing ages. This is due to the fact that finer particles are
more capable of filling pores, and hence, resulted in a denser and more
compact geopolymer paste structure that can sustain higher applied load
prior to ultimate failure. This finding was further strengthened when the
fF-cR series yielded higher compressive strength as compared with the
corresponding cF-fR series. Although fine RHBA was used in cF-fR
series, the total percentage of finer particles in fF-cR series was much
higher due to the higher percentage of FA in the FA-RHBA geopoly-
mer mixtures and this has proven to be the key factor in determining the
strength of FA-RHBA geopolymers.

In a separate study involving RHA, the compressive strength of
blended geopolymer pastes fabricated from RM and RHA was tested at
the age of 60 days. Two different gradations of RHA samples were used,
one in “as-received” condition and another ground RHA with 100% par-
ticles passing through a #100-mesh (150um opening) sieve. A constant
RHA/RM ratio of 0.4 was used throughout the study. The geopolymer
specimens containing ground RHA exhibited a compressive strength
value of 16.08 MPa, an increase of 37.43% if compared with an equivalent
unground RHA geopolymer. The enhancement in compressive strength
was attributed to the higher degree of geopolymerization achieved by the
fine particle size and the high specific surface area of ground RHA, result-
ing in a stronger geopolymer [14]. Similar findings using ground RHA in
RHA/FA geopolymers were reported [50].

Besides FA, the production of coal ash comprised approximately 20%
of BA and as of now most of the BA is disposed of as landfill due to lim-
ited industrial application value if compared to FA. However, due to its
similarity in silica and alumina content with FA, with the exception of
excessively high carbon content due to incomplete burning and large
particle size, several researchers have started to incorporate BA in either
geopolymer production or as cement/aggregate replacement materials
[32,62,70,71]. Sata et al. [62] evaluated the effect of different particle sizes
of BA on the compressive strength of the BA geopolymer mortars. Three



Table 11.4 Mix design of FA-RHBA based geopolymer specimens [21]

Sample designation ~ Weight percent of Weight percent of Weight percent of Weight percent of Si0,/AlO; ratio
fine FA (fF wt%) coarse FA (cF wt%)  fine RHBA (fR wt%) coarse RHBA (cR wt%)
fF-fR-1 60 0 40 0 3.81
fF-fR-2 70 0 30 0 2.99
fF-fR-3 80 0 20 0 2.38
fF-cR-1 60 0 0 40 3.81
fF-cR-2 70 0 0 30 2.99
fF-cR-3 80 0 0 20 2.38
cF-fR-1 0 60 40 0 3.81
cF-fR-2 0 70 30 0 2.99
cF-fR-3 0 80 20 0 2.38
cF-cR-1 0 60 0 40 3.81
cF-cR-2 0 70 0 30 2.99
cF-cR-3 0 80 0 20 2.38

Alkali activator (sodium silicate 4+ sodium hydroxide) to FA-RHBA mixture ratio is 0.4.
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different finenesses of BA were incorporated into the mortar specimens:
fine BA (15.7 pm), medium BA (24.5um), and coarse BA (32.2um). The
compressive strength of the geopolymer mortars was tested at the ages of
7, 28, 90, 180, and 360 days. Results are indicative that the finer parti-
cle size of BA gives rise to a higher compressive strength of the hardened
geopolymer mortars at all the curing ages. The geopolymerization rate
was increased with the higher fineness and higher specific surface areas of
fine BA. Besides, as the “as-received” BA contains large portions of mes-
opores on the ash surfaces, and the grinding process indirectly helps to
reduce the porosity of the BA particles, thus reducing the water demand
of the fresh mortar and contributing to the higher compressive strength of
the hardened geopolymer mortar. The highest compressive strength of fine
BA geopolymer mortar is 61.5 MPa, attained at the curing age of 180 days.

The eftect of the addition of calcium hydroxide (Ca(OH),), alumi-
num hydroxide (AI(OH);) and SF on the compressive strength of treated
palm oil fuel ash (TPOFA) based geopolymer mortars were investigated by
Mijarsh et al. [11]. Six design factors, namely Ca(OH), wt%, Al(OH); wt%,
SF wt%, NaOH concentration (molarity), Na,SiO3/NaOH (weight ratio),
and alkali-activator solid materials (weight ratio), were examined at five
levels using the Taguchi experimental design method to obtain the opti-
mum mix proportion. A total of 25 trial mixes were fabricated and tested
in accordance with the L25 array proposed by Taguchi method. The
TPOFA was obtained by first separating the incompletely combusted fibers
and kernel shells from the raw POFA by using a 300 um sieve. Then, the
POFA was heated at 500°C for 1h to remove the unburned carbon before
being subjected to secondary grinding to obtain the TPOFA. The sand-to-
binder-material mass ratio for all the mixes was fixed at 1.5. Immediately
after molding, the specimens were wrapped using a cling film and left to
cure for 1h before being subjected to oven curing at 75°C for 48h. The
compressive strength of all the specimens was then tested at 1, 3, and 7 days
of curing ages. Compressive strength result of the 25 trial mixes ranged
from 15.67 to 44.74MPa at 1, 3, and 7 days of curing. From the trial
mix results, the optimum level of substitutions or ratios of various factors
examined, i.e., additive materials (20 wt% Ca(OH),, 5wt% SE and 10 wt%
Al(OH)3) and alkaline activators (10M NaOH, Na,SiO;/NaOH = 2.5,
and alkaline activator/solid = 0.47), was obtained and fabricated to test the
resultant compressive strength. The optimum TPOFA geopolymer mortar
exhibited a compressive strength of 47.27 + 5.0MPa at 7 days of curing,
which is higher than all 25 trial mixes for the same curing duration.
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The addition of a small amount of nanosized additives such as nano-
Si10, and nano-AlL,O; was known to effectively enhance the compres-
sive and tensile strength of concrete by the means of additional pozzolanic
and filler effects [72]. Phoo-ngernkham et al. [13] incorporated 1-3% of
nano-Si0, and nano-Al,O; by binder weight to fabricate FA geopolymer
pastes. The 7-, 28-, and 90-day compressive strengths of the geopolymer
pastes were compared to an OPC paste. The compressive strength results
showed that the addition of nano-SiO, and nano-Al,O; regardless of the
additive’s dosage give rise to superior compressive strength as compared to
the reference OPC paste specimens. The dual functionality of the nano-
sized additives in FA-based geopolymer, which provides additional SiO,
and AlL,Oj; to the geopolymer system and at the same time acts as a micro-
filler, yielded additional calcium silicate hydrate (CSH) or calcium alumi-
nosilicate hydrate (CASH) and sodium aluminosilicate hydrate (NASH)
gels in the geopolymer matrix and a dense geopolymer structure.

Similar to OPC concrete, high-range water-reducing admixtures or
SPs can be incorporated into a geopolymer system in order to reduce its
water content while maintaining the desired workability, thus resulting
in a higher-strength geopolymer [73—75]. Nematollahi and Sanjayan [67]
investigated the effect of different types of commercial SP to the compres-
sive strength of class F FA geopolymer paste. The SP used in the experi-
mental study consisted of naphthalene (N), melamine (M), and modified
polycarboxylate (PC) based SPs, and each of them was added to the fresh
geopolymer mixture at a dosage of 1% by mass of FA. Although the
compressive strength of all the SP-added geopolymer paste decreased as
compared to the control mix (without the addition of SP), the authors
concluded that PC-based SP is the most suitable type of commercial SP to
be incorporated into class F FA geopolymer paste activated using a multi-
compound activator (Na,SiO3/NaOH = 2.5), showing the least reduction
in compressive strength (16-29%). However, Puertas et al. [76] reported
the addition of vinyl copolymer and polyacrylate copolymer based SPs
into FA-based geopolymer paste and mortar does not bring about any sig-
nificant changes on the compressive strength nor the workability of the
resultant geopolymers.

Nath and Kumar [77] utilized two types of iron-making slags, namely
granulated blast furnace slag (GBES) and granulated Corex slag (GCS) in
FA-based geopolymer system in the range of 0-50% by weight of binder.
GCS is produced during the Corex process in iron making, and has simi-
lar chemistry and phase composition with GBES. Prior to be used as
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mix constituents, both GBFS and GCS were milled for 2h in a ball mill
to obtain the desired fineness of dsq = 18.49 and 18.53 um, respectively.
The compressive strength of hardened geopolymers was tested at 7 and
28 days of curing. The following conclusions can be made based on the
compressive strength results obtained: (1) Both geopolymers, GBFS-FA
and GCS-FA, exhibited an increase in compressive strength with the
increasing slag content; (2) the increase in compressive strength rate is
more pronounced at slag addition content above 20% for both geopoly-
mers; (3) GCS addition generally has resulted in higher 7- and 28-days
compressive strength in comparison with GBES addition; (4) the strength
increment is mainly due to the formation of C-S-H cementitious gel
which occupied the pore space and subsequently improved the density of
the resultant geopolymer binder matrix; (5) compressive strength as high
as 93.4 and 91.2MPa was obtained for 50% addition of GCS and GBFES,
respectively, after 28 days of curing.

Boonserm et al. [65] attempted to improve the geopolymerization of
BA by incorporating ASTM class C FA and FGDG. BA:FA as the blended
source materials with ratios of 100:0, 75:25, 50:50, 25:75, and 0:100 were
used. The source materials were then replaced by FGDG in 0, 5, 10, and
15%. Sodium silicate/NaOH ratio, liquid/ash ratio, sand/ash ratio were
fixed at 1.0, 0.6, and 2.75 respectively for all the geopolymer mixes. The
fresh geopolymer mixes were casted in 5 X 5 X 5cm cubic molds and
were subjected to 40°C electric oven curing for 48h. All the geopolymer
mortars were subjected to compressive strength test at the age of 7 days.
From the experimental results, it can be concluded that (1) the degree of
geopolymerization of FA is higher than that of BA geopolymer owing to
the high glassy mineral-phase content of FA and also the additional CSH
gel formed as a result of the reaction between Ca®' and silicate from the
FA, thus the strength of blended geopolymer mortars increased with the
increase in FA content; (2) the incorporation of 5-10% of FGDG showed
a significant effect on the blended geopolymer mortars with low-FA
replacement level, i.e., 0, 25, and 50%. The aforementioned phenomenon
was due to the additional CSH gel formed as a result of increase in the
concentration of Ca®* ions and also significantly higher dissolution rate
of AI’* in BA due to the presence of SOi_ ions in the system; (3) the
addition of 15% of FGDG caused adverse effects to all the geopolymer
mortars. High-FGDG content obstructs the geopolymerization process
especially in geopolymer mortars with high-FA content, and as a result
a thenardite phase that existed as impurity presence in the geopolymer
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system and caused all the geopolymer mortars to exhibit very low com-
pressive strength ranging from 0.3 to 1.0 MPa.

Reuse and recycling of industrial wastes are the ideal solution to cur-
rent waste management problems, and Chindaprasirt et al. [52] found a
way to utilize Al-rich waste originated from a waste-water treatment
unit of a polymer-processing plant as additive in the fabrication of high-
calcium FA-based geopolymer mortar. The raw Al-rich wastes were dried,
ground, and calcined at temperature ranging from 400°C to 1000°C
before it can be used as additive. Results showed that active 8-Al,O5 can
be obtained at high calcination temperature, i.e., 1000°C. Seven-days
compressive strength of 34.2MPa could be obtained by adding 2.5 wt% of
Al-rich waste calcined at 1000°C. Further increase in the additive’s dosage
resulted in reduction in compressive strength due to the excess Al species,
which act as nonfunctional filler in the geopolymer system.

The brittle nature of geopolymers can be inhibited or overcome by
incorporating difterent types of fibers such as polyvinyl alcohol (PVA)
fibers 78], carbon fibers [79], and plain woven stainless steel mesh [80] to
improve the ductility of the geopolymer composite. The aforementioned
fibers are produced by an energy-intensive process and are therefore not
in line with the purpose of geopolymers as a sustainability and environ-
mentally friendly product. In light of this, Chen et al. [68] investigated
the effect of sweet sorghum fiber, which is a natural fiber, on the split-
ting tensile strength of FA-based geopolymer paste. Prior to being incor-
porated into the geopolymer mixture, the fibers were first treated with
alkaline solution in order to improve the adhesion between the fiber and
the matrix. Results showed that the inclusion of 2% sweet sorghum fiber
increased the splitting tensile strength of the geopolymer paste sample by
a massive 36% as compared to an unreinforced paste sample. The authors
also observed a change of failure mode from brittle to ductile failure with
the incorporation of sweet sorghum fibers and the effects are similar to
those geopolymers incorporated by synthetic fibers. In a separate study, the
splitting tensile strength of FA-based self-compacting geopolymer con-
crete (SCGC) increased by 12.8% by the addition of 10wt% SE in com-
parison with the control mix in which no SF is added into the FA-based
geopolymer concrete mixtures [81].

The addition of 2% nano-SiO, and nano-Al,O; by weight was found
to significantly enhance the flexural strength in a particularly high-calcium
FA-based geopolymer paste system [13]. The increase in reaction products
such as CSH, CASH, and NASH due to the addition of nanoparticles led
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to remarkable enhancement in the interfacial transition zone (ITZ) within
the geopolymer matrix. The authors found that the flexural strength of the
resultant geopolymer paste samples increased linearly with the square root
of ultimate compressive strength and the flexural strength values obtained
were generally higher than that of OPC concrete as given by ACI 318.
Similar findings were also reported where the addition of 10wt% SF in
FA-based SCGC was found to increase the flexural strength by 11.09% it
compared to the non-SF added FA-based SCGC [81].

Flexural strength of geopolymers can be greatly enhanced by incor-
porating difterent types of short synthetic fibers such as PVA fibers,
polypropylene, and carbon fibers through a bridging effect during the
micro- and macrocracking of the geopolymer matrix under flexure
stresses [69]. However, the use of natural fibers to reinforce geopolymers
is gaining wide interest due to their environmentally friendly and cost-
efficient characteristics [82]. In one of those studies, cotton fabric was used
to reinforce ASTM class F FA-based geopolymer composites [66,83,84].
Results showed that the addition of cotton fabric greatly enhanced the
flexural strength of the geopolymer composites. The flexural strength
was enhanced by almost threefold with the optimum cotton fabric addi-
tion, which is 8.3 wt%, in comparison with the unreinforced geopolymer
composites. On the other hand, the addition of 2wt% of sweet sorghum
fiber enhanced the flexural strength of ASTM class F FA-based geopoly-
mer paste samples by almost 40%. Higher fiber content will result in a sig-
nificant decrease in flexural strength due to entrapment of air bubbles in
the geopolymer composite resulting from the poor workability and fiber
agglomeration [68].

The addition of water-soluble organic polymers was found to improve
the mechanical properties of geopolymers through the modification of
microstructure and pore-size distribution of the resultant geopolymer
matrix. For instance, Zhang et al. [69] improved the mechanical perfor-
mance, 1.e., flexural strength of MK/GBES based geopolymer com-
posites by the incorporation of 1-15wt% of polymer resin. The authors
concluded that the addition of a mere 1% resin by weight percentage
improved greatly, 1.e., 41%, the flexural strength of the geopolymer com-
posites. Higher dosage of polymer-resin incorporation resulted in decrease
in flexural strength due to the coating effect that resin has on MK and
GBFS fine particles, thus resulting in significant reduction in the binder’s
reactivity. The authors have also evaluated the effect of elevated tempera-
ture on the resin-reinforced MK/GBFS based geopolymer composites in
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a separate study [85]. The geopolymer composites exhibited an increase
in flexural strength when exposed to temperatures between 150°C and
300°C due to the enhancement in polycondensation reaction. However,
when exposed to elevated temperature ranging from 450°C to 850°C,
the flexural strength significantly reduced due to the dehydration of the
geopolymer matrix, thermal decomposition of the added resin, and some
phase transformation.

The addition of 2% nano-SiO, and nano-Al,O; by weight of binder
was found to increase the modulus of elasticity of high-calcium FA geo-
polymer paste sample cured at ambient temperature by a massive 30%.
E-value as high as 17.65 GPa is obtained after 90 days of curing, compa-
rable with that of OPC concrete. The observed enhancement in E-values
of the geopolymer paste samples was due to the denser and stronger
matrix formed with the addition of the aforementioned nanoparticles. The
E-values obtained in the study though are slightly lower if compared with
OPC paste and blended cement paste samples and it was concluded that
the absence of heat treatment in the current study is the main factor con-
tributing to the observed lower E-value [13].

11.3.2 Rheological and Physical Properties of Geopolymer

Generally finer geopolymer source materials bring about a higher degree
of reactivity and vigorous geopolymerization due to the higher specific
surface area attained in finer source materials, which in turn will have a
shorter setting time and higher early strength development. However, sig-
nificant enhancement in mechanical, durability, and microstructure prop-
erties can only be achieved if the balancing between the corresponding
higher water requirement and source materials fineness is achieved. In
one particular study, original FA (CFA), medium fineness FA (MFA), and
fine FA (FFA) with corresponding Blaine fineness of 2700, 3900, and
4500 cm?/g were utilized in fabricating high-strength geopolymer using
high-calcium FA as the source material [51]. FFA yielded shorter setting
time compared to CFA and MFA due to the higher specific surface area
and the presence of larger content of amorphous phase, which increased
the reactivity of FFA. The relatively long setting time behavior of the
three fineness of high-calcium FA suggested that the aforementioned geo-
polymer products can be suitably used for industrial application for the
ease of handling, transporting, placing, and compaction prior to curing.
The authors also concluded that the particle shape of FA regardless of its
fineness plays an important role in improving the workability of the fresh
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geopolymer paste samples. It has been agreed upon that FFA with a spher-
ical shape and a smooth surface would yield the best ball-bearing effect
and thus increase the flow of the subsequent fresh mixes without the need
of additional water or water-reducing admixtures.

ASTM class F FA has been widely used as geopolymer source material
[19,34,67]. However, the aforementioned ash material requires heat treat-
ment to achieve high early strength and faster setting time of the resul-
tant geopolymer pastes, which is a drawback as heat treatment induced
additional energy requirements for the fabrication of geopolymer with
competitive strength if compared to OPC concrete. Several researchers
incorporated additional additives such as Ca(OH), [11], nano-SiO,, and
nano-AlL,O; [13] or by using or hybridizing high-calcium source mate-
rials such as GGBFS and ASTM class C FA in order to achieve fast set-
ting time and strength development while not compromising the strength
potential of the geopolymer system [22,35,52,77]. For instance, in high-
calcium FA-based geopolymer paste, the addition of nano-SiO, up to 3%
by binder weight has resulted in a decrease of initial and final setting time
as compared to OPC paste while the addition of nano-Al,Oj3 has resulted
in a slight reduction in initial and final setting time in reference with the
OPC paste. The reduced setting time by the addition of nano-SiO, was
due to the much faster rate of activation with the readily available free cal-
cium ions in the high-calcium FA and formed additional CSH gels [13].
Similar findings were also reported by Chindaprasirt et al. [61].

Nematollahi and Sanjayan [67] studied the eftect of different commer-
cial SPs’ addition to the relative slump of class F FA geopolymer pastes.
Naphthalene (N), melamine (M), and modified polycarboxylate (PC)
based SPs were used at 1% by mass of FA throughout the experimen-
tal study. Two types of chemical activators were used in the study, i.e.,
8M concentration of NaOH and multicompound activator consisted
of Na,SiO; and 8M NaOH with Na,Si03/NaOH = 2.5. The rela-
tive slump of the fresh geopolymer pastes were measured using the mini
slump test method in accordance with ASTM C1437. For geopolymer
paste activated using only 8 M NaOH, N-based SP was found to be the
most effective high-range water-reducing admixture as the addition of
1% of N-based SP increased the relative slump of fresh geopolymer pastes
by 136% in reference with the control mix (without SP). For multicom-
pound activators/activated geopolymer pastes, PC-based SP is the most
effective high-range water-reducing admixture with 46% increase of
the relative slump, followed by N-based SP with increment of 8% while
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M-based SP exhibited a decrease of relative slump by 3%. Though all
the commercial SPs used were found to be chemically unstable in high
basic media (NaOH + Na,SiOj3), which reduce their plasticizing effect,
PC-based SP showed a more prominent plasticizing effect as compared to
N- and M-based SP owing to the existence of lateral ether chains in its
structure, which resulted in steric repulsion in addition to the electrostatic
repulsion effect possessed by N-, M-, and PC-based SP.

Being a silica-rich source material with over 90% of SiO, presents
in the chemical composition, the alkali activation of RHA needed addi-
tional aluminum compound in order to achieve higher geopolymeriza-
tion efficiency [86]. Rattanasak et al. [64] studied the eftect of AI(OHj;)
substitution and curing temperature on the disintegration of RHA-based
geopolymer paste in boiling water. RHA was replaced at 2.5, 5, 10, 20,
and 30 wt% by AI(OH3). 10M NaOH, Na,SiO;/NaOH = 1.5, and solid/
total mixture = 0.6 was used throughout the experimental study. 1 wt% of
boric acid (H;BO3) powder was added to each mixture to solve the prob-
lem of disintegration in water. Upon completion of compaction into steel
molds, the geopolymer paste was wrapped with cling film and cured at
70, 85, 100, and 115°C for 48h before being subjected to the boiling test.
Al(OH); is needed in RHA-based geopolymer because RHA contains
mostly silica (Si05,). The added Al(OH); served as aluminum source for
RHA geopolymer. Results showed that all the pastes cured at 70°C, 85°C,
and 100°C disintegrated upon being subjected to boiling test while speci-
mens with 2.5-30wt% of AI(OH); cured at 115°C maintained their struc-
tural integrity after immersion in boiling water. At curing temperature of
115°C, which is above the dehydration temperature of H3;BO; (110°C),
H;BO; starts to react with SiO, and other constituents in a high-silica
aluminosilicate material and forms a more stable geopolymer matrix. The
H;BOj is relatively inert at temperature below 110°C in RHA geopoly-
mer. Although the RHA geopolymer with 20 and 30wt% of AI(OH);
does not disintegrate in boiling water, swelling of specimens was observed
due to the excessive AI(OH); content. Shorter setting time with the addi-
tion of aluminum compound was also observed by De Silva et al. [16].

Tables 11.5-11.7 summarized the effect of particle-size distribution of
the binder phase and additives towards the mechanical, rtheological, and phys-
ical properties of geopolymers derived from various industrial byproducts.

11.3.3 Microstructure of Geopolymer Matrix

Another little-known industrial byproduct, namely flue gas desulfuriza-
tion gypsum (FGDG), has found its way into the fabrication process of
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Table 11.5 Effect of particle size distribution of binder phase on the compressive
strength of geopolymer concrete

Types of Fineness Compressive Primary findings
geopolymer strength
FA-based
Nazari et al. [21] FA:75and 3um | 15-45MPa Combination of
RHBA: 90 and FFA and RHBA
7 pm give rise to
highest strength
Chindaprasirt et al. | FA with Blaine 39-75MPa FA with highest
[51] fineness of Blaine fineness
2700, 3900, and give rise to
4500 cm?*/g optimum
strength
RHA-based
He et al. [14] RHA: 100% 16 MPa 37.43% strength
passes 150 um increment
sieve as compared
to unground
samples
Detphan and RHA: 5%, 3%, and | 34.5—43.0 MPa Finer RHA gives
Chindaprasirt 1% retained on rise to highest
[50] No. 325 sieve compressive
strength
BA-based
Sata et al. [62] BA:15.7,24.5, 35-61.5MPa Finer BA gives
and 32.2pm rise to higher

strength

geopolymers. This waste gypsum originating from the coal-burning indus-
try has the potential to enhance the geopolymerization process, e.g., by
enhancing hydration of OPC concrete by pure gypsum [87,88]. However,
the aforementioned waste materials have so far found limited research in
the emerging geopolymer field [65]. In one of the few studies that utilized
FGDG in the fabrication of geopolymers, Boonserm et al. [65] studied
the microstructure characteristic of BA:FA geopolymer paste with differ-
ent BA:FA ratios and also different replacement levels by FGDG. Sodium
silicate/NaOH ratio and liquid/ash ratio were fixed at 1.0 and 0.6 respec-
tively for all the geopolymer pastes. Freshly mixed pastes were subjected
to 40°C electric oven curing for 48h and were analyzed using SEM at



Table 11.6 Effect of additives on the compressive strength and physical properties of geopolymer concrete

Types of geopolymer  Types of additives Compressive Rheological and Primary findings
strength physical properties
BA-based
Boonserm et al. [65] ASTM Class C FA (0, 25,50,75, | 5-55MPa 50% FA and 5% FGDG
100%), FGDG (0, 5, 10, 15%) replacement level optimal
FA-based
Nematollahi and 1% addition by mass of binder of | 47-81.3 MPa Relative slump: PC-based SP showed highest
Sanjayan [67] N, M, and PC based SP PC>M>N plasticizing effect and least
strength reduction
Puertas et al. [76] 0.5-1.5% addition of vinyl 30-35MPa Insignificant changes in
copolymer and polyacrylate strength and workability
copolymer based SP with addition of both SPs
Phoo-ngernkham 1-3% of nano-SiO, and nano- 20.2-56.4 MPa Decrease of initial and | 2% nano-SiO, and 1%
etal. [13] Al,Oj5 by binder weight final setting time nano-Al,O3 optimal
Nath and Kumar 0-50% GBFS and GCS 8.5-93.4MPa — 50% GBFS and GCS
[77] replacement by weight of’ replacement optimal
binder — FA-GCS yielded higher
strength than FA-GBFS
Chindaprasirt Addition of 2.5-5wt% of 27.4-34.2MPa Al-rich waste with 2.5 wt% and
et al. [52] Al-rich waste calcined at 400, 1000°C calcined temperature
600, 800, and 1000°C optimal
POFA-based

Mijarsh et al. [11]

15-25 wt% Ca(OH),, 5~10 wt%
Al(OH)3, 2.5-7.5wt% SF

15.67-44.74 MPa

20 wt% Ca(OH),, 5wt% SF and
10 wt% Al(OH); optimal




Table 11.7 Effect of additives on the flexural strength and splitting tensile strength of geopolymer concrete

Types of geopolymer Types of additives Flexural Splitting tensile Primary findings
strength strength

FA-based

Chen et al. [68] 1,2, and 3 wt% addition 3.2-5.6 MPa 2.2-3.4MPa Addition of 2wt% of sweet
of sweet sorghum sorghum fibers optimal
fibers

Alomayri et al. [83] 0-8.3 wt% addition 8-32MPa 8.3 wt% and horizontally
of horizontally and oriented cotton fabric
vertically oriented optimal
cotton fabric

Memon et al. [81] 0—-15wt% addition of SF 4.09-4.56 MPa 4.14-4.67 MPa 10 wt% of SF optimal

Chindaprasirt et al. [13] 0-3% addition of nano- 3.66-5.12MPa 1wt% Si0; and 2wt% AL, O;
SiO, and nano-Al,O4 optimal

Slag-based

Zhang et al. [69] 1-15 wt% addition of 4.8-8.6 MPa 41% enhancement in flexural

polymer resin

strength by 1 wt% resin
addition
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Figure 11.5 SEM micrograph of fractured BA and FA geopolymer pastes (BA:FA:FGDG)
[65].

the age of 28 days. A SEM micrograph as per Fig. 11.5 shows that the
geopolymerization products of BA:FA blended mortars consisted of well-
connected structures, mostly glassy-phase structures with no definite grain
boundary. Without FGDG, very dense geopolymer matrices were obtained
with mixes containing high-FA content, i.e., 100% and 70% of FA as
in Fig. 11.5A4,5. The matrices were less dense and less homogeneous
with low-FA content as shown in Fig. 11.5A1-3. On the other hand, the
addition of 5% and 10% of FGDG adversely aftected the microstructure
of geopolymer containing high-FA content (50%, 75%, and 100% FA;
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Figure 11.6 SEM images of Al-rich waste added high-calcium FA geopolymer:
(A) 2.5wt% noncalcined Al-rich waste sample and (B) 2.5wt% 1000°C calcined Al-rich
waste sample [52].

Fig. 11.5C4,5) while improved microstructure was observed with mixes
containing low-FA content (0% and 25% FA; Fig. 11.5A1-C1, A2-C2).
The enhancement of the microstructure observed in low-FA content is
attributed to the ability of sulfate ions in FGDG to dissolve AI’* ions in
BA while the weakened matrices observed in high-FA mixes with the
addition of FGDG is due to the presence of thenardite phase, which
existed as an impurity in the geopolymer system, and which obstructed
the geopolymerization reaction.

Addition of 2.5wt% of Al-rich waste sludge calcined at 1000°C was
found to produce a homogeneous matrix if compared to noncalcined
Al-rich waste with the same dosage in the fabrication of high-calcium
FA-based geopolymers, as can be seen in Fig. 11.6. The high calcina-
tion temperature transformed the inactive boehmite to active alumina
(6-Al,O3), which in turn can be used to adjust the SiO,/Al,O; ratio in
the high-calcium FA-based geopolymer and enhanced the geopolymeric
gel formation in the resultant matrix [52].

11.3.4 FTIR Analysis

FTIR provides useful information about the vibrational transitions and
rigidity of chemical bonds present in organic and inorganic materials
[89,90]. In the emerging field of geopolymers, the changes in chemical
bonds and spectrum upon the alkali-activation process can be identified
and comparative study can be done efficiently using FTIR [52,65].
Boonserm et al. [65] analyzed the effect of FGDG on the IR spectra of
BA and FA geopolymer pastes. The FGDG was added in 0%, 5%, 10%, and
15% to the BA and FA geopolymer pastes, respectively. Both BA and FA
geopolymer pastes were activated using sodium silicate and NaOH, and
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were cured at 40°C in an electric oven for 48 h. The 28-day samples were
then ground to particle size less than 75pm and used for FTIR analysis
at the range of 4000-400cm™!. FTIR results showed considerably broad
bands at 3700-2200cm™" and 1700-1600cm™" for all geopolymer pastes
which are assigned to O-H stretching and H-O-H bending were due
to the weakly bound water molecules which were adsorbed on the sur-
face or trapped in large pores between the rings of geopolymer products.
SOE_ bonding was detected at wave numbers of 1200 and 636 cm™! and
this suggested that there is a reaction between 5027 ions and the alkaline
solution that forms the SO, compound. With the exception of BA geo-
polymer paste with 5% FGDG, all other BA and FA geopolymer pastes
exhibited distinctive peaks of SO, especially for the 10% and 15% FGDG-
added FA geopolymer pastes. The large quantity of SO, compound
detected was in line with the low strength exhibited by FA geopolymer
mortars.

RHA is another industrial byproduct that possesses great potential to
be utilized as construction and building materials as its high silica content
(>80wt%) renders it a potential source material for geopolymer fabrication.
Due to its low aluminum content, an external aluminum source such as
Al(OH); is usually added to RHA-based geopolymer to enhance the geo-
polymerization process. Rattanasak et al. [64] performed FTIR analysis to
determine the effect of A(OH); substitution to the RHA-based geopoly-
mer. RHA was replaced at 2.5, 5, and 10wt% by AI(OH);. For each mix
proportion, 1 wt% of boric acid (H;BO;) was added to the mixture to over-
come the problem of disintegration in water of the hardened geopolymer
pastes. A mixture of NaOH and Na,Si0;5 was used as the chemical activator
solution for the geopolymer paste. 10M of NaOH and Na,SiO3/NaOH
of 1.5 was fixed for all the geopolymer mixes. The freshly casted geopoly-
mer pastes were subjected to oven curing at 115°C for 48h before being
tested for FTIR analysis. Si-O bending and stretching peaks were observed
at 470 and 1100cm™" for the raw RHA sample. Upon incorporation of
AI(OH)s, reduction of Si-O bending peak at 470cm™" and occurrence of
a new peak at 780 cm™!, which is assigned to Si-Al-O symmetric stretching,
were observed. The reduction in Si-O bending peak is more pronounced
with the increase in AI(OH); content, suggesting that more silica has reacted
with aluminum and formed geopolymer gels. The main spectra band, which
was observed at 1100cm™" of the raw RHA sample, was shifted to a lower
frequency of 1040cm™" (Si-Al bonding) for all the composites. The peak
intensity at 1040cm™" increased as the AI(OH); content increased and this
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is associated with the increase in mean chain length of the aluminosilicate
composite (ASC).

11.4 THE EFFECT OF AGGRESSIVE ENVIRONMENTAL
EXPOSURE ON PROPERTIES OF GEOPOLYMERS

Similar with OPC concrete, geopolymers concrete will be exposed to
severe environments, such as marine environments, where sulfate and
acid attacks are predominant during their service life. Therefore, thorough
understanding of the effect of geopolymer binders exposed to aggressive
environment is imperative. Thus far, due to the total contrast of hydra-
tion reaction and the reaction H gels, geopolymer binders were reported
to have superior resistance towards sulfate and acid attacks by various
researchers [91-94]. The current literature reports the sulfate, acid, and
chloride resistance of geopolymeric binders by using various methods and
analytical techniques, such as the direct immersion in predetermined sul-
fate and acid solution followed by subsequent measurement of strength
and mass loss [92], measurement of corroded depth [95], and accelerated
laboratory electrochemical method [96].

In the following sections, the effect of aggressive environmental expo-
sure on properties of geopolymers will be deliberated in terms of the
influence of environmental exposure condition on the mechanical proper-
ties, physical properties, and microstructure changes.

11.4.1 Mechanical Properties

Apart from its environmental friendliness, the distinct advantage of geo-
polymer binders is their excellent acid-resistance properties if compared to
OPC binders [3]. Ariffin et al. [92] exposed geopolymer concrete based on
blended PFA and POFA to 2% solution of sulfuric acid up to 18 months.
The ratio of PFA to POFA used was 70:30. The blended ash geopolymer
(BAG) concrete was activated using commercial grade sodium hydrox-
ide (NaOH) and sodium silicate (Na,Si03) with alkaline-solution-to-
blended-ash ratio of 0.4 and NaOH:Na,SiO; of 2.5 by mass. An OPC
concrete with water-to-cement ratio of 0.59 was fabricated and used as
the control specimen. Upon casting, both the BAG and OPC concrete
were subjected to room temperature (28°C) curing for 28 days before
immersion in sulfuric acid. Compressive strength of both BAG and
OPC concrete was examined before and after 1, 3, 6, 12, and 18 months
of sulfuric acid exposure. Based on the compressive strength results,
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BAG concrete exhibited superior resistance to sulfuric acid as compared
to OPC concrete, with an average of 7.3% strength loss after a month,
1.6% strength loss for the subsequent months, and a total of 35% strength
loss after 18 months of exposure. In contrast, the compressive strength
of OPC concrete was severely affected with a total of 68% strength loss
after 18 months of sulfuric acid exposure. The findings were in agreement
with other similar studies where geopolymer concrete exhibited minimal
strength loss upon prolonged acidic environment exposure, which justified
its superior acid resistance in comparison with OPC concrete [62,97].

Ahmari and Zhang [94] measured the UCS of copper MTs-based
geopolymer bricks after immersion in in pH 4 (nitric acid) and pH 7
solutions up to 4 months. NaOH concentration and curing tempera-
ture of 15M and 90°C respectively were fixed throughout the experi-
mental study. Based on the previous study [25], MT-based geopolymer
bricks with initial water content/forming pressure of 12%/25MPa and
16%/0.5MPa were selected to study the eftect after immersion in pH 4
and pH 7 solutions. Based on the compressive strength results, the authors
carved out the following conclusions: (1) MT-based geopolymer bricks
with water content/forming pressure of 12%/25MPa exhibited UCS loss
of 59.3% at pH 4 and 53.3% at pH 7. Meanwhile 16%/0.5 MPa MT-based
geopolymer bricks exhibited UCS loss of 78.4% for pH = 4 and 75.2%
for pH = 7, respectively, after immersion periods of 4 months; (2) the sub-
stantial strength loss by both 12%/25MPa and 16%/0.5 MPa MT-based
geopolymer bricks is caused by incomplete geopolymerization of MT,
modification of chemical compositions of the geopolymer gels formed,
high Si/Al ratio and also high degree of unreacted alkali in the speci-
mens; (3) 12/25 specimens exhibited lower strength loss compared with
15/0.5 specimens due to the more prevalent effect of reduction in mix
porosity due to the exerted compression pressure over the compact struc-
ture resulting from geopolymer gels towards acid-attack resistance. The
aforementioned phenomenon is also related to the Na/Al ratio of 12/25
specimens, which is closer to unity than 16/0.5 specimens, and thus fewer
geopolymer gels were dissolved in the acid solution.

Rattanasak et al. [64] studied the effect of sulfuric acid (H,SO,) and
magnesium sulfate (MgSO,) immersion on the compressive strength of
RHA-based geopolymer mortars. RHA was replaced by AI(OH); at 2.5,
5, and 10wt%. 10M NaOH and Na,SiO; were used as chemical activator
and the Na,SiO3;/NaOH mass ratio was fixed at 1.5. Sand-to-powder-mass
ratio of 2:1 was used for all the specimens. Upon being casted into 50-mm
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cubic molds, the fresh geopolymer mortars were wrapped with cling film
to prevent moisture loss and were subjected to oven curing at 115°C for
48h. After being cooled to room temperature, all the specimens were then
immersed in 5wt% MgSO, and 3 vol.% H,SO, for 90 days, after which
the compressive strength loss for each specimen was determined. For the
unexposed specimens, the compressive strength was observed to increase as
the AI(OH); content increases with the highest compressive strength was
recorded at 20.0 MPa. This was due to the lower Si/Al ratio as a result of
Al(OH); addition, which in turns promotes the formation of a more
crosslinked aluminosilicate structure, thus leading to higher strength. After
the immersion periods, specimens that were subjected to 5wt% MgSO,
immersion showed a higher rate of strength losses as compared to speci-
mens that were immersed in 3 vol.% of H,SO,. This phenomenon was due
to the formation of magnesium hydroxide (Mg(OH),) resulting from the
reaction between hydroxyl ions (OH™) of the ASC and the magnesium ions
from MgSOy and caused the migration of hydroxide ions towards the sur-
face of the specimen that produced the insoluble brucite. Furthermore, in
a high-silica system, the Mg(OH), reacted with the silica gels and formed
the hydrated magnesium silicate, which possesses no binding capability and
resulted in a sharp drop in compressive strength. The results justified that
there 1s some distinct correlation between the mechanical, microstructure,
and durability properties of RHA-based geopolymers [14,50,98].

An interesting phenomena has been observed by Bascarevic et al. [99]
in assessing the sulfate resistance of two types of FA-based geopolymer
mortars. While the lower-porosity FA-based geopolymer mortars only
exhibited a noticeable reduction in compressive strength after 180 days
of exposure period, the compressive strength of the more porous samples
instead show a steady increase in strength along the exposure period up
to 365 days, although the strength first drops during the 28-day exposure
period. The authors concluded that the unusual observation was most
probably attributed to the continuing alkali activation in the sulfate solu-
tion by the more porous geopolymer mortars. The aforementioned find-
ings were in total contrast to the current body of knowledge, where a
denser matrix or reduced porosity either for geopolymers or OPC con-
crete resulted in enhancement in the durability performance [64,91,100].

11.4.2 Microstructure Analysis of Geopolymer

Bhutta et al. [93] investigated the mineralogical phase changes of PFA-
POFA based blended fuel ash geopolymer concrete (BFAGC) before and
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Figure 11.7 XRD of BFAGC and OPC concrete before and after immersion in 5%
Na,SO, for 18 months [93].

after immersion in 5% sodium sulfate (Na,SO,) solution for a period of
18 months. As can be seen in Fig. 11.7, after 18 months of 5% Na,SOy
exposure, the semicrystalline aluminosilicates gel (N-A-S-H), which is
present before the immersion, remains intact and showed little changes. On
the other hand, the OPC specimen, which was used as the control speci-
men, showed significant changes in the diffraction pattern after 18 months
of 5% Na,SO, exposure due to the formation of gypsum and ettringite,
which subsequently lead to expansion and spalling of surface layers.

The eftect of 2% sulfuric acid immersion up to 18 months on the
XRD pattern of BAG concrete based on PFA and POFA activated by a
mixture of NaOH and Na,SiOj; solution was studied by Ariffin et al. [92].
OPC concrete was used as the control specimen. Before the acid exposure,
the primary mineral phase detected in BAG concrete was a crystalline
N-A-S-H phase, while a different crystalline phase of C-S-H was detected
in the OPC concrete. After 18 months of sulfuric acid exposure, the main
phases detected in BAG concrete, e.g., sodalite, gmelinite, natrolite, and
N-A-S-H, were still intact and some traceable amount of gypsum was also
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detected as a result of reaction with atmospheric CO,. As expected, no
ettringite was detected in BAG concrete as the Al ions participated in the
formation of N-A-S-H gels, thus making the available Al ions insufficient
in the formation of ettringite as in the Portland cement binder system.
In the other study, Bascarevic et al. [99] investigated the eftect of sodium
sulfate solution (50g/L) exposure on the mineralogical phase changes
of FA-based geopolymers up to 365 days. XRD analysis showed that no
new phases were formed in the geopolymer sample even after 365 days of
exposure period, implying the superior sulfate-resistance characteristic of
the FA-based geopolymers.

XRD patterns of copper MTs-based geopolymer bricks subjected to
immersion in pH 4 (nitric acid) and pH 7 solutions for 4 months showed
increase in the crystalline peaks intensity after immersion. However, the
crystalline phases before and after immersion showed very few differences.
This is due to the effect of immersion in pH 4 and pH 7 solutions for a
prolonged period of time, which caused the dissolution of geopolymer and
subsequently led to the exposure of unreacted crystalline MT grains [94].

11.4.3 FTIR Analysis

Arifhin et al. [92] performed FTIR analysis on the BAG concrete based
on PFA and POFA before and after immersion in sulfuric acid environ-
ment for up to 18 months. Mixture of NaOH and Na,SiOj; solution were
used as chemical activator. OPC concrete was used as the control speci-
men. Major bands at approximately 3440, 1645, 1425, 1010cm™! and
3465, 1645, 1425, 1040 cm™" were detected in unexposed OPC and BAG
concrete, respectively. The stretching band of O-H, the bending of chem-
ically bonded H-O-H and carbonate in the system were located at 3200—
3700cm™", 1645cm™', and 1425cm™!, respectively. The main binder gel
band for OPC, which is the asymmetric stretching mode of the C-S-H
structure, was detected at 1010cm™" while the N-A-S-H gels formed in
the geopolymer binder system appeared at 1040 cm™'. Upon exposure to
2% solution of sulfuric acid for 18 months, FTIR spectra of BAG concrete
showed little or no difference from their unexposed counterpart. In con-
trast, marked decomposition of C-S-H gel and O-H phases was detected
in the OPC concrete after exposure to acid environment. Water compo-
nent was shifted from 3435 to 3405-3555cm™! and the chemically bonded
water molecules changed from 1625 to 1625-1690cm™" due to the pres-
ence of gypsum. Meanwhile the presence of calcite shifted the C-S-H gel
phase from 1010 to 1145cm™" which indicates the decomposition of the
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Figure 11.8 IR spectra of MT powder. (A) 12/25 specimens and (B) 16/0.5 specimens
before and after immersion in pH = 4 (nitric acid) and 7 solutions for 4 months [94].

main binder system in OPC concrete. The authors also concluded that the
decomposition of the C-S-H gel has provided additional calcium for the
formation of gypsum in the exposed OPC concrete.

Ahmari and Zhang [94] performed FTIR analysis on copper MTs-
based geopolymer bricks after immersion in pH = 4 (nitric acid) and 7
solutions for a period of 4 months. Two batches of MT-based geopolymer
bricks were fabricated, one with initial water content/forming pressure of
129%/25MPa and another with ratios of 16%/0.5MPa. The IR spectra of
the MT powder, and geopolymer bricks before immersion and after immer-
sion in different solutions are shown in Fig. 11.8. Significant difference was
observed for geopolymer bricks before and after immersion, though there is
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not much of difference in the IR spectra between specimens immersed in
pH 4 (nitric acid) and pH 7 solutions. For MT powder, after geopolymer-
ization, the band around 1000cm™", which is associated to the stretching
vibrations of Si-O-T (T = Al or Si) bonds, shifted to a lower wave numbers
while the weak shoulder at 1070 cm™! becomes stronger. Upon immersion
in the aforementioned solutions for 4 months, the amorphous geopoly-
mer gels were partially dissolved and the underlying crystalline phases of
MT grains were exposed, leading to the Si-O-T bonds becoming sharper
and shifting towards higher wave numbers. Also, the weak shoulder around
1070cm™" becomes weaker as a consequence of geopolymer gels dissolu-
tions. Carbonate compounds formed due to geopolymerization at around
1450cm™! was untraceable after immersion in pH = 4 (nitric acid) and 7
solutions due to the fact that carbonates have been dissolved in the solutions.

11.4.4 Thermogravimetry Analysis

In order to study the effect of sulfuric acid exposure of BAG concrete
based on PFA and POFA, Ariffin et al. [92] performed thermogravime-
try analysis (TGA) on BAG concrete before and after 18 months of 2%
solution of sulfuric acid exposure. OPC concrete was used as the control
specimen. The ground BAG and OPC samples were held under isother-
mal condition for 60 min at 40°C and then heated to 900°C at 10°C/min
in a nitrogen environment. Before exposure to acid environment, the mass
loss in the measure period for OPC and BAG concrete was 18% and 10%,
respectively. Fig. 11.9 showed there were four distinct peaks observed in
the differential thermograms (DTGs) at various temperatures for both
OPC and BAG concrete. The first two peaks, which occurred below
100°C, were attributed to the removal of free evaporable water trapped in
the pores of binder’s gel, i.e., C-S-H or N-A-S-H gel system. The dehy-
dration of calcium-rich silicate gel was detected at peak just below 200°C
while the mass loss at 264°C was attributed to the dehydration of gypsum
(OPC) and gmelinite (BAG). Broad mass loss was detected at approxi-
mately 704°C for OPC concrete and was assigned to the decomposition
of the carbonate minerals. Upon 18 months of 2% sulfuric acid immer-
sion, the TGA and DTG diagram of BAG concrete showed little or no
difference compared to their unexposed counterpart. In contrast, the mass
loss of exposed OPC concrete was much higher at 18-22% in compari-
son with the unexposed OPC samples. The temperature by which the
evaporation of free water occurred was higher for both OPC (140°C) and
BA (122°C). Furthermore, the intensity of mass loss was so much higher
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Figure 11.9 Thermogravimetry (TGA-DTG) curves for OPC and BAG concretes.
(A) Themogravimetric data (TGA). (B) DTGs [92].

in the exposed OPC samples. In the same study conducted, the authors
concluded that gypsum is the dominant product in the samples exposed
to sulfuric acid and the majority of the mass loss in the aforementioned
intense peaks could be attributed to the decomposition of the resultant
gypsum as gypsum was known to decompose from 110°C to 150°C. The
results showed that the BAG concrete held the upper hand in terms of
sulfuric acid resistance compared to the OPC concrete.

11.4.5 Physical Properties of Geopolymer

PFA-POFA based BFAGC showed superior resistance to prolonged sul-
fate environment exposure as compared to OPC concrete, as can be seen
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Figure 11.10 Visual appearance of OPC concrete and BFAGC after 18 months of 5%
Na,SO, immersion [93].

in Fig. 11.10. Also, the decrease in mass of OPC concrete after prolonged
exposure to sulfate environment was as high as 20% as compared to a 4%
decrease in mass of BFAGC. It was found that the superior difference in
mass change of OPC concrete and BFAGC was due to the low-calcium
content in BFAGC, which renders it more resistant to sulfate attack [93].
However, the mass change method in examining the sulfate and acid resis-
tance of geopolymeric binders [93,101] has been cast into doubt as there
are studies that claim that the results obtained from the mass change meth-
ods are not representative for assessing the sulfate and acid resistance of
geopolymeric binders [95]. Lloyd et al. [95] claimed the utilization of cor-
roded depth method over the conventional change in mass method as a
more effective and representative testing method to determine the acid
resistance of inorganic polymer binders. This is due to the tendency of
formation of apparently intact, but physically weak and porous, reaction
products on the sample surface upon attack by acid substances, a phenom-
enon that differs from the acid-attack mechanism for other type of bind-
ers, in which a complete disappearance of the binder phase was observed.
The aforementioned statement needs further clarification in order to
justify the methods currently being employed by various researchers in
assessing that the acid resistance of geopolymeric binders is valid.

In another related study, the effect of 5% sodium sulfate and 3% sul-
furic acid immersion over 360 days on the physical properties of BA
geopolymers mortars was evaluated by Sata et al. [62]. PC mortar with
the same binder-to-sand ratio was used as the control specimen and was
subjected to the same environment as the BA geopolymer mortars speci-
mens. BA geopolymer mortar exhibited excellent resistance after immer-
sion in 5% sodium sulfate for 360 days where the length changes were
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only 65—121 microstrain. On the other hand were the PC mortars, which
exhibited expansion of 7600 microstrain for the same duration of immer-
sion in 5% sodium sulfate. Deterioration of PC mortar in the sulfate envi-
ronment was due to the formation of gypsum and ettringite from the
reaction of calcium hydroxide and calcium monosulfoaluminate, which
leads to the expansion and cracking of the mortar’s surface layers. Under
3% sulfuric acid solution, BA geopolymer mortar again exhibited supe-
rior resistance if compared to PC mortar, where the weight loss of BA
geopolymer mortars after 360 days immersion in 3% sulfuric acid was
only 1.4-3.6%, which is relatively insignificant as compared to PC mortar,
which recorded a weight loss of 95.7%. The weight loss in acid environ-
ment is very much related to the calcium content in the system, where
higher calcium content leads to higher amount of calcium hydroxide,
which in turns reacts with the acid solution forming salt crystals. The
salt crystals formed within the paste matrix induce internal tension stress,
which causes the formation of a crack and scaling within the paste matrix.

Reddy et al. [96] attempted to simulate the exposure of FA-based geo-
polymer concrete to marine environment by utilizing an accelerated lab-
oratory electrochemical method for the corrosion test, relative to OPC
concrete. 150 X 150 X 525mm geopolymer and OPC concrete beams
with centrally reinforced 13 mm rebars were fabricated and tested for the
corrosion test using the aforementioned method after curing for 28 days.
Results showed that geopolymer concrete possessed superior resistance
towards salt attack relatively with OPC concrete. OPC beams start to crack
after 60h of accelerated corrosion test while geopolymer concrete showed
no sign of cracking even after the end of the accelerated corrosion test. The
superior durability performance of geopolymer concrete was further veri-
fied where no mass loss were recorded for the rebars upon the completion
of accelerated corrosion test where for OPC concrete, the maximum mass
loss of rebars was recorded as 71.2% after the completion of the test.

11.5 THE EFFECT OF WATER CONTENT AND FORMING
PRESSURE ON THE PROPERTIES OF GEOPOLYMERS

Water content and forming pressure has a significant effect on the
mechanical strength and sorptivity performance of geopolymers, particu-
larly in the fabrication of geopolymer pressed block [25]. This is because
both water content and forming pressure have a direct influence on the
total porosity of the geopolymer matrix, similar to conventional OPC
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concrete mixture design. Generally, higher water content will result in
increased total porosity [102]. On the other hand, higher forming pres-
sure will reduce the total porosity of the geopolymer matrix. Also, the
utilization of pressed forming methods in fabricating geopolymers allows
significant reduction in water requirement in comparison with vibratory
forming methods where order-suitable workability of fresh mixtures must
be achieved for proper compaction [103]. In this section, the effect of
water content and forming pressure on the properties of geopolymers is

deliberated in depth.

11.5.1 Mechanical Properties

In the alkali-activation process, the geopolymerization reaction primar-
ily involves the chemical reaction between the dissolved species of sili-
cates and aluminates in the presence of a highly alkaline environment.
The presence of water in the geopolymer system merely acts as a transport
medium between the dissolved silicate and aluminate ions. Besides, mix-
ing water also provides workability to the freshly mixed geopolymer mor-
tars, as it does not participate directly in the geopolymeric reaction [104].
However, Komljenovic et al. [31] reported there are some effects, if not sig-
nificant ones, of the water/FA ratio on the strength of geopolymer mortars,
depending on the type of activators used. Generally, for NaOH, Na,SiOj
and Ca(OH), activated FA geopolymer mortars, the compressive strength
increases with the decrease in water/FA ratio. For KOH-activated geopoly-
mer mortars, the geopolymer mortars exhibited low compressive strength
even at low water/FA ratio. This is indicative of the low activation potential
of KOH for FA activation as compared with other alkali activators.

The importance of water content in geopolymer mix design was
further highlighted in a study where the liquid medium is reported to be
crucial for the diffusion of the dissolved alumina and silica species. Ahmari
and Zhang [25] studied the effect of initial water content on the UCS of
copper MTs-based geopolymer bricks. A number of geopolymer bricks
were fabricated based on six initial water contents, i.e., 8, 10, 12, 14, 16,
and 18%, and tested on the 7th day of curing duration. The initial water
content was referred to the mass ratio between the water in the activat-
ing solution (NaOH) and the solid content of the mixture. The fresh geo-
polymer pastes were put inside a steel mold and compressed to an extent
whereby they reached saturation state. The results indicated that the UCS
of MT-based geopolymer bricks increased with higher initial water con-
tent. The aforementioned observation was attributed to the role of water
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as a liquid medium during geopolymerization. Besides, it is also related
to the availability of a sufficient amount of NaOH in liquid phase dur-
ing geopolymerization. The amount of NaOH, in turn, is strongly depen-
dent on the Na/Al and Na/Si ratios as shown by other related studies
[16,60,105]. UCS as high as 33.7 MPa was obtained at 18% initial water
content and 0.2MPa forming pressure. In another experimental work,
the compressed autoclaved bricks based on low silicon tailings and alkali-
activated cementing materials (slag and FA) attained the optimum com-
pressive strength of 16.0MPa at the water content range of between
6.5-8.0% and forming pressure of 20MPa. Any values in excess of the
aforementioned range of water content and forming pressure had resulted
in a decrease in compressive strength [102].

In the fabrication of compressed building bricks, forming pressure
plays an important role in achieving optimum densification of intra- or
interparticle packing by pushing the entrapped air out of the binder
matrix. Thus, bricks with the lowest possible level of porosity and higher
strength can be fabricated using the pressure-forming method [102,103].
An experimental study was conducted by Ahmari and Zhang [25] to study
the effect of forming pressure on the UCS of copper MTs-based geopoly-
mer bricks. The MT-based geopolymer bricks were activated with 15M of
NaOH and curing temperature of 90°C based on the optimization results
from the same research work. Various forming pressures were applied and
the geopolymer bricks were tested after 7 days of oven curing. From the
UCS results, it can be concluded that (1) all the MT-based geopolymer
bricks showed an increasing trend of UCS up to a certain level of form-
ing pressure; (2) the decline in UCS for high forming pressure was due
to the loss of NaOH solution that was squeezed out during the forming
process at high forming pressure, hence reducing the degree of geopoly-
merization; (3) forming pressure is related to the initial water content of
geopolymer mix, i.e., higher forming pressure may result in lower initial
water content.

Zhao et al. [102] studied the effect of forming pressure on the com-
pressive strength of autoclaved bricks made from low-silicon tailings.
Alkali-activated cementitious materials based on slag and FA were incor-
porated into the mixture in an attempt to produce high-strength low-
silicon autoclaved bricks with load-bearing capacity. Water content in
materials of 7.5%, tailings to cementing material mass ratio of 85:15, auto-
claved curing regime of 2-8-2 (temperature rising—holding—dropping
stages), and autoclaved steam pressure of 1.0 MPa was fixed throughout
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the study. Results showed that the compressive strength of bricks increased
with the forming pressure. However, the magnitude of strength increase
in forming pressure exceeding 20MPa was deemed insignificant. Thus,
the optimum forming pressure should range between 18 and 20MPa in
consideration of producing bricks with adequate mechanical strength
with minimal energy usage. The compressive strength of autoclaved bricks
obtained using the aforementioned forming pressure range exceeds the
target strength of 15.0 MPa for load-bearing brick.

11.5.2 Water Absorption

Water absorption is a very important parameter for the fabrication of geo-
polymer bricks as it indicates the permeability and the degree of reaction
for geopolymer bricks. Generally a higher degree of geopolymerization
gives rise to a less porous and permeable geopolymer matrix. Ahmari and
Zhang [25] evaluated the effect of forming pressure on the water absorp-
tion of copper MTs-based geopolymer bricks. NaOH concentration, ini-
tial water content, and curing temperature were made constant at 15M,
16%, and 90°C, respectively. The freshly mixed MT-based geopolymer
paste was compressed at five different forming pressures, namely 0.5, 1.5,
3,5, and 15MPa to form the geopolymer bricks. The authors found that
the water absorption after 4 days of soaking varies from 2.26% to 4.73%,
corresponding to the forming pressure from 0.5 to 15MPa. The increase
in water absorption with the increasing forming pressure was attributed to
a higher amount of NaOH solution being squeezed out at higher form-
ing pressure. Under such circumstances, the geopolymerization reaction is
hindered, hence, fewer geopolymer gels were formed, subsequently result-
ing in higher porosity of the geopolymer matrix. On the other hand,
Freidin et al. [106] reported water absorption less than 10% for FA-based
geopolymer bricks upon the addition of hydrophobic additives. All the
water absorption values of the MT-based geopolymer bricks were well
below the maximum water absorption value allowable for difterent kind
of bricks as in accordance to various ASTM standards namely ASTM
C34-03, C62-10, C126-99, C216-07a, and C902-07.

11.6 BLENDED GEOPOLYMER

Blended geopolymers is a new category of geopolymeric binder, which is
produced by selective hybridization of two or more industrial waste ashes
followed by subsequent stabilization and solidification using chemical
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activators. The dual advantages of waste utilization and more importantly
the alteration in Si/Al and Ca/Si in the geopolymer system prompted a
sudden rush in the amount of research in the field of blended geopolymer
during recent years [21,23,24,103,107,108]. Ever since it was known that
C-S-H gel can coexist with geopolymeric gel in a single system and that
it contributes to the overall strength gain [40], various researchers have
utilized high-calcium waste material such as GGBES and ASTM class C
FA to blend with ASTM class F FA in order to achieve a higher early
strength gain and shorter setting time, which is beneficial particularly for
application in the precast industry [32,77]. Canfield et al. [109] investi-
gated the role of calcium in FA-based geopolymers by blending high-
and low-calcium FA. It was found that calcium played two major roles
during the geopolymerization of the blended FA geopolymer specimen:
(1) calcium was found to aid the dissolution of silica and alumina species
from the FA particles, yielding higher tetrahedral silicate and aluminate
monomer concentration as shown in FTIR, XRD, and TGA/DSC results;
(2) calcium also functions as a counterbalancing cation when incorpo-
rated into the geopolymer pore structure. In a separate study, the work-
ability of fresh geopolymer concrete consisting of GGBFS and FA showed
a decreasing trend with an increase in slag content and decrease of SS/
SH ratio due to the enhancement in reactivity in the presence of GGBES
in a FA-based geopolymer system [107]. Other waste materials such as
RHA and POFA have also found considerable interest among geopolymer
researchers in the blended geopolymer field [11,38,50,64].

The following section covers the mechanical, durability, and micro-
structure properties of a number of emerging blended geopolymers.

11.6.1 Mechanical Properties

He et al. [14] attempted to incorporate silica-rich RHA into silica-
deficient RM to produce a new class of blended geopolymer. The 60-days
compressive strength of geopolymer pastes derived from RHA and RM
with varying RHA/RM ratios (0.3, 0.4, 0.5, and 0.6) was examined. All
the geopolymer pastes were cured under room temperature and atmo-
spheric pressure until the specified testing age. NaOH was used as the
chemical activator and the concentration and liquid-to-solid weight ratio
were fixed at 4M and 1.2 throughout the experimental study. The afore-
mentioned RHA/RM ratios of 0.3, 0.4, 0.5, and 0.6 employed in this
study were corresponding to Si/Al ratios of 1.68, 2.24, 2.80, and 3.35.
Results showed compressive strength increased up to RHA/RM ratio
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of 0.5 before decreased for the paste specimens with RHA/RM ratio of
0.6. The compressive strength obtained ranged from 3.2 to 20.5MPa. The
enhancement in strength was due to the increasing amount of reactive
silica and higher specific surface area of RHA. Meanwhile the deteriora-
tion in strength observed in specimens with RHA/RM ratio of 0.6 was
due to the high amount of unreacted RHA particles in the mixture. Also,
the higher concentration of soluble Si ion in that particular mixture that
hinders the restructuring of Si and Al geopolymer network, subsequently
results in the formation of a weaker geopolymer matrix. In another study
involving RHA, Detphan and Chindaprasirt [50] studied the feasibility of
producing geopolymers based on the hybridization of RHA and FA.The
hybridization ratios of RHA/FA used to fabricate the geopolymer mor-
tars were 0/100, 20/80, 40/60, and 60/40. The effect of sodium-silicate-
to-sodium-hydroxide ratio, the SiO,/Al,Oj; ratio, and curing regime
(delay time, curing temperature, and curing period) on the compressive
strength development of the RHA/FA geopolymer mortars were inves-
tigated. The following conclusions were made as a result of the labora-
tory investigation: (1) Compressive strength range from 13 to 42MPa can
be achieved using sodium-silicate-to-sodium-hydroxide ratio from 1.5 to
5.9, with the optimum ratio at 4.0 regardless of the RHA/FA hybridiza-
tion ratios; (2) a reduction in compressive strength was observed with the
increasing S10,/Al,O; ratio mainly due to the cellular structure of RHA,
which resulted in high water uptake of the corresponding mortar mixes:
(3) a delay time of 1h, curing period of 48h, and curing temperature
of 60°C was found to be the most ideal curing regime to achieve high
strength, with the effect of curing temperature being more prevalent to
mortar mixes that contain high FA dosage.

RHBA i1s generated in biomass electricity power plants where rice
husks and bark are burned at a temperature around 400°C, yielding silica-
rich ash with similar chemical composition to RHA, with the exception
of slightly lower silica and higher calcium compounds. Songpiriyakij
et al. [49] investigated the eftect of SiO,/Al,O; ratios towards the com-
pressive strength development of RHBA/FA blended geopolymers. Due
to the silica-rich RHBA, a wide range of Si0,/Al,Oj3 ratios, i.e., 4.03—
1035, were obtained by hybridizing the two aforementioned base mate-
rials. Results shown that the optimum compressive strength at 28 days
of curing obtained is 51.0 MPa for Si0,/Al,O; ratio of 15.9 due to the
formation of stronger Si-O-Si bonds contributed by the addition of sil-
ica-rich RHBA. However, the authors observed expansion and cracking
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on specimens with SiO,/Al,O; ratios greater than 15.9 over time. Also,
specimen failure mode transition from crushing to deformation was also
observed for SiO,/Al,O; greater than 15.9. The authors also concluded
that other than the reactivity of the source materials, the quality of
the matrix phase developed is also an essential factor that contributes to
the compressive strength development of the RHBA/FA blended geo-
polymer paste. The strength obtained was in agreement with another
related study [21].

Due to the emergence of fluidized bed combustion (FBC) as a prom-
ising clean-coal technology compared to the traditional pulverized coal
combustion (PCC) method due to the reduction of SO, and NO, gasses
emitted in flue gas, Chindaprasirt et al. [110] utilized FA obtained from
FBC as a source material for geopolymer fabrication. Geopolymer mor-
tars consisted of FBC-FA and PCC-FA with mass ratios 0:100, 20:80,
40:60, 60:40, 80:20, 100:0 were activated by 10 M NaOH and sodium sili-
cate with Na,SiO; to NaOH ratio of 1.5 by weight. Liquid content for
each mix was adjusted accordingly to achieve a workable mix due to the
irregular shape of FBC-FA. Sand-to-ash ratio of 2 was maintained for all
the mixes. Freshly mixed geopolymer was poured into a 25-mm-diameter
and 25-mm-height mold, oven cured at 65°C for 48h, and cured continu-
ously at controlled room temperature of 25°C until the testing ages. The
compressive strength results at 7-days specimen age were indicative that
the compressive strength of geopolymer mortar decreased as the amount
of FBC-FA increased. This is due to the lower reactivity of FBC-FA as
compared to primary PCC-FA.The low amorphous phase and the porous
nature of FBC-FA is the governing reason for the aforementioned obser-
vation. PCC-FA to FBC-FA ratio of 60:40, which exhibited 7 days com-
pressive strength of 30.0 MPa, was recommended as the mix proportion
for the fabrication of geopolymer due to the relatively high strength and
also the significant amount of FBC-FA used.

While the addition of waste-paper sludge from the paper-recycling
industries in OPC concrete brings about adverse effect to various proper-
ties [111,112], Yan and Sagoe-Crentsil [37] attempted to incorporate dry
waste-paper sludge to FA-based geopolymer mortars on the mechanical
properties. The dry waste-paper sludge was added to the geopolymer sys-
tem as a sand-replacement material in the range of 0—10wt%. Laboratory-
grade sodium silicate solution and sodium hydroxide pellets were used as
activating solutions and the Si0,/Na,O molar ratio and H,O/Na,O ratio
were fixed at 1.5 and 11, respectively. Also, the other constant parameters
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in the experimental study are the sand/FA ratio of 3 and the liquid/ sol-
ids ratio of 0.2. The freshly casted specimens were initially cured in a
steam chamber at 60°C for 8h before being demolded, followed moist
curing (sealed in plastic bags at room temperature) until the testing ages.
The authors concluded that the decrease in compressive strength of the
geopolymer mortars up to 10wt% of dry waste-paper sludge was due to
the presence of surfactants (dissolved lignin residues) in dry waste-paper
sludge, which act as air-entraining admixtures and alter the porosity and
pore-size distribution of the geopolymer matrix, resulting in a lower-
density geopolymer mortar as the percentage of dry waste-paper sludge
increases. The average 91-days compressive strengths of geopolymer mor-
tars containing 2.5 and 10wt% of dry waste-paper sludge were 55.7 and
31.2MPa, respectively, retaining 92% and 52% of the control mortars’
strength, which attained 60.6 MPa.

GGBES is the one of the most popular source materials to be blended
with other geopolymer source materials as the addition of GGBEFS
increases the amount of amorphous silica and alumina and also the CaO
in the resultant geopolymer system, which in turn will greatly improve
the mechanical performance of the blended geopolymers. For instance,
different grades of GGBFS, i.e., 80, 100, and 120 were incorporated
into FA-based geopolymers in a fixed FA/GGBFS weight ratio of 5/3.
Results suggested that without the incorporation of external amor-
phous silica source, higher-grade GGBFS is only beneficial for the early
strength development of FA geopolymer. The reactivity of the higher-
grade GGBFS can be exploited by the enhancement in Si0,/Al,O5 and
S10,/Cao ratios by the incorporation of additional amorphous silica
source [108]. GGBFS/FA geopolymer concrete with 28-days compres-
sive strength as high as 51 MPa could be achieved with the GGBES/FA
hybridization ratio of 20/80, 40% of activator liquid and SS/SH ratio of
1.5 when cured at ambient temperature [107].

Deb et al. [107] investigated the splitting tensile strength of GGBFS/
FA-based geopolymer concrete cured at ambient temperature. The tensile
strength increased with increasing slag content and decreasing SS/SH
ratio, providing a strong correlation with the corresponding compressive
strength development. GGBFS/FA geopolymer concrete with 20% of
GGBS content and SS/SH ratio of 1.5 exhibited 55% higher 28-days ten-
sile strength than the geopolymer concrete mixture with 10% GGBES and
SS/SH ratio of 2.5. The ranges of tensile strength obtained were also con-
sistently higher than the OPC concrete specimens.
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The number of researches utilizing POFA in the fabrication of
geopolymers or blended geopolymers has risen in recent years due to
the abundance of POFA wastes especially in Southeast Asian countries,
e.g., Malaysia and Thailand [113—117]. Approximately 3 million tons and
0.1 million tons of POFA were produced annually in Malaysia and Thailand,
respectively [4,118]. The aluminosilicate waste material was obtained from
the palm oil industry and has usually undergone a pretreatment process
involving calcination, grinding, and sieving before it can be suitably used as
geopolymer feedstocks [11]. As of now, researchers are focusing on the opti-
mization of blended geopolymers involving GGBFS/POFA [23,115], FA/
POFA [24,46,92,93]. A ternary blended geopolymer system of GGBFS/
POFA/RHA was also proposed [117]. Various factors such as H,O/Na,O
ratio [114], M, [38], curing regime, and chemical activator dosage [116] were
investigated on a GGBFS/POFA blended geopolymer system and excellent
mechanical properties were obtained from the optimum mixes from each
of the factors studied. The excellent mechanical properties were due to the
formation of a dense geopolymer matrix and the coexistence of C-S-H
gels and geopolymeric gels (NASH/CASH) with the inclusion of GGBEFS
in the blended system [114]. Yusuf et al. [115] recommended the partial
replacement of POFA by GGBES to be at 20% in order to maintain an
excellent mechanical properties profile. POFA, when used as a replacement
material in FA-based geopolymers, reduces the early strength and delayed
the geopolymerization process [24]. However, POFA/FA geopolymers
exhibited a gain in strength even upon being subjected to elevated tempera-
ture as high as 500°C. The authors also reported the addition of POFA into
FA-based geopolymer mortars reduced the compressive strength and den-
sity of the mixtures [46]. Excellent compressive and flexural strength was
observed in a ternary blended geopolymer system comprising POFA, FA,
and RHA [117].

11.6.2 Microstructure of Geopolymer Matrix

The microstructure of FBC-FA and PCC-FA blended geopolymer paste
was studied by Chindaprasirt et al. [110]. The geopolymer paste was acti-
vated using the NaOH to Na,SiOj ratio of 1.5 and was oven cured at
65°C for 48h, followed by subsequent curing at a controlled temperature
of 25°C. The morphology of the blended geopolymer paste was exam-
ined at the age of 7 days. Fig. 11.11A and B show the morphology of
60:40 PCC-FA: FBC-FA blend and its geopolymer paste counterpart.
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Figure 11.11 Morphology of 7-days specimens: (A) 60/40 blend PCC-FA: FBC-FA;
(B) 60/40 PCC-FA: FBC-FA blended geopolymer; (C) PCC-FA geopolymer paste; (D)
FBC-FA geopolymer paste [110].

The spherical shape of PCC-FA induced the ball-bearing effect and
improved the workability of the resultant paste as compared with
FBC-FA, which consisted of irregular and porous particles. The morphol-
ogy of the 60:40 blended geopolymer paste, PCC-FA geopolymer paste
(Fig. 11.11C), and FBC-geopolymer (Fig. 11.11D) paste show continuous
mass of aluminosilicate, indicating a relatively well-developed geopoly-
mer network. However, the unreacted/partially reacted grains of irregular
FBC-FA are much more porous than PCC-FA, which culminated in a
lower strength of blended geopolymer paste with higher FBC-FA content.
In the same study, XRD results indicated that at the age of 7 days, blended
geopolymer pastes with a high amount of PCC-FA (60%, 80%, and 100%
PCC-FA) showed a high amount of amorphous phases and trace amount
of crystalline products. Meanwhile geopolymer pastes with a high amount
of FBC-FA (60%, 80%, and 100% FBC-FA) exhibited intense peaks of
crystalline phases with a reduced amount of amorphous gel. Calcium sili-
cate similar to the hydration product of Portland cement was detected in
all the blended hardened geopolymer pastes.
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The pore size of POFA/FA geopolymer mortars significantly increased
upon being subjected to elevated temperature beyond 800°C. High POFA
content in the blended geopolymer mortar mixes deformed at 800°C
while FA-based geopolymer mortars maintain their structural integrity up
to a temperature of 1000°C, suggesting lower thermal stability upon addi-
tion of POFA in FA-based geopolymer mortars [46]. In a separate study,
the addition of POFA in a FA geopolymer system increases the porosity in
the resultant blended geopolymer matrix [24].This is due to the unreacted
POFA particles having the tendency to trap air because of their inherent
crumbled shape.

11.6.3 Dimensional Stability

Yusuf et al. [113] investigated various factors influencing the shrink-
age behavior of GGBFES/POFA blended-geopolymer mortar. The factors
studied included the effect of GGBFS addition, eftect of SS/SH ratio, and
also the eftect of pore sizes and volume of base materials. The following
conclusions can be drawn from the study: (1) Internal microcracks and
enhancement in pore filling and pore refinement, which resulted in sig-
nificant reduced shrinkage, can be achieved with the addition of GGBFS
up to 60%; (2) SS/SH ratio of 2.5 was recommended for a GGBFS/
POFA blended-geopolymer system, where enhancement in product glassy
phase, reduction in carbonation, and tendency of C-A-S-H gel formation
resulted in significantly reduced shrinkage.

The drying shrinkage behavior of dry waste-paper sludge added-FA
geopolymer mortars was monitored up to 91 days by Yan and Sagoe-
Crentsil [37]. The dry waste-paper sludge was used in the range of
0-10wt% as sand-replacement material. Results showed that the addition
of dry waste-paper sludge up to 10 wt% reduces the drying shrinkage of
the resultant geopolymer mortars compared with the reference mortars,
which contain only FA as the binder phase material. The drying shrink-
age of 91 days cured mortars specimens of 10 wt% dry waste-paper sludge
is 492 pe, which corresponds to a remarkable 64% reduction if compared
with the reference mortars (1346 pe). The reduction in drying shrinkage
with the increasing dry waste-paper sludge was due to the presence of cel-
lulose fibers, which existed predominantly in dry waste-paper sludge. The
expansion of cellulose fibers in the presence of moisture compensated the
actual drying shrinkage of geopolymer mortars specimens incorporating
dry wastepaper sludge, which is expected to exhibit a higher degree of
drying shrinkage based on the results of moisture loss analysis.
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11.7 SUMMARY OF THE CURRENT BODY
OF KNOWLEDGE AND DISCUSSIONS

Following the reviews performed on the essential factors influencing the

properties of geopolymers derived from industrial byproducts, the follow-

ing summaries can be made:

1.

Generally the inclusions of 2-14M of NaOH as chemical activators
into the geopolymer matrix increased the compressive strength of the
hardened geopolymer concrete.

The multicompound chemical activators consisting of Na,SiO3/
NaOH were found to be the most effective chemical activators to
be added into the geopolymer matrix for the purpose of mechanical
strength enhancement.

Coupled with the addition of chemical activators, the application of
heat curing in terms of duration and temperature is essential in accel-
erating the early age strength development of geopolymer concrete.
A maximum duration of 24h and a heat curing temperature range of
50-90°C was found to be beneficial towards the short- and long-term
strength development and stability of geopolymer concrete.

Higher liquid alkaline/ash ratio generally resulted in higher workabil-
ity of the fresh geopolymer mixture. Higher Na,SiO3;/NaOH ratio
generally reduced the workability of the fresh mixtures due to the
higher viscosity of Na,SiOj;, while a higher concentration of NaOH
was found to increase the setting time of the resultant geopolymer
mixture.

Generally the shrinkage of geopolymer concrete is governed by
the corresponding strength. The increase in linear shrinkage is associ-
ated with the low strength development of the geopolymers, and vice
versa.

In calcium-added or high-calcium geopolymeric systems, C-S-H gels
were found to coexist with the geopolymeric gels and enhance the
microstructural and mechanical strength development of the resulting
geopolymer concrete.

High-strength (>60 MPa) geopolymer concrete can be fabricated with
the higher fineness of the binder-phase materials.

A small amount (<3% by binder weight) of nanosized particle addi-
tions to the geopolymer matrix resulted in significant enhancement in
mechanical and microstructural properties of the geopolymer concrete
and caused reduction in both initial and final setting time of the geo-
polymer paste.
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9. Generally, naphthalene-based SPs are the most effective high-range
water-reducing admixtures for geopolymer systems activated by
NaOH only. For geopolymer systems activated by both Na,SiO3 and
NaOH, polycarboxylate-based plasticizers exhibited the best plasti-
cizing effect amongst other commercial SPs (naphthalene-based and
melamine-based superplasticizers).

10. Hybridization of different sources of binder materials with the
optimized proportion of chemical activators and optimum curing
method depending on the suitability of source materials can lead to
the production of geopolymer concrete with superior mechanical,
physical, durability, and microstructural properties.

11. Geopolymer concrete exhibited superior resistance upon exposure
to aggressive environments such as sulfuric acid, magnesium sulfate,
nitric acid immersion, etc., with an average of 12—40% of compressive
strength loss compared to OPC concrete, which generally exhibited
40-65% compressive strength loss within the same exposure period.

12. The effect of water content in geopolymer concrete on the strength
development was generally governed by the type of chemical acti-
vators used. For example, for FA-based geopolymer, the strength
increased with the decreased water/FA ratio for the NaOH, Na,SiO3,
and Ca(OH), activated FA-based geopolymer. On the other hand,
the reversed trend was observed for the FA-based geopolymer acti-
vated by KOH.

13. In the fabrication of press-formed geopolymer bricks, an appropriate
forming pressure that minimized the interparticle spacing in the ITZ
and also the leaching out of the alkaline pore solution will yield geo-
polymer bricks with excellent compressive strength (>30MPa) and
low water absorption (2—5%).

OPC concrete has received wide criticism over the past decades with
increasing awareness on its inherently high-carbon footprint and embod-
ied energy of production, which has prompted the rise of geopolymer
technology. Geopolymer was seen as a solution to both the construc-
tion industry’s problems and also the waste management issues suffered
by various industries such as the coal-burning industry, palm oil, rice
milling industry, etc. However, despite the intense studies performed
over the years, geopolymer technology is still far from achieving its ulti-
mate goal, which is to replace OPC in actual industrial practices. Based
on the reviews performed, the most influencing factors that governed
the mechanical, physical, durability, and microstructure performance of
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geopolymers are the alkaline activator, curing regime, and also the physical
properties and chemical composition of the raw materials.

Several researchers have examined the environmental impact of geo-
polymer concrete in comparison with OPC concrete [119-122]. For
instance, Habert et al. [119] evaluated the environmental impact of geo-
polymer concrete against OPC concrete using the life-cycle assessment
(LCA) approach. The authors found that the production of a typical geo-
polymer concrete exhibited lower global warming potential value than
OPC concrete with identical strength properties, with the former exhib-
iting 168.5kg CO, eq. while the latter with global warming poten-
tial value of 305.9kg CO, eq. However, geopolymer concrete exhibited
higher values in three other impact categories examined, namely, abiotic
depletion, marine ecotoxicity, and acidification, as compared with OPC
concrete, mainly due to the eftects originating from the production of
sodium silicate solution. The aforementioned findings were supported by
another research work by Turner and Collins [120], who concluded that
the reduction in carbon dioxide equivalent emissions (CO,-e) of geopoly-
mer concrete in comparison with OPC concrete is a mere 9%. This is in
contrast to the widespread claim that the production of geopolymer bind-
ers reduced the carbon footprint of OPC binders by as high as 60% [123].
The main reasons that culminated in the higher-than-expected figure are
the enormous amount of energy incurred during the mining, treatment,
and transport of raw materials to manufacture the chemical activator.
Besides, the energy-intensive manufacturing process, which includes the
mixing and melting of sodium carbonate and sand for the production of
sodium silicate solution, is also the primary contributor to the embodied
energy of the geopolymer binder system.

Based on the reviewed literature, in order to achieve similar or bet-
ter properties in comparison with OPC concrete, most of the geopoly-
mers require either the utilization of high dosage of alkaline activator [13]
or heat treatment [1], or in many cases the application of both [4,19,46].
It is believed that the aforementioned factors proved to be the stumbling
blocks in the transition of geopolymers technology from research basis
towards industrial application. This is because the addition of a high dosage
of chemical activators in the geopolymer mix design will result in a spike
increase in the manufacturing cost, twice as high as OPC concrete [122].
Moreover, the necessity of elevated temperature treatment rendered mass
industrial fabrication of geopolymer concrete impractical. Coupled with
the environmental impact assessment discussed in the previous paragraph,
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future research in the field of geopolymers should focus on minimizing or

eliminating the usage of chemical activators and heat treatment. This is nec-

essary in order to justify the feasibility of geopolymer concrete to replace

OPC concrete from both the economic and carbon footprint perspective.
Although geopolymeric binders present the highest potential to

emerge as the new low-carbon footprint binder to replace OPC, one of
the foreseeable challenges that warrants a proper solution is the inconsis-
tency in properties and performance shown by various geopolymer source
materials. It is well known that the performance of geopolymers is very
much governed by the physical and chemical properties of the alumino-
silicate source material. Popular geopolymer source materials originating
from industry wastes, such as FA, GGBFS, RHA, and POFA, have their
own unique chemical composition and physical properties, and thus
require distinctly different alkaline-activator dosage and processing meth-
ods in order to achieve similar performance. Furthermore, the properties
of the same source materials, but from different locations, possessed dif-
ferent characteristics in term of chemical composition and physical prop-
erties. The aforementioned variations will definitely pose problems when
transterring geopolymer knowledge to the industrial practitioners.

In light of the various uncertainties in terms of the actual environmental
impact and challenges faced in the field of geopolymer concrete, the following
strategies/recommendations are proposed to significantly reduce the carbon
footprint of geopolymer concrete and at the same time facilitate the imple-
mentation of geopolymer technology in the concrete production industry:

* Future research should focus on fabricating geopolymer concrete with
minimal alkaline-activator dosage and elevated temperature treatment
in order to produce a sustainable product with low embodied energy
and low carbon footprint, which is low in production cost and safe for
site handling. For example, geopolymer concrete made from FA and
GGBFS hybrid aluminosilicate raw material have a lower environmen-
tal impact as it required less sodium silicate in order to be activated as
compared to geopolymer concrete made with pure MK [119].

* Hybridization of various industrial waste materials such as FA, GGBFES,
RHA, POFA, and any other aluminosilicate-rich raw materials is nec-
essary in order to strike a balance in the eventual Si/Al molar ratio for
optimum geopolymerization reaction to occur.

e Leveraging the well-established particle technology in OPC to
improve on the granular distribution of geopolymer materials to
achieve higher packing density thus reducing the amount of alkaline
activators and active binders required [124].
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*  Development of new activation and curing methods such as utilizing
waste materials, e.g., sodic waste or other additives that possessed simi-
lar properties to the commercial alkaline activators.

* Establishment of standard specification and testing methods designed
specifically for geopolymer concrete or mortar might be one of the
few steps in convincing the widespread acceptance of geopolymers
technology in replacing OPC concrete.

* A complete elucidation and modeling of geopolymerization reaction
kinetics and chemistry based on different source materials should be
created to serve as a general guideline for the geopolymers research-
ers and engineers. This is essential in identifying the crucial parameters
and factors to be considered during the design and fabrication stage of
geopolymer concrete material.

* Utilization of advanced analytical methods such as the nuclear mag-
netic resonance technique to elucidate the structural unit of the amor-
phous geopolymer products formed by single or hybridized source
materials that cannot be derived quantitatively using other analytical
methods such as XRD.

e LCA of each geopolymer concrete developed should be derived in
order to truly justify the environmental and economic benefits offered
by geopolymeric binders over OPC concrete. This is because besides
the energy incurred during the production of geopolymer source
materials and other additives other factors such as the location of
source materials, the energy source, and mode of transportation are
equally important considerations. These factors determine the actual
environmental impact of geopolymer concrete when it is in actual
industrial applications, as pointed out by McLellan et al. [122]. With
reference to a typical Australian material supply chain, the variabil-
ity of the aforementioned factors could lead to a very wide range of
greenhouse gases emissions by geopolymer concrete as compared to an
equivalent OPC concrete. Values could be ranging from a reduction of
97% up to an increment of 14% in terms of total carbon footprint.

11.8 CONCLUSIONS

This chapter reviews and summarizes the essential factors that have consid-
erable effect on the properties of geopolymers derived from source mate-
rials originated from industrial waste streams. The issues regarding the
environmental impact of geopolymer concrete in comparison with OPC
concrete were also deliberated. Based upon the review work done, numerous
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challenges and issues faced by the practitioners of geopolymer technology
and the steps needed to overcome the barriers were highlighted and discussed
as well.

The present literature provides a detailed elucidation of various fac-
tors that influence the properties of geopolymer concrete. With reference
to the current body of knowledge in geopolymer technology, a rigor-
ous amount of study has been performed to cover the various aspects of
established geopolymers such as FA- and GGBFS-based geopolymers.
However, there is still a significant gap of knowledge related to the geo-
polymerization reaction kinetics, material properties, and rheological
behavior of a number of emerging geopolymers such as blended geopoly-
mers and biomass ash geopolymers. Hence, detailed studies such as those
related to the derivation and modeling of reaction kinetics under various
treatments and fabrication conditions of the emerging class of geopoly-
mer source materials such as POFA, RHA, and blended geopolymers are
required. Besides, contradicting findings in terms of embodied energy and
carbon footprint and embodied energy of geopolymers in comparison
with conventional OPC concrete must be addressed. Hence, the develop-
ment of new geopolymer material design, fabrication, and postfabrication
treatment technology, which are oriented towards minimizing the produc-
tion cost, embodied energy, and carbon footprint is essential. These can
be achieved when the LCA of the geopolymer concrete is taken as a pri-
mary consideration during the design stage. All of this is a certain necessity
to ensure the sustainability and effective implementation of geopolymer
technology as low-carbon concrete materials.

Successtul utilization of geopolymers derived from industrial byprod-
ucts in actual industrial application will bring about numerous benefits to
the construction industry and solve various industrial waste management
issues. It is a promising sign that the research in geopolymers, especially in
the utilization of industrial waste materials, has been intensified and it is
certainly a step forward in achieving the ultimate goal of geopolymer use
as a complete replacement of OPC as the primary construction material
with a significantly low carbon footprint.
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Performance on an Alkali-
Activated Cement-Based Binder
(AACB) for Coating of an OPC
Infrastructure Exposed to
Chemical Attack: A Case Study
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2University of Minho, Guimaries, Portugal
“University of Sungkyunkwan, Suwon, Republic of Korea

12.1 INTRODUCTION

Premature degradation of ordinary Portland cement (OPC) concrete
infrastructure is a current and serious problem related to the fact that
OPC concrete presents a higher permeability that allows water and other
aggressive elements to enter, leading to carbonation and chloride-ion
attack, resulting in corrosion problems [1].

Pacheco-Torgal et al. [2] mentioned the case of a tunnel in Dubai,
which had been concluded in 1975 and needed to be completely repaired
after just 11 years, a case of pile foundations that had disintegrated after just
12 years, and also a study on Norway OPC concrete bridges that indicated
that several presented corrosion problems 24 years after they were built. As
a consequence, worldwide concrete infrastructure rehabilitation costs are
staggering. For example in the United States, where about 27% of all high-
way bridges are in need of repair or replacement, the needs are estimated to
be over US$1.6 trillion by 2021, and the corrosion deterioration cost due
to deicing and sea salt effects is estimated at over US$150 billion. In the
European Union, nearly 84,000 reinforced and prestressed concrete bridges
require maintenance, repair, and strengthening with an annual budget of
£215M, and that estimate does not include traffic management costs [3].

Many of the degraded concrete structures were built decades ago when
little attention was given to durability issues. Concrete durability means
above all minimizing the possibility of aggressive elements to enter the
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concrete, under certain environmental conditions for any of the following
transport mechanisms: permeability, diffusion, or capillarity. The use of
concrete surface treatments with waterproofing materials (also known as
sealers) to prevent the access of aggressive substances is an important way
of contributing to concrete durability. Almusallam et al. [4] studied several
concrete coatings concluding that epoxy and polyurethane coatings per-
formed better than acrylic, polymer, and chlorinated rubber coatings.

Other authors [5,6] showed that although some waterproof materials
are effective for a particular transport mechanism (diffusion, capillarity, per-
meability), they may not be for another. They compared the waterproofing
capacity of concrete with three polymeric resins (epoxy, silicone, acrylic)
and mentioned that the silicone-based one is more effective (99.2%) in
reducing water absorption by capillarity than the epoxy resin (93.6%),
but in terms of chloride diftusion the epoxy resin is 100% eftective, while
the silicone varnish does not go beyond 67.5%. Epoxy coatings exhibited
excellent durability under the laboratory and field-test conditions and
are recommended for protecting concrete in cooling tower basins against
sulfur-oxidizing or other acid-producing bacteria [7].

Medeiros and Helene [8] used a water-repellent material based on
silane-siloxane, noticing that although it is eftective to reduce the water
absorption by capillarity of concrete (reduced from two to seven times), it
only managed to achieve a reduction of the chloride diftusion from 11%
to 17% and also failed to prevent the access of water by permeability.

Pacheco-Torgal and Jalali [9] confirm that the surface treatment of
concrete with a water-repellent material is effective, but above all more
cost effective when compared with the alternative of using a polymer
additive in the composition of concrete.

In 2013, Brenna et al. [10] studied the efficiency of four commercial
concrete coatings (a polymer-modified cementitious mortar and three elas-
tomeric coatings) against chloride-induced corrosion, concluding that the
polymer-containing mortar shows the best eftect on delaying chloride pen-
etration in concrete. In summary, the most common surface treatments use
polymeric resins based on epoxy, silicone (siloxane), acrylics, chlorinated
rubber, polyurethanes, or polymethacrylate.

Bijen [11] mentioned that the epoxy resins have low resistance to
ultraviolet radiation and polyurethanes are sensitive to high-alkalinity
environments. Polyurethane is obtained from isocyanates, known world-
wide for their tragic association with the Bhopal disaster. As for chlo-
rinated rubber it derives from reacting butyl rubber with chlorine; it is
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important to remember that chlorine is associated with the production
of dioxins and furans, which are extremely toxic and also bioaccumula-
tive. Several scientist groups already suggest that chlorine-based industrial
products should be prohibited [12].

Besides, the European Union has approved Regulation (EU) 305/2011,
related to construction products regulation, which will replace the cur-
rent Directive 89/106/CEE, already amended by Directive 1993/68/EEC,
known as the Construction Products Directive. A crucial aspect of the new
regulation relates to the information regarding hazardous substances [13].

Recent investigations on the geopolymer field [14] reveal a third cat-
egory of mortars with high potential to enhance the durability of concrete
structures. Investigations in the field of geopolymers have exponentially
increased after the research results of Davidovits [15], who developed and
patented binders obtained from the alkali activation of metakaolin, coin-
ing the term “geopolymer” in 1978. The technology of alkali activation,
however, predates this terminology by several decades [16].

For the chemical designation of the geopolymer, Davidovits suggested
the name “polysialates,” in which sialate is an abbreviation for aluminosili-
cate oxide. The sialate network is composed of tetrahedral anions [SiO4]*~
and [AlO,]°~ sharing the oxygen, which needs positive ions such as (Na*,
K*, Lit, Catt, Na*t, Bat™, NHI, H;0%) to compensate for the electric

charge of AIP*

in tetrahedral coordination (after dehydroxilation the alu-
minum changes from coordination 6 (octahedral) to coordination 4 (tetra-
hedral). However, Provis and Van Deventer [17] mentioned that the sialate
nomenclature “implies certain aspects of the geopolymer gel structure
which do not correspond to reality.”

In 2014, Provis presented a rigorous a useful definition of these mate-
rials: “alkali-activated materials are produced through the reaction of an
aluminosilicate—normally supplied in powder form as an industrial by-
product or other inexpensive material—with an alkaline activator, which
is usually a concentrated aqueous solution of alkali hydroxide, silicate,
carbonate or sulfate” [18].

In the last decade several authors have reported research in a large
number of aspects related to geopolymers.

However, very few studies [19—21] have addressed the use of geopoly-
mers for enhancement of concrete structures’ durability. Since geopolymer
performance concerns the resistance to acid attack, is far better than that
of Portland cement [16], which means that these materials could be an
alternative low-toxicity coating material.
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This paper presents results of an experimental investigation on the
resistance to chemical attack (with sulfuric, hydrochloric, and nitric acid)
of several materials: OPC concrete, high-performance concrete (HPC),
epoxy resin, acrylic painting, and a fly ash—based geopolymeric mortar.

12.2 EXPERIMENTAL WORK

12.2.1 Materials, Mix Design, Mortar and Concrete Mixing, and
Concrete Coating

The characteristics of the aggregates (coarse and sand) used are shown in
Table 12.1 and in Fig. 12.1. The fly ash used in the geopolymeric mor-
tars was supplied by Sines-EDP and according to the NP EN 450-1 it
belongs to the B-class and has an N-class fineness modulus. Geopolymeric
mortars were a mixture of aggregates, fly ash, calcium hydroxide, and
alkaline silicate solution. The mass ratio for aggregates/fly ash and acti-
vator was 2/1/0.6. A 10% percentage substitution of fly ash by calcium
hydroxide in the mixture was also used. This is because the use of minor

Table 12.1 Characteristics of the aggregates

Max Fine Density Water

dimension content (kg/m3) absorption
Sand 4.0 <3 2660 0.2
Coarse aggregates 8.0 <1.5 2620 0.6
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Figure 12.1 Aggregate particle-size distribution of the sand and of the coarse
aggregate.
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calcium hydroxide percentages is pivotal for the strength and durability of
geopolymers [22,23]. The alkaline activator was prepared prior to use. An
activator with sodium hydroxide and sodium silicate solution (Na,O =
13.5%, S10, = 58.7%, and water = 45.2%) was used with a mass ratio
of 1:2.5. Previous investigations showed that this ratio lead to the high-
est compressive strength results in geopolymeric mortars [14]. The sand,
fly ash, and calcium hydroxide were dry mixed before being added to
the activator. Three different sodium hydroxide concentrations (10,
14, and 18 M) were used. The fresh mortar was cast and allowed to set
at room temperature for 24h before being removed from the molds and
kept at room temperature (20°C) until tested in compression and flex-
ural strength. An OPC (CEM I 42,5 N) was used to prepare the concrete
mixtures. Two concrete mixes (normal and HPC) were designed using
the Faury concrete mix design method (Table 12.2). The concrete mixing
starts with the introduction of the coarse aggregates in the mixer, followed
by the sand for 2min; then OPC is introduced and mixed to the aggre-
gates for 2 more minutes. Then, 70% of the water is introduced in the
mixer and all the ingredients are mixed for 2min. Finally, the remaining
water is added for 2min and everything is mixed for 2 more minutes.

The concrete specimens were conditioned at a temperature equal to
21 + 2°C cured in a moist chamber until they have reached 28 days. An
epoxy resin often used as concrete coating protection against acid attack
with a commercial reference Sikagard 62 PT was used for coating of the
two concrete mixtures. The epoxy adhesive is a two-component system
(resin and hardener) with a bulk density of 1.35kg/dm’. After mixing the
two components, the mixture remains workable for 20 min at 20°C or just
Omin at 30°C. An acrylic paint often used as concrete coating protection
to prevent the access of aggressive substances with a commercial reference
Sikagard 660 ES was also used for coating of the two concrete mixtures.
This material has a bulk density of 1.30kg/dm” and is provided by the
manufacturer as ready to be used.

Table 12.2 Concrete mix proportions per cubic meter of concrete

Cement Sand Coarse Water w/C
(kg) (kg) aggregates
(kg)
NC 270 1135 732 182 0.65

BED 442 876 782 205 0.45
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12.3 EXPERIMENTAL PROCEDURES

12.3.1 Compressive Strength

The compressive strength was performed under NP EN 206-1. Tests were
performed on 100 X 100 X 100mm?® concrete specimens. The compres-
sive and flexural strength data of geopolymeric mortars was obtained using
160 X 40 X 40mm® specimens according to EN 1015-11. Compressive
strength for each mixture was obtained from an average of three cubic
specimens determined at the age of 28 days of curing.

12.3.2 Water Absorption by Immersion

Tests were performed on 40 X 400 X 80mm?® specimens. Specimens
were tested with 28 days curing. The specimens were immersed in water
at room temperature for 24 h. First, the weight of the specimens while sus-
pended by a thin wire and completely submerged in water is recorded
as Wi, (immersed weight). After that, the specimens were removed from
water, and placed for 1min on a wire mesh allowing water to drain; then
visible surface water is removed with a damp cloth and weight is recorded
as Wy, (saturated weight). All specimens were placed in a ventilated oven
at 105°C for not less than 24h and allowing that two successive weigh-
ings at intervals of 2h show an increment of loss not greater than 0.1%
of the last previously determined weight of the specimen. The weight of
the dried specimens is recorded as Wy, (oven-dry weight). The absorption
coefticient is determined as following equation:

at

W, — W,
A%) = —2 9% %100 (12.1)

sat im

12.3.3 Capillary Water Absorption

Capillary water absorption was carried out using 40 X 400 X 80mm?®
specimens in the case of geopolymeric mortars and 100 X 100 X 100 mm?®
specimens for concrete. After 28 days in a moist chamber the specimens
were placed in a 105°C oven for 24h. The test consists of placing the
specimens in a container with enough water so that one side of the sam-
ple will remain immersed. This test is carried out according to Standard
LNEC E393. Water absorption has been measured after 5, 10, 20, 30, 60,
90, 120, 180, 240, 300, 360, 420, and 480 min. Capillarity water absorption
was obtained from an average of three specimens.
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12.3.4 Resistance to Chemical Attack

The resistance to chemical attack followed a variation of the ASTM C-267
(Standard test methods for chemical resistance of mortars, grouts, and
monolithic surfacing’s and polymer concretes). The test used in the present
investigation consists of the immersion of 100 X 100 X 100mm® concrete
(NC, HPC, coated concrete specimens) and fly ash geopolymeric mortar
specimens with 28 days curing in acid solution. Three different acids were
used (sulfuric, hydrochloric, and nitric). Three acid concentrations were
used (10%, 20%, and 30%) to simulate long-term exposure at lower con-
centrations. Other authors used 5% Na,SO, concentrations and immer-
sion for 12 months [24]. The resistance to acid attack was assessed by the
differences in weight of dry specimens before and after acid attack at 1, 7,
14,28, and 56 days. The chemical resistance was assessed by the difterences
in weight of dry specimens before and after acid attack, since compres-
sive strength of specimens immersed in acid media could not be evalu-
ated. The fly ash—based geopolymeric mortar used in the resistance to acid
attack was the one associated with the highest compressive strength and
low water absorption.

12.4 RESULTS AND DISCUSSION

12.4.1 Compressive Strength

Fig. 12.2 shows the results of the compressive strength of the fly ash—based
geopolymeric mortars after 28 days curing as well as of the two concrete
mixtures. The results show that the compressive strength of geopolymeric
mortars is very dependent on the molarity of the sodium hydroxide.
Increasing the molarity from 10 to 14M leads to a relevant compressive
strength loss.

However, further increase from 14 to 18 M shows no noticeable
effects. Previous investigations [25] have shown that although a high
alkali content favors the dissolution of Al and Si species of fly ash it can
also negatively affect its strength. Pacheco-Torgal et al. [26], who stud-
ied the geopolymerization of mine wastes, noticed the opposite phe-
nomenon. Other authors [27] mentioned that when OH™ concentration
was high enough, dissolution of fly ash was accelerated, but polyconden-
sation was hindered. Normal concrete (NC) has a compressive strength
around 30 MPa while HPC compressive strength slightly exceeds 45 MPa.
The standard deviation was low and the coefficient of variation does not
exceed 12% meaning that the results were statistical relevant.
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Figure 12.3 Water absorption by immersion.

12.4.2 Water Absorption by Immersion

The results of water absorption by immersion are showed in Fig. 12.3.
These results are aligned with compressive strength performance. The fly
ash geopolymeric mortar with the least water absorption by immersion is
the one with the highest compressive strength.
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Figure 12.4 Water absorption capillary coefficients.

The geopolymeric mortars with a sodium hydroxide molarity of 14
and 18 M show a water absorption around 20%. This means that compres-
sive strength is directly influenced by open porosity. However, previous
investigations [28] on the field of geopolymers showed that low poros-
ity does not always mean high compressive strength; being that compres-
sive strength is more influenced by NaOH concentration than it is from
porosity. Both NC and HPC show a water absorption around 15%. This
falls in the current water absorption by immersion range of current OPC
concretes used by the construction industry (compressive strength at
28 days curing between 25 and 45 MPa), of 12—-16%.

12.4.3 Capillary Water Absorption

Fig. 12.4 shows the capillary water absorption coefficients. While the fly ash
geopolymeric mortars with a sodium hydroxide molarity of 14 and 18M
show a capillary water absorption around 0.45kg/m>h"® the geopoly-
meric mortar with the lowest open porosity and the highest compressive
strength has a 0.1kg/m?*h’> capillary water absorption coefficient.

The capillary water absorption of the two concrete mixes used in this
investigation is very low, around 0.15kg/m?h">. As a comparison, a plain
C30/37-strength class concrete has a capillarity coeflicient of 0.251kg/
m2.h"> for 28 days curing [29], while a plain C20/25-strength class
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concrete (the most used strength class in Europe [30]) has capillarity coef-

ficients between 0.85 and 2.6kg/m2.h"3 [31].

12.4.4 Resistance to Chemical Attack
12.4.4.1 Resistance to Sulfuric Acid Attack
Fig. 12.5 shows the weight loss after sulfuric acid attack for the different acid
concentrations. NC coated with epoxy resin shows the most stable perfor-
mance for all three acid concentrations confirming previous investigations.

A 5
3
< 1
i G |
£ 5 N\
S N\
s N
-9
11 S
-13
0 1 3 7 14 21 28 56
e NC 0 2.205 | 1.974 | 0.639 | —0.764| —0.287| —2.048| —8.165
e HPC 0 0.703 | 0.183 | —0.331| —1.010| —0.265| —0.386| —2.156
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Figure 12.5 Weight loss due to sulfuric acid attack: (A)
(B) 20% acid concentration, and (C) 30% acid concentration.
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Figure 12.5 (Continued)

The fly ash geopolymeric mortar shows a good performance for both 10%
and 20% sulfuric acid concentration. Fig. 12.6 shows photos of the different
specimens after immersion in a 20% sulfuric acid concentration. Even for a
30% sulfuric acid concentration this mortar shows a good acid resistance for
immersion until 14 days. HPC specimens show the third-best performance.
It shows a minor weight loss after 56 days in a 10% sulfuric acid concentra-
tion. For a 20% sulfuric acid concentration the weight loss is clear beyond
14 days, reaching a maximum of 9%. When the concentration increases to
30%, the weight loss starts after 7 days immersion and reaches a maximum
of 20% after 56 days. Specimens of NC coated with acrylic paint show the
same performance of uncoated concrete specimens for both 10% and 20%
sulfuric acid concentration. Only for the 30% acid concentration and long-
term immersion can this coat be of some use.

Since NC and HPC have almost similar capillary water absorption,
the differences in acid resistance lie in the leaching of calcium hydrox-
ide (Ca(OH),) from the pore solution and decalcification of CSH, which
must be lower in the latter case due to a much higher Portland cement
content. In the sulfuric acid attack, sulfate ions react with calcium hydrox-
ide, forming calcium sulfate dihydrate-gypsum (Fig. 12.2), and with alu-
minate hydrates, forming ettringite (Fig. 12.3).

H,S0, + Ca(OH), — CaSO, (12.2)

3CaSO, + 3CaO - ALL,O, - 6H,O + 25H,0

12.3
— 3Ca0 - ALO, - 3CaSO, - 31H,0 (12.3)
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Figure 12.6 Specimens after immersion in a 20% sulfuric acid solution.
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12.4.4.2 Resistance to Nitric Acid Attack
Weight loss after nitric acid attack is shown in Fig. 12.7. Again, NC
coated with epoxy resin shows the most stable performance for all three

acid concentrations. Nitric acid attack at 10% concentration is especially

destructive for NC even after just 7 days immersion. Nitric acid reacts

with calcium compounds, forming calcium nitrate, which has a solubility

of 56%. All the other mixtures show a weight loss not exceeding 2% even

after 56 days immersion. The behavior for a 20% nitric acid concentration
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FA_10M 0 0.525 | -0.301| —-0.031 | —0.387 | —0.454 | —0.591 | —-1.387
Acrylic Coat 0 1.066| 0.952| 1.958| 2.324| 2.608| 2.662| -0.123
Epoxy Coat 0 -1.061 | -1.524 | -0.887 | —0.755 | —0.568 | —0.531 | —0.807
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FA_10M 0 -0.732 | -1.403 | -1.187 | —2.159 | -1.687 | —1.893| —-2.376
Acrylic Coat 0 1450 1.784| 2.400| 2564 | 2.572 2.413| -1.071
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Figure 12.7 Weight loss due to nitric acid attack: (A) 10% acid concentration, (B) 20%
acid concentration, and (C) 30% acid concentration.
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Figure 12.7 (Continued)

is almost the same, the difference being that NC shows a higher weight
loss. When the acid concentration is increased to 30% NC does not show
an increase in the weight loss. For this very high acid concentration the
geopolymeric mortar shows a disappointing performance. Allahverdi
and Skvara [32,33] suggested that the electrophilic attack of nitric acid
protons results in the ejection of tetrahedral aluminum from the alu-
minosilicate framework and in the formation of an imperfect highly sili-
ceous framework. Other authors [34] also suggested this aluminosilicate
depolymerization.

12.4.4.3 Resistance to Hydrochloric Acid Attack

Fig. 12.8 shows the weight loss after hydrochloric acid attack for the dif-
ferent acid concentrations. The results are every similar to those of the
nitric acid attack. A 10% hydrochloric acid concentration is responsible for
a relevant NC weight loss even after just 7 days immersion. This type of
acid reacts with calcium compounds, leading to the formation of calcium
chloride, which has extremely high solubility (46.1wt%) [35]. The behav-
ior for a 20% nitric acid concentration is almost the same.

The difference being that NC shows a higher weight loss. All the
other mixtures show a weight loss not exceeding 2% even after 56 days
immersion. When the hydrochloric acid concentration is increased to
30%, NC does not show a relevant increase in the weight loss. However,
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Figure 12.8 Weight loss due to hydrochloric acid attack: (A) 10% acid concentration,
(B) 20% acid concentration, and (C) 30% acid concentration.

the geopolymeric mortar shows a high weight loss. Davidovits et al. [36]
reported a 78% weight loss for OPC concrete specimens immersed for 4

weeks in a 5% hydrochloric acid solution, which is much higher than the

weight loss of NC after immersion for 56 days in a 30% hydrochloric acid
solution, which was lower than 10%. This difterence is so high that it can-
not be explained by the specimen’s geometry or OPC concrete composi-
tion. A possible explanation could be related to the periodic replacement
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Figure 12.8 (Continued)

of the acid solution by the Davidovits study. Just because the pH is raised
with time, for instance, a solution of sulfuric acid at 5% concentration
evolves from pH = 1.05-6.95 after 28 days [37].

12.5 COST ANALYSIS

In order to evaluate the economic efficiency of several structural solutions,
comparisons between the costs of materials were made. The cost calcu-
lations were related to 1m? of concrete pavement with 0.3m thickness.
Two noncoated solutions (NC, HPC), one with 0.275m NC thickness
coated with 0.025m fly ash geopolymer and two coated with acrylic paint
and epoxy resin were analyzed. Fig. 12.9 shows the costs of the differ-
ent solutions. The concrete pavement coated by epoxy resin is by far the
most costly solution. Epoxy coating costs exceed the NC solution costs
by as much as 100%. Fig. 12.10 shows the cost to remaining mass (after
acid attack) ratio according to acid concentration. The results show that
for 10% and even 20% acid concentrations NC shows the best cost efti-
ciency. The cost efficiency of the HPC-based solution is similar to the fly
ash—based geopolymeric mortar except for a 30% acid concentration.

The results also show that no matter how well epoxy resin per-
forms under acid attack its economic efficiency is the worst between all
five solutions, being 70% above the cost efficiency of the fly ash—based
geopolymeric mortar. Only for a 30% acid concentration does the
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Figure 12.11 Cost percentage of fly ash geopolymeric mortar ingredients.

epoxy-based solution gain some interest. It is important to remember that
the cost of the fly ash—based geopolymeric mortar is very dependent on the
cost of sodium silicate (Fig. 12.11). Fig. 12.12 shows a simulation of the
cost-to-remaining-mass (after acid attack) ratio according to acid concen-
tration when the sodium silicate cost is around 30% of its current cost.
This means that current investigations aiming to replace sodium silicate
with low-cost waste glass [38] will increase the cost efficiency of the fly
ash—based geopolymeric mortar as a coating material for OPC concrete
infrastructures exposed to harsh chemical environments. Furthermore, the
future use of waste glass as sodium silicate replacement fits the European
zero-waste program COM 398 [39].



Performance on an Alkali-Activated Cement-Based Binder (AACB) 353

A) 3 0.300
IS = 0.250
g’% 0.200
'g i 0.150
] o) 0.100
;g e 0.050
3 0.000 NG HPC FA_10 | Acrylic | Epoxy
M coat. coat.
m Sulfuric acid 0.135 0.175 0.150 0.171 0.256
= Nitric acid 0.133 0.174 0.151 0.152 0.260
= Hydrochloric acid| 0.133 0.175 0.150 0.152 0.256
(B) @ 0.300
g 0.250
gg 0.200
€8 0150
g3 0100
9o 0050
% = 0-000 FA_10 | Acryli E
crylic 0X
8 NC HPC M cor;t. c‘())at.y
m Sulfuric acid 0.139 0.188 0.150 0.169 0.256
= Nitric acid 0.143 0.176 0.152 0.153 0.256
= Hydrochloric acid| 0.135 0.176 0.151 0.152 0.257
© 0.300
g 0250
g% 0.200
%% 0.150
S = 0.100
g - 0.050
0.000 NG HPC FA 10  Acrylic = Epoxy
M coat. coat.
m Sulfuric acid 0.190 0.192 0.194 0.183 0.267
m Nitric acid 0.140 0.178 0.200 0.153 0.256

= Hydrochloric acid  0.136 0.178 0.160 0.153 0.257

Figure 12.12 Cost to remaining mass ratio (euro/%) for a low-cost waste glass sodium
silicate replacement simulation: (A) 10% acid concentration, (B) 20% acid concentra-
tion, and (C) 30% acid concentration.
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12.6 CONCLUSIONS

Worldwide infrastructure rehabilitation costs are staggering. Premature
degradation of OPC concrete infrastructure is a current and serious prob-
lem related to the fact that OPC concrete presents a higher permeability
that allows water and other aggressive elements to enter, leading to car-
bonation and chloride-ion attack, resulting in corrosion problems. This
article presents results of an experimental investigation on the resistance
to chemical attack of several materials. NC coated with epoxy resin shows
the most stable performance for all three acid types and acid concentra-
tions. For a very high nitric acid concentration the geopolymeric mortar
shows a disappointing performance that could be due to the ejection of
tetrahedral aluminum from the aluminosilicate framework and in the for-
mation of an imperfect highly siliceous framework. The results show that
no matter how well epoxy resin performs under acid attack its economic
efficiency is the worst between all the five solutions, being 70% above the
cost efficiency of the fly ash—based geopolymeric mortar. Current inves-
tigations aiming to replace sodium silicate with low-cost waste glass will
increase the cost efficiency of the fly ash—based geopolymeric mortar as
coating material for OPC concrete infrastructure exposed to harsh chemi-
cal environments.
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CHAPTER 13

Alkali-Activated Cement (AAC)
From Fly Ash and
High-Magnesium Nickel Slag

Z.Zhang', T. Yang? and H. Wang'
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2China Oilfield Services Limited, Yanjiao, China

13.1 INTRODUCTION

Alkali-activation technology has shown the potential of converting solid
aluminosilicate materials into green cement, also known as alkali-activated
cement (AAC) and geopolymer, in terms of fewer CO, emissions and lower
energy requirements compared to ordinary Portland cement (OPC) [1].
The aluminosilicate precursors are usually clays, calcined clays (metakaolin),
and fly ash, which contains SiO, and Al,Oj3 as the main composition. AAC
has been widely applied to a large variety of alkali-activated materials in the
past 30 years, including those derived from calcium, magnesium, and iron-
bearing solid materials. The common feature of these industrial wastes is
that they all contain high concentrations of silica and alumina and certain
amounts of iron, magnesium, and/or calcium. The simple process of con-
verting the industrial wastes into value-added materials is so attractive for
many industrial sectors, particularly the metallurgical industries, which gen-
erate large amounts of solid industrial wastes annually.

Metal nickel production from high-magnesium nickel oxide ore
follows a pyrometallurgical process including prereduction, smelting in
a blast furnace, and nickel-enrichment refining. At the smelting stage,
high-magnesium nickel slag (HMNS) is formed; it consists of a range of
oxides and the remaining magnesium. The HMNS is recycled back into
the process until its nickel concentration is low enough, and then after
quenching and grinding it is disposed of in piles onsite. A large amount
of HMNS is produced every year worldwide from metal nickel produc-
tion using high-magnesium nickel oxide ore. In China, the annual genera-
tion of nickel slag is more than 800kt, while less than 8% is utilized by
the construction and building industries (mainly by the cement industry)
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[2,3]. The problem with large amounts of utilization is the high-Mg con-
centration in HMNS, which may lead to stability problems in concrete
structures. The reason is that HMNS contains a relatively high concentra-
tion of magnesium, which can lead to unpredictable consequences for the
long-term engineering of properties, especially the volume stability. Most
of the rest of HMNS, more than 90%, is disposed in an open environ-
ment, which has hazardous eftects on ground and underground water due
to the ambient leaching under rain or surface-water conditions. However,
HMNS is often considered to be a hazard that does not comply with
environmental standards for safe disposal, although the amount of resid-
ual nickel in it is too small to require immobilization. Therefore, the sus-
tainable production model for waste management to implement the new
strict environmental regulations requires low-cost technologies to utilize
the slag for the production of added-value products. The alkali-activated
technique is one of the most promising candidates. A number of slags,
such as primary lead slag [4], Cu-Ni slag [5], and ferronickel slag [6,7],
have been used in the manufacture of AACs.

In terms of its environmental footprint, this type of material, i.e.,
AACs, can be much greener than OPC. This is mainly because of the
noncalcination process of applying alkali-activation technology. Although
the preparation of metakaolin requires a heating process if clay is used as a
raw material, the heating temperature, usually between 500°C and 800°C,
is much lower than the clinkering temperature (1450°C) for OPC, and
the heating period is also shorter. The industrial scale application uses fly
ash as the major raw material, which does not require any heating at all.
The alkali activator used can be a great contributor to the input energy
and relative CO, emissions. Some carbon accountings regarding metaka-
olin and fly ash—based AAC binders and concretes have been reported
recently [8—10]. It is generally accepted that the environmental footprint
of AAC manufacturing is significantly aftected by the use of alkali activa-
tors, the curing temperature, and the cost of sourcing the raw materials.

This chapter analyzes the feasibility of using HMNS as a raw mate-
rial for AAC manufacturing. Fly ash is also used for the sake of supple-
menting alumina deficiency. The porosity, compressive strength, and drying
shrinkage are major parameters of the deriving AAC, and are investigated
to optimize the slag-blending ratio and to examine the high-magnesium
content on the volume stability of products. X-ray diffractometry (XRD),
Fourier transform infrared (FTIR) spectroscopy and scanning elec-
tron microscopy (SEM) are adopted to analyze the reaction products to
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understand the reaction mechanisms of HMNS. The sustainability of the
deriving AACs, in terms of CO, emissions and energy consumption, is
analyzed by taking into account some realistic conditions.

13.2 MANUFACTURE OF AACs
13.2.1 Materials

Fly ash obtained from Xuzhou, Jiangsu Province, China, which is classified
as type F according to ASTM-618 [11], is used as the main solid mate-
rial. HMNS is a waste product disposed by a Nanjing (Jiangsu Province,
China) nickel production company, at an open environment (Fig. 13.1).
It is required to be treated safely for the purposes of environmental pro-
tection and land use. To be used in AAC manufacturing, the HMNS was
dried at 105°C for 24 h and then ground by a ball mill for 1h at 250 rpm.
The milling process makes a suitable particle size (1-100pum) to mix
with fly ash, as shown in the scanning electron microscope (SEM) images
(Fig. 13.2). The SEM analysis was done on a ZEISS EVO MA18 machine,
at 20kV with samples coated with gold. The fly ash and the ground
HMNS were also measured by a laser particle-size analyzer, and their sur-
face areas were 1.4 and 1.3m?/g (Fig. 13.3).

The compositions of the HMNS and fly ash were determined by
X-ray fluorescence method. In Table 13.1 it shows the HMNS con-
tains SiO, and MgO as dominant compositions, while the fly ash con-
tains more Al,O3. It is noted that the HMNS contains higher contents of
Cr, Ni, and Zn than the fly ash, and their concentrations are also higher
than typical blast furnace slag. The Cr and other harmful elements in
HMNS are expected to be immobilized in the alkali-activated products

Figure 13.1 HMNS disposed on an open field (A) and a closer look at the granules (B).
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Figure 13.2 Back-scattered electron (BSE) images of fly ash particles (A) and ground

HMNS particles (B).
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Figure 13.3 Particle-size distributions of the raw materials as measured by laser particle-
size analyzer.

Table 13.1 Chemical compositions of fly ash and HMNS

Content (Wt%) HMNS Fly ash
AL, O; 6.2 30.6
Si0, 52.3 53.0
MgO 26.9 1.2
CaO 8.8 4.8
Fe,O; 4.2 3.8
K,O 0.2 1.4
Ti0, 0.1 1.1
Na,O 0.1 0.5
Cr 0.4 n.d.
Ni <0.1 n.d.
Zn <0.1 n.d.
LOI 0.5 2.3
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Figure 13.4 XRD patterns of fly ash and HMNS. Quartz (SiO,), PDF #83-539;
mullite (Al, 4Sig60435), PDF #73-1389; anorthite (CaAl,Si,Og), PDF #89-1470; magnetite
(Fe.9300,), PDF #86-1356; calcium silicate (Ca,SiO,4), PDF #36-0642; forsterite ferroan
(Mg gp4Fe(176Si04), PDF #88-1991.

[12,13]. The mineral components in the fly ash and HMNS were inves-
tigated using XRD, as shown in Fig. 13.4. The XRD data were recorded
using a Thermo AR Ltra machine with Cu Ko radiation at a scanning rate
of 10°/min from 10° to 80° 208. The majority in fly ash is amorphous,
which is reflected by the broad hump among the range of 26 = 15-30°.
A small amount of crystalline phases, including quartz (SiO,), mull-
ite (Al 4Si¢Oyg), anorthite (CaAl,Si,Og), and magnetite (Fe, ¢300,) are
detectable. In the HMNS the majority is also amorphous phase, and trace
amounts of magnesium silicate hydrate (3MgO-2S510,-2H,0) and crystal-
line forsterite ferroan (Mg gr4Fe( 176510y) are detected.

The alkaline activators used were four sodium silicate solutions with
varying modulus (M), 1.e., S10,/Na,O = 1.2, 1.4, 1.6, and 2.0. They were
prepared by mixing NaOH, water and a Na,O-2.44S5i0, waterglass to
solid concentration of 30%. All activators were prepared and allowed to
cool down to room temperature before using.

13.2.2 AAC Manufacture and Characterization

The fly ash and HMNS were dry-mixed by hand at blending ratios of
10070, 80/20, 60/40, 20/80, 0/100 and then mixed with alkali silicate
activators (M, = 1.2, 1.4, 1.6, and 2.0) in a cement paste mixer to form
the AAC binders. The liquid/binder ratio was constant at 0.42. Samples
were cast to be ¥25.4 X 25.4mm and 20 X 20 X 80 mm for compressive
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strength and drying shrinkage tests, respectively, using stainless steel molds
cured at 20°C and 50% RH in an air-conditioned room. After 3 days the
samples with 0-60% slag were strong enough to be demolded; unfortu-
nately, the samples mixed with 80% and 100% slag did not harden and
were excluded for further testing.

The compressive strength testing of the cylinder samples was con-
ducted on a WHY-200 auto-test compression machine. Drying shrink-
age was tested using the cuboid specimens. A length comparator was used
to measure the linear variation of the sample along the longitudinal axis.
Linear drying shrinkage of AACs were calculated through Eq. (13.1):

Linear drying shrinkage 6 = (L,, — L;)/75 X 100% (13.1)

in which L;;, (mm) is initial length of each sample at demold time, Lg (mm)
is the measured length of each sample at different ages, 75 (mm) is the
effective length of each sample as cast.

Mercury intrusion porosimetry was performed using a Poremaster
GT-60 (Quantachrome, United States). Before testing, the 60-day aged
samples were crushed into suitable-sized pieces and stored in ethanol for
24h to extract free water, and then dried at 60°C for 4h. This relatively
low temperature is believed to be harmless to the pore structure of AACs.
The samples were also used for SEM analysis. Ground AAC powders were
used for XRD analysis.

13.3 PROPERTIES OF AACs

13.3.1 Compressive Strength

Fig. 13.5 shows the compressive strength of alkali-activated fly ash/HMNS
binders as a function of the blending content of slag at varying modulus of
sodium silicate solution. The compressive strength increases as the modu-
lus increases from 1.2 to 1.4 and starts to decrease at higher modulus in
the study’s range. This is consistent with the study of Maragkos et al. [14],
where ferronickel slag was used for the generation of AAC. The decrease
of molar ratios promotes the dissolution of solid precursors in the highly
alkaline aqueous phase; as a consequence, the quantity of gel binder is
increased. The gel phase is the binding material in the structure, making a
great contribution to the increase of compressive strength [14|. However,
an excessive amount of NaOH in the lowest modulus (M; = 1.0) seems
to inhibit the formation of polymeric binder, which is also reported in
alkali activation of ferronickel slag [14]. This is probably due to the quick
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Figure 13.5 Compressive strength of AAC pastes.

setting and hardening at low-modulus conditions, which in fact hinder the
further dissolution of raw materials.

The blending of 20% HMNS leads to an increase of compressive
strength by 20—40% at the optimal modulus conditions with M, = 1.4.
More HMNS (40% and 60%) results in decreased strength. It means that
the extent of alkali activation of raw materials is not the only factor deter-
mining the mechanical properties of AAC. The benefits of blending 20%
HMNS should be considered from two perspectives. In geometry, the
irregular polyhedron HMNS particles that do not react completely will
work as microaggregates in the AAC matrix, maintaining or increasing
the strength. Also, in terms of pore structure, a more refined structure due
to the presence of HMNS can lead to a more uniform stress distribution
under loading, and increases the compressive strength of the samples [15].
The two perspectives will be discussed in more detail in the following sec-
tions. It was observed that the samples with 80% and 100% HMNS were
not able to set within 24h and were too weak to demold after 1 week of
curing. The reason is due to the extremely low reactivity of HMNS, even
though it is highly amorphous in nature.

The chemical compositions in HMNS are dominated by SiO, and
MgO, while Al,O5; and CaO are not as high as in normal slag. The lack of
alumina and calcium has some impact on the formation of aluminosilicate
gels and calcium silicate hydrates, which are two major contributors of
strength development [16]. It cannot exclude the possibility of forming
Mg-containing gels during alkali activation; however, it seems that Mg is
more likely to form hydrotalcite under alkali-activation conditions [17,18].
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In order to utilize HMNS more effectively and produce fly ash—-HMNS
AAC with high compressive strength, further research is recommended
to mix HMNS with other aluminosilicate solid precursors with relatively
higher calcium and alumina contents, such as high-calcium fly ash and
high-alumina fly ash. The high-calcium fly ash will lead to higher dissolu-
tion of precursors, and usually higher compressive strength, than will low-
calcium fly ash [19,20].

13.3.2 Microstructure of AACs

The BSE images of the AAC pastes are presented in Fig. 13.6. The residue
fly ash particles and angular HMNS particles, about 20 pm in diameter,
are embedded in and bound with the gel phase. Along the residual par-
ticles there are many microcracks, which are probably due to the shrink-
age of gel during drying. No large crystalline phase or ordered structure
is observed. It seems that the AAC with 20% HMNS possesses the most
compact microstructure in the four mixes.

The Si/Al ratios in gel phases are determined using the SEM—energy-
dispersive X-ray spectroscopy (EDS) technique (Table 13.2). The average
value increases from 1.34 to 3.50 as the HMNS content increases from

Figure 13.6 SEM image for fracture section of geopolymer binders with different
HMNS contents: (1-4) 0%, 20%, 40%, and 60%.
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Table 13.2 Si/Al molar ratios of gel phase in the binders

HMNS Areas Si Al Si/Al Average value
0 1 17.36 19.93 0.87 1.34
2 26.53 14.53 1.81
20% 1 25.02 11.37 2.20 2.07
2 24.56 12.66 1.94
40% 1 22.37 7.82 2.86 3.34
2 26.94 7.04 3.81
60% 1 15.72 4.21 3.73 3.50
2 22.76 6.96 3.27

Two areas of size 3 X 3 pm are detected for an average value in each binder.

0% to 60%. Under the attack of alkali, Al species in raw materials are more
readily dissolved than Si species [21]; however, due to the lack of Al in
HMNS, the rate of Al dissolution will be suppressed. Furthermore, the
reactive Al deficiency will influence the polymerization stage whereby the
aluminate and silicate species are polymerized to form the aluminosilicate
gels. Thus, the evolution of alkali activation and degree of polymeriza-
tion of the binders could thus be decreased. This is consistent with the
compressive strength-testing result. The composition analysis shown here
indicates that the gels containing Si/Al= 2.07 in the system with 20%
HMNS endow the matrix with the highest compressive strength, which is
consistent with the previous works [22-24].

13.3.3 Pore-Size Distribution

Fig. 13.7 shows the pore-size distribution and porosity of AAC pastes
with different HMNS blending ratios. The curve of 100% fly ash binder
presents dominant pore diameters at 10-100nm. In this binder the maxi-
mal distribution at diameters at around 27 nm and the pores in the meso-
pores interval, 10-50 nm, account for 80% frequency of total porosity. This
curve is different from the bimodal profile of the pore-size distributions
as observed in alkali-activated fly ash cured for 28 days, where pores are
respectively located at 100 and 1000nm [22,25]. It indicates that the large
capillary pores (around 100—-1000nm) are space-filled by the aluminosil-
icate gels, and thus there is only one broad peak in the binders with a
denser pore structure developed.

All of the curves of the alkali-activated fly ash/HMNS blends pres-
ent wide pore-size distributions over a range of 10-300nm. The diam-
eters of distribution-maximal pores increase from 24 to 64nm as
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Figure 13.7 Pore size (A) and porosity distribution (B) of AAC binders activated with
activator M, = 1.4 and different HMNS contents at 60 days.

HMNS content increases; meanwhile the total porosity decreases. This
means that when more HMNS is used, the total volume of pores in the
AAC binders turns out to be lower, while more macropores (>50nm)
are formed. This is different from the effects of granulated blast furnace
slag (GBES) on the pore structure of fly ash—based AAC. Provis et al.
[26] found that the addition of GBFS could not only provide an over-
all porosity reduction but also a pore-refinement effect. The presence of
more bound water within the C—(A)-S—H gel predominantly formed in
the slag-rich AAC systems would lead to more pore-filling in the binder
matrix. However, in this work, HMNS particles will supply silica dur-
ing the dissolution stage. The silicate ingredients appear to be helpful
for forming more aluminosilicate gels with lower-bond water content
in the AACs. The connectivity degree of the binders is supposed to be
improved [20], and some mesopores will be filled with these reaction
products, resulting in a decrease of porosity for the binders. Nevertheless,
the reaction will provide the pore solution eventually bonded with alu-
minosilicate gels. It is interesting to note that the maximum amount of
pores and total porosity of 20% HMNS geopolymer binders are a bit
lower than those of the 100% fly ash binders. HMNS particles work as a
microaggregate in the fly ash—based system, resulting in a refinement for
the pore structures of the samples and the positive influences on their
mechanical properties. In addition to the increased Si/Al ratios, the pres-
ence of more mesopores in the pastes with 40% and 60% HMNS prob-
ably also contributes to their lower strengths.
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Figure 13.8 XRD patterns of AAC binders activated with activator M = 1.4 and differ-
ent HMNS contents at 60 days.

13.3.4 XRD Analysis

Fig. 13.8 plots the XRD patterns of 60-day aged AAC binders activated
with activator M, = 1.4. In the 100% fly ash binder, the major X-ray crys-
talline phases are mullite and quartz contributed by the unreacted fly ash.
Minor calcite is also detected, due to the carbonation on the surface of
the products under atmospheric conditions. The broad peak from 20° to
35° 26 in fly ash is broadened up to 40° after reaction, with the intensity
shifting to higher degrees. This is well known as an indication due to the
formation of N-A-S—H gels [27,28].

The intensity of the peaks for forsterite ferroan, which is contributed
by the unreacted HMNS, present in the fly ash/HMNS AAC:s, increases as
the HMNS blending ratio increases. It indicates that the crystalline phase
is relatively stable during the alkali-activation process, unlike the iron-
containing phases in ferronickel slags [29]. Meanwhile, the intensity of the
peaks related to mullite and quartz due to uncreated fly ash decreases with
the incorporation of HMNS. The peaks of trace calcium silicate identi-
fied in HMNS disappear after reaction. This suggests the dissolution of
these crystalline phases under highly alkaline conditions. Semicrystalline
to crystalline zeolitic phases, which are detectable in the alkali activa-
tion of low-calcium ferronickel slags [6,29], have not been found in the
FA/HMNS binders. This is probably due to the room-temperature cur-
ing scheme, unlike hydrothermal curing [19]. The major products formed
in alkali-activated fly ash/HMNS are a type of amorphous gel phase, also
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inferred by the broad peak of 20—-40° 26. In conjunction with the SEM—
EDS analysis, the gel phase is sodium aluminosilicate gel containing a
certain amount of magnesium (N—(M)—A-S), which is different from the
products formed in alkali-activated a single fly ash [30,31], or single GBES
[15,32,33].To identify the influence of the addition of HMNS on the spe-
cific molecular structures of geopolymers, mainly the Si-O-T bonds that
reflect the extent of polymerization, further infrared spectroscopy study
and nuclear magnetic resonance are required [29]. In addition, Mg(OH),
crystalline products, which could cause undesired expansion to the struc-
ture [34], is not detected in the binders.

13.3.5 Drying Shrinkage

Fig. 13.9 plots the linear drying shrinkage of AAC binders cured at 20°C
and 90% RH. The drying shrinkage takes place mainly in the early age
(before 28 days). The increase of SiO,/Na,O ratio from 1.2 to 2.0 in the
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Figure 13.9 Drying shrinkage of AACs: (A-D) present the effects of slag contents on dry-
ing shrinkage of the samples prepared using activators with M; = 1.2, 1.4, 1.6, and 2.0.
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activators results in a drying shrinkage that is two to four times higher, due
to the large shrinkage nature of silica gels of the sodium silicate solutions.

The linear drying shrinkage of 120-day cured geopolymer binders
activated with M, = 1.2 is in the range of 0.7-1.5 X 10™>mm/mm, which
is much lower than 1-9 X 107> mm/mm of alkali-activated GBFS binders
under comparable reaction conditions [15,35]. It is probably attributed to
two reasons: (1) lower degree of polymerization for high-calcium slag [36];
and (2) the difference between the shrinkage natures of AAC products
for the two systems. The alkali-activated GBFS is well known to produce
C-S—-H gels [15,32,33], while the products here are probably N—(M)—-A—
S—H gels with frame structure.

It is interesting to note that only 20% HMNS addition leads to a
decrease in drying shrinkage for the fly ash—based AAC binders prepared
with the four different activators. This is in consistent with the variation
tendency in pore structures of the AAC binders activated with M, = 1.4.
The drying shrinkage of AAC takes place and relates to the evaporation
of free water from macropores and mesopores [35]. The 20% HMNS geo-
polymer binders possess a refiner porous structure and lower total porosity,
compared with the matrix of 100% fly ash AAC. When the 20% HMNS
samples are exposed to a relatively dry environment (pH = 90% is rela-
tively high though), the evaporation rate of water from their mesopores
and macropores is slower than the others. This is helpful for keeping a rel-
ative higher humidity of the pores in the matrix, and lower capillary ten-
sion and contraction force in the pores [35]. In the 40% and 60% HMNS
binders, a large number of macropores are formed. The evaporation of free
water from numerous macropores causes an increase in drying shrink-
age, although the total volume of pores in the binders is low. The eftects
of pore structure on the shrinkage behavior of alkali-activated fly ash/
HMNS blends show a consistent trend with those in an activated GBEFS
cement system [15,35]. Despite the role of the pore structure, the influ-
ence of the addition of HMNS on the shrinkage behavior of AACs can
be explained from other perspectives. The HMNS has processed 1400°C
calcination, so the large amount of magnesium in HMNS cannot work as
a MgO-based expansive agent. This is confirmed by the XRD and SEM
analysis. In addition, the residual HMNS particles work as microaggre-
gates to fill into the macropores, and the shrinkage of AAC binders will
be restricted with HMNS substitution. However, when more than 20%
HMNS is used, the shrinking nature of high Si/Al gels overcomes the
beneficial influence of the microaggregate eftect.
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13.4 SUSTAINABILITY OF AACs

To assess the sustainability of the alkali-activated fly ash/HMNS AACs,

several factors are assumed as following:

e The embodied energies for dry sodium hydroxide and sodium silicate
solution are 14.9 and 5.4 GJ/t, respectively. The embodied energy of
the sodium silicate solution is calculated based on the analysis of Fawer
et al. [37].

e The transportation distances of the fly ash and HMNS are supposed to
be equivalent to that of cement, varying from 50 to 300 km, which is a
realistic distance in many countries.

* The grinding process for HMNS requires 60kWh/t to the fineness
used in this study.

According to the above assumptions, the database for raw materials is
summarized in Table 13.3. The embodied energy and effective emissions
of OPC are also given for comparison purposes. The sustainability of AAC
cement, in terms of embodied energy (EE) and effective CO, emissions
(CE), can be calculated from the following equations:

EE = Z E /(14 Ryon + R, +Rypo) (13.2)

CE= Z Cmatcrmls/(1 + RNQOH * RSS + RHZO) (133)

in Eq. (13.2), EE is the embodied energy per ton paste, GJ/t; ZEmtemk
is the sum of energy consumptions for each reaction-ready component,
including production and transportation of fly ash, HMNS, NaOH, and
production of liquid sodium silicate; Rnaon, Ry, and R0 are the mass
ratios of NaOH, liquid sodium silicate, and water to fly ash (or the blend of
fly ash and HMNS). In Eq. (13.3), CE is the CO, emission per ton of paste,
t CO,/t; 2 2 Crmaeriaks is the sum of CO, emissions for all of the reaction
components; Ry, o Ry and Ry o have the same meanings as in Eq. (13.2).

Because of the grinding process, HMNS possesses a much higher
embodied energy than fly ash (Table 13.3). Using HMNS to partially sub-
stitute for fly ash will increase the embodied energy and CO, emissions of
the alkali-activated blend system. The effect of blending HMNS on sus-
tainability is shown in Fig. 13.10. The embodied energy and CO, emis-
sions of the AAC paste are at the optimal modulus of 1.4. The embodied
energy is only slightly increased from 1.20 to 1.25 GJ/t when HMNS sub-
stitution increases from 0% to 60%, at the assumed transportation distance
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Table 13.3 Embodied energy and associated CO, emissions (without transportation
contribution) of raw materials for AAC production

Raw materials Embodied energy (GJ/t) Effective emissions (t CO,/t)
Fly ash 0.087 0.027

HMNS 0.22 0.045

Sodium hydroxide 14.90 2.86

Sodium silicate 5.37 0.87

Portland cement 6.60 0.82

Note: The CO, emission data for fly ash and Portland cement are from the Ash Development
Association of Australia, Fly Ash Technical Note 11 (2012). The embodied energy for fly ash is
calculated based on its effective CO, emissions, which are assumed due to the electricity required
for collection and classification. The embodied energy data for OPC is from the article Cement and
Concrete Environmental Considerations (www.buildinggreen.com) (2011-09-11).
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Figure 13.10 Embodied energy and CO, emissions of the AAC pastes activated with
activator My = 1.4.

of 50km. The corresponding CO, emissions increase from 0.21 to 0.22t
CO,/t. The increase of emission rate is less than 5%. The analysis again
confirms that the alkali activator is the major contributor to the environ-
mental footprint of AAC manufacturing [1]. These data also suggest that
using other types of slag with suitable compositions to partially replace fly
ash will not affect the “greener potential” of AAC paste. In comparison,
the Portland cement paste at a w/c of 0.42 possesses embodied energy of
4.7GJ/t and an emission rate of 0.58t CO,/t. The reductions of embod-
ied energy and carbon emissions of the AACs manufactured in this study
are up to 74% and 64%.
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While this study focuses on the evaluation of the suitability and envi-
ronmental impacts of HMNS addition in AAC manufacture, two other
aspects need to be considered for future research:

1. Durability of resulting AAC concretes. The good volume stability of
the HMNS is shown here; nevertheless, other properties regarding the
durability are unclear, such as water resistance, carbonation rate, and
sulfate resistance.

2. Leaching behavior of the AACs with varying slag compositions. The
purpose of the proposed model in this study is to safely treat the indus-
trial wastes through alkali-activation technology. Due to the activation
process, some metals may not present as stale oxides in the glassy phases
in slag. Attention should be paid on their leaching rates, although it
is expected that the leaching of heavy metals may be reduced under
high-pH conditions. The two aspects obviously deserve more research.

CONCLUSIONS

An industrial solid-waste HMNS generated by pyrometallurgical pro-
duction of nickel is attempted in the manufacture of fly ash—based AACs
through an alkali activation technique. The major products formed in the
binders are a class of magnesium containing sodium aluminosilicate gels.
The blending of HMNS can provide a large number of silicate ingredi-
ents for the fly ash—based AAC, and thus the Si/Al ratio of the gel phase
increases with HMNS content. HMNS particles can work as microaggre-
gates in AAC binders. The total volume of pores in the AAC binders turns
to be lower and more macropores are formed as the content of HMNS
increases. When the molar ratio of activator solutions is in the range of
1.2-2.0, the optimal dosage of HMNS is 20%, resulting in the highest
compressive strength and the lowest linear drying shrinkage. These perfor-
mances correlate well with the most refined pore sizes and more compact
microstructure in hardened binders compared to non- and more HMNS
systems. Because of the high temperature of pyrometallurgical process, the
HMNS is much less active than a normal MgO-based expansive agent,
and thus will not trigger the volume stability problem of fly ash—based
AAC. The embodied energy of AAC pastes is 1.20-1.25GJ/t, and the
CO, emissions 1s 0.21-0.22t CO,/t when the blending ratio increases
from 0% to 60%. The environmental analysis shows that there is a great
reduction of CO, emission in manufacturing such “green cement” com-
pared to the manufacturing of conventional Portland cement pastes. This
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study shows a practical model of converting local industrial wastes into
greener cement or cement-like products. The future work of developing
this type of work should be focused on (1) the long-term properties of the
deriving materials; (2) the match between raw materials and the activator

and process, which requires a database for various materials; and (3) the
recommended manufacturing and application based on the database.
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CHAPTER 14

Bond Between Steel
Reinforcement and Geopolymer
Concrete

A. Castel

The University of New South Wales, Sydney, NSW, Australia

14.1 INTRODUCTION

Since the 1990s, geopolymer concretes (GPCs) have emerged as novel
engineering materials with the potential to become a substantial element in
an environmentally sustainable construction and building products industry
[1-6]. GPC is the result of the reaction of materials containing aluminosili-
cate with alkalis to produce an inorganic polymer binder. Industrial waste
materials, such as fly ash (FA) and blast furnace slag, are commonly used
as the source of aluminosilicate for the manufacture of GPC due to the
low cost and wide availability of these materials. With efficient use of other
industrial byproducts, geopolymer binder can reduce embodied CO, by up
to 80%, compared to ordinary Portland cement (OPC).

GPCs exhibit many of the characteristics of traditional concretes,
despite their vastly different chemical composition and reactions [7,8].
The mixing process, the workability of freshly mixed geopolymers, the
mechanical characteristics of the hardened material and durability appear
to be similar to those for traditional OPC concretes. An important prop-
erty of hardened concrete is its bond with reinforcing steel bars. However,
only a few attempts to assess steel-GPC bond are reported in the literature.
Some works, carried out using the pullout test [8,9], have shown that geo-
polymer mortars generally perform well. More recently, Songpiriyakij et al.
[10] studied the bond between steel reinforcing bars and a GPC including
FA, rice husk bark and silica fume. Results showed that the bond strengths
of the GPC and traditional concrete were similar. Sarker [11] investi-
gated bond strength of low-calcium FA-based GPC with deformed rein-
forcing steel bars using the ASTM A944 [12] beam-end test. The results
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were compared to the performance of equivalent traditional OPC con-
crete. The influence of different parameters, such as concrete compressive
strength, diameter of the reinforcing bar and concrete cover, were analyzed.
Generally, GPC showed higher bond strength than OPC concrete for the
same test parameters. This higher bond strength was attributed to the higher
splitting tensile strength of GPC than OPC concrete of the same compres-
sive strength. Indeed, all pullout specimens failed in a brittle manner by
splitting of the concrete along the bonded length of the reinforcing bars.

In this chapter, GPC bond with deformed reinforcing steel bars is
studied using the standard RILEM pullout test [13]. This standard test
method allows plotting the bond stress—slip diagram for GPCs. Two
GPCs are used: a heat-cured low-calcium FA GPC and an ambient-cured
ground granulated blast furnace slag (GGBFS) GPC. The specimens were
tested at various ages ranging from 1 to 28 days. Results are compared
to the performance of a reference OPC-based concrete. The experimental
results obtained are used to recalibrate the existing model adopted by fib
Committee [14] allowing correlating the steel-concrete bond strength to
the mean compressive strength of concrete.

14.2 EXPERIMENTAL PROGRAM
14.2.1 GPC Mixes and Curing Regime

Two GPC mixes were used for this study. They were designed using the
outcomes from both literature [15-21] and laboratory trials where differ-
ent aluminosilicate materials proportions (FA and GGBFS), various acti-
vator concentration (8—14M), and diverse activator-to-aluminosilicate
source ratio (0.42—0.6) were tested.

Three difterent sources of aluminosilicate materials have been used in this
study: a low-calcium type (ASTM C 618 Class F) FA, sourced by Eraring
Power Station in New South Wales, Australia; a special-grade (ultrafine) FA
branded as Kaolite High-Performance Ash (HPA) sourced by Callide Power
Station in Queensland, Australia; and a GGBES supplied by Blue Circle
Southern Cement Australia. All details related to those three aluminosili-
cate materials such as oxide compositions and grading curves are available in
Ref. [22]. The alkaline solution was made from a mixture of 12 molar (M)
sodium hydroxide (NaOH) solution and sodium silicate solution with Na,O.
The mass ratio of alkaline solution to aluminosilicate material was 0.55.

The two GPC mixes are presented in Table 14.1. The first GPC mix
(labeled GPC-FA) contains only 15% GGBFS. It is a low-calcium GPC.
The second GPC mix (labeled GPC-S) contains 75% GGBFS. It is a
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high-calcium GPC. All GPCs were compacted using a poker vibrator and

demoded 24 h after casting. The low-calcium GPC, GPC-FA, required an

intense heat curing to achieve an acceptable performance. Two types of
heat curing conditions were adopted:

1. 2D-curing: After casting, specimens were sealed to prevent excessive
loss of moisture, stored in an 80°C oven for 1day, and then cured in an
80°C water bath for a further 1day. Then, all specimens where trans-
ferred to a controlled room at 23°C and 65% relative humidity until
the day of the test.

2. 7D-curing: After casting, specimens were sealed to prevent excessive
loss of moisture, stored in a 40°C oven for 1day, and then cured in an
80°C water bath for a further 7 days. All specimens where then trans-
ferred to a controlled room at 23°C and 65% relative humidity until
the day of the test.

The high-calcium geopolymer concrete GPC-S was ambient cured in

a controlled environment (T = 23°C, RH = 65%).

14.2.2 Reference OPC-Based Concrete

The performances of the GPC are compared to those of a traditional
OPC-based concrete (labeled OPC40). The OPC concrete mix is

Table 14.1 Geopolymer concrete mixes

GPC-FA (kg/m?) GPC-S (kg/m?)

FA 193.5 80
Kaolite HPA 51.9 —
GGBES 42.5 240
Crushed coarse aggregate 1/10kg/m? 1144.6 1215.2
Sand 0/1kg/m’® 710.4 714.8
Free water, kg/m’ 59 25.5
Sodium hydroxide solution (NaOH) 45.2 54.9
Sodium silicate solution (Na2SiO3) 112.9 137.1

Table 14.2 OPC based concrete mix

OPC40 (kg/m?)

Cement CEM 152.5 N CE CP2 NF 400

Sand 0/4 710

Rolled gravel 4/10 532.5

Crushed gravel 10/14 532.5

Total water 185
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presented in Table 14.2. This concrete has been previously used as a ref-
erence structural concrete to assess the bond strength with carbon fiber—
reinforced polymer rods or the bond strength between steel reinforcing

bars and self-compacting concretes [23,24]. All concrete specimens were
cured at 23°C and 65% relative humidity.

14.2.3 Testing Methods

Standard compressive and bond strength tests were conducted respectively in
accordance with the European Standard NF EN 12390-3 and the RILEM
recommendations [13]. Compressive strengths were conducted on cylindri-
cal specimens of 110mm (4.3341n.) diameter and 220 mm (8.6681n.) height.
Automatic machines with 600kN of capacity have been used for compres-
sion, and the rate loading was fixed at 5kIN/s (1.124kip/s). For all concretes,
tensile strength was measured using the standard splitting test.

The specimens prepared for the pullout tests were 100 X 100mm in
cross section. The ribbed bars used were 12mm diameter. All bars had
the same elastic limit (500 MPa). The total length of the rebar embed-
ded in the concrete was 10 times the bar diameter, which was also the
total length of the concrete specimens. To avoid an unplanned force trans-
fer between the reinforcement and the concrete, the rebar were encased,
at half of the length, in plastic tubes and sealed with silicone material as
shown in Fig. 14.1. So the rebar had a bond length of five times the bar
diameter. The concrete casting direction was perpendicular to the ori-
entation of the rebar. The concrete cover was about 4.5 times the bar

Digital transducer

Silicon

5¢ (no bond) Bond length L
PG xZ yibus| |ejoL

+—— Fixed support

Plastic tube +— Rebar ¢

!

Figure 14.1 Pullout test according to RILEM recommendations.

F
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diameter and no confining reinforcement was provided. The pullout speci-
mens were tested by applying the load to the bar at a rate of 0.1kN/s
(0.02248kip/s). The slip of the free end of the reinforcement was recorded
using a digital transducer with an accuracy of 0.001 mm.

To calculate the bond strength, a uniform distribution of bond stresses
along the bond length was assumed. It was calculated from the ultimate
pullout load using Eq. (14.1):

E

— u

;o= tu
Y reg- L (14.1)

where 7, is the ultimate bond stress (MPa), ¢ is the rebar diameter (mm),
L is the bond length (mm), and F, is the ultimate pullout load ().

For both pullout and compression tests, specimens were tested at dif-
ferent ages ranging from 1 to 28 days. Twenty-seven concretes batches
were produced in total. For each concrete mixture and age, at least three
specimens were used for both pullout test and compressive test. To deter-
mine the compressive strength of concrete of each pullout specimen at
the time of testing, the same numbers of compressive specimens, from the
same concrete batch, were tested following the pullout tests.

14.3 EXPERIMENTAL RESULTS
14.3.1 Mechanical Characteristics

Considering all tests regardless of the age of the concrete, the compressive
strength ranged between 10 and 50 MPa and between 11 and 72.4 MPa
for OPC concrete and GPC, respectively. The 28-day average compressive
strength, tensile strength, and elastic modulus of all concretes are presented
in Table 14.3.The FA GPC cured 2 days has a similar compressive strength
as the OPC concrete. The 28-day compressive strength of GPC-FA cured

Table 14.3 Mechanical properties of the concretes

GPC-FA GPC-FA
OPC40 (cured 2 days) (cured 7 days) GPC-S
Compressive 44 46.5 58.5 72.4
strength, MPa
Elastic 32.0 24.8 25.3 32.9
modulus, GPa
Tensile 3.5 3.9 4.4 N/A
strength, MPa
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7 days and particularly GPC-S are significantly higher that of the OPC
concrete.

Figs. 14.2, 14.3, and 14.4 show the increase in average compres-
sive strength, elastic modulus and tensile strength, respectively, versus the
duration of the heat-curing period for the low-calcium FA GPC. For the
compressive and tensile strengths, three tests were performed for each cur-
ing condition. The elastic modulus was measured using one specimen only.

Figs. 14.2—14.4 show the sensitivity of Class F FA-based GPC to the
curing condition. Up to 2 days, the increase in compressive and tensile
strength 1s almost proportional to the duration of the heat curing. A mini-
mum of 48h (2D-curing) is required in order to reach a compressive

70
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Figure 14.2 Increase in 28 days fly ash GPC compressive strength versus the duration
of the heat-curing period.
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Figure 14.3 Increase in 28 days fly ash GPC elastic modulus versus the duration of the
heat-curing period.
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Figure 14.4 Increase in 28 days fly ash GPC tensile strength versus the duration of the
heat-curing period.

strength similar to the one of the reference structural OPC concrete.
Fig. 14.3 shows that the elastic modulus is close to its maximum value of
25GPa after 1 day of heat curing and does not change significantly with
further, extended, heat curing.

In summary, the extension of the duration of curing from 2 to 7 days
gave little increase in the elastic modulus and tensile strength; however, a
25% increase was observed in the compressive strength. The increase in
energy consumption between 2 and 7 days of heat curing is significant,
the economics of which needs to be considered in practice, especially
when determining the overall carbon emission produced.

14.3.2 Low-Calcium FA GPC Bond Test Results

In this section, the steel-low-calcium FA GPC bond is compared to the
reference steel-OPC concrete bond. The GGBES geopolymer (GPC-S)
concrete is not considered here because of its significantly higher com-
pressive strength at 28 days.

Fig. 14.5A and B show the comparison between the bond stress—slip
and normalized bond stress—slip curves, respectively, obtained for the
2D-cured geopolymer and the OPC concretes after 28 days using ribbed
bars. The results show that, for an equivalent compressive strength, GPC
performs better than OPC reference concrete. The normalized bond
strengths of both types of concrete are equivalent (Fig. 14.5B), showing
that the higher bond strength of the GPC corresponds to its higher ten-
sile strength. The failure mode for all specimens was due to the pullout
of the steel bar, leading the concrete to split after a slip of at least 1 mm.
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Figure 14.5 Comparison between the bond stress-slip curves obtained for the 2 days
heat-cured fly ash GPC and the OPC concrete after 28 days.

The overall bond stress—slip curves observed on both types of concrete
are very similar. The same behavior was observed for the GGBES GPC as
well. Thus, existing models [14,25,26] allowing the prediction of the bond
behavior of traditional concretes can be used or if necessary recalibrated
for both Class F FA and GGBFS GPC.

Fig. 14.6 shows the bond stress—slip curves obtained after 28 days for
the FA GPC pullout specimens heat cured for 7 days. When compared
to the 2D-curing mode results, a 25% increase in bond strength is observed.
This significant increase of the bond strength led to the yielding of the
steel bar followed by concrete splitting at failure. As for both compressive
and tensile strengths, increasing the duration of the heat curing from 2 to
7 days improves the bond strength.

Palomo et al. [21] and Fernandez-Jimenez et al. [27] investigated the
microstructure development of heat-cured geopolymer binder using
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Figure 14.6 Bond stress—slip curves obtained after 28 days for the fly ash GPC heat
cured 7 days.

a low-calcium FA and alkaline solution, similar to the one used in this
study. In these studies, heat curing at 85°C was maintained over a period
of 90 days and the products of the activation reaction were mechanically
and mineralogically characterized. The development of the geopolymer
microstructure was assessed by using X-ray diffraction, Fourier transform
infrared spectroscopy, and scanning electron microscope/energy dispersive
X-ray spectroscopy. They concluded that the degree of nucleation (sub-
stage denominated polymerization) of the FA continuously increases with
time, especially during the early period of the thermal curing, with 70%
of the total polymerization reached after just 2 days. It was demonstrated
that the longer the curing time, the higher the average strength.

Kovalchuk et al. [28] studied the eftect of thermal curing conditions on
pore structure (total porosity and average pore diameter), down to a mini-
mum pore diameter of 0.0067 pm, using a micrometrics autopore 11 9220
porosimeter. They found that curing conditions, particularly the relative
humidity, play an essential role in the development of the material’s micro-
structural characteristics (such as porosity and phase composition), kinetics,
and degree of reaction and their respective macroscopic properties. Large
pores (10-50 pm) were observed on dried cured specimens, which caused a
lowering of the compressive strength. Dry heat curing is not recommended
for low-calcium FA systems. In contrast, when the specimens were wet
cured, the resulting material developed a dense structure and a good corre-
lation was observed between mechanical strength and total porosity.

The results reported in this chapter are consistent with the observa-
tions of Refs. [21,27-28]; the bond between ribbed steel bars and concrete,
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Figure 14.7 Increase in bond strength for all fly ash GPC and OPC concrete specimens
versus time.

together with both compressive and tensile strengths, increase with the
increasing duration of the thermal curing in wet conditions. However,
the increase in energy consumption needs to be considered and it may not
be economic in practice.

Fig. 14.7 shows the increase in bond strength for all specimens tested
versus time. The performance after 24h of specimens stored at 40°C (after
day 1 of the 7D-curing regime) is about 6 MPa, on average, which is low
compared to the reference concrete. The bond strength of the specimens
heat cured at 80°C for 24h (after day 1 of the 2D-curing regime) reached
an average of 18 MPa, which is better than the performance of the reference
concrete at the same age and slightly superior to the reference concrete at
the age of 28 days. Thus, high early bond strength can be achieved by pro-
viding an intensive period of heat curing. For the GPC, the average bond
strength after 3 days was observed to be similar to that after 28 days. The
polymerization leading to the bond development happens mostly during
the heat-curing period. The results show that Class F FA GPC is well suited
for precast applications. A 2015 study has shown that the optimum curing
condition for this FA GPC is a temperature around 75°C for 18h [29].

14.4 MODEL FOR BOND STRENGTH PREDICTION OF GPC

It is widely accepted that the bond strength is proportional to the square
root of the average compressive strength. According to the fib model code
[14], the bond strength of OPC concrete with ribbed steel reinforcement
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Figure 14.8 Comparison between the fib model predictions, the new model predic-
tions, and experimental results for all GPCs.

can be calculated from the average compressive strength of the concrete
using Eq. (14.2):

TbmaX=2‘5 fcm (142)

where 7, 1s the ultimate bond strength and f, is the average compres-
sive strength.

The GPC database offers 33 pairs of average compressive strengths f..,
and bond strengths 7,. Fig. 14.8 shows the comparison between the fib
model predictions and experimental results for all GPCs. The underesti-
mation of the GPC bond strength by fib model is obvious especially for
compressive strengths greater than 30 MPa. As a result, the fib model has
been recalibrated for GPC by regression analysis. The model providing the
best correlation with experiments (R = 0.83) is as follows:

Tu-GpC — 3.83 fcm (14‘3)

where 7,_gpc 1s the ultimate bond strength and f_, is the average compres-
sive strength. The predictions by the new model proposed are plotted in
Fig. 14.8.

14.5 CONCLUSIONS

The results of this study show that the mechanical characteristics and
bond strength of GPC composed mostly of Class F FA depend on the
heat-curing conditions. For an equivalent compressive strength, both class
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F FA and GGBFS GPC bond strength was observed to be better than that
of the OPC reference concrete.

As expected, experimental results show that, for all concrete compres-
sive strengths considered, the bond strength between GPC and reinforcing
bars is significantly greater than the one calculated using the fib model
code 2010 calibrated for OPC concrete. Results showed that traditional
approach considering that the bond strength is proportional to the square
roots of the average compressive strength of the concrete works very well
for GPC. As a result, the fib model code 2010 has been recalibrated, pro-
viding accurate results for both high- and low-calcium GPCs.

Moreover, the overall bond stress—slip curves observed for GPC and
OPC concretes are very similar. Thus, existing models allowing for the
prediction of the bond behavior of traditional concretes can be used or if
necessary recalibrated for both class F FA and GGBFS GPC.
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CHAPTER 15

Boroaluminosilicate
Geopolymers: Current
Development and Future
Potentials

A. Nazari', A. Maghsoudpour? and J.G. Sanjayan'
ISwinburne University of Technology, Hawthorn,VIC, Australia
>WorldTech Scientific Research Center (WT-SR C), Tehran, Iran

15.1 INTRODUCTION

Alkali-activated binders (geopolymers) are approximately a new class of con-
struction materials that are produced from a silica-rich raw source material.
The source, which must have some extent of alumina, is called an alumi-
nosilicate source. Fly ash [1-3], metakaolin [4], and different types of slags
[5,6] are the most commonly used aluminosilicate sources. Alkali activation
of the starter material is performed by a mixture of alkali solution (sodium
hydroxide (NaOH) or potassium hydroxide (KOH)) and a silica-rich source
(sodium or potassium silicate). Its mechanism consists of dissolution of Al
and Si in an alkali environment, orientation of dissolved species, and then
polycondensation. This process results in the formation of a 3D network of
silicoaluminate structures that appear in three sorts: poly(sialate) (—Si—O—
Al-O-), poly(sialate—siloxo) (Si-O—-Al-O-Si—0), and poly(sialate—disiloxo)
(Si—O-Al-O-Si-O-Si—0) [7]. At low Si/Al ratio (=1), poly(sialate) struc-
tures are most likely to form while in higher ratios (>1), the formation of
poly(sialate—siloxo) and poly(sialate—disiloxo) are most probable. It is reported
that higher Si/Al ratio (but up to an optimum value) causes more condensed
microstructures and higher values of compressive strength |7].

Some attempts have been made to introduce other types of starter
mixtures in which alumina or silica parts are substituted entirely or par-
tially. These include aluminogermanate geopolymer [8], phosphoric acid—
based geopolymers with Si—-O—Al-O-P-O structures [9], and borosilicate
geopolymers [10]. Among them, borosilicate geopolymers revealed com-
pressive strength as high as 57 MPa, which is excellent for construction
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technology. Formation of B—O bonds in geopolymer structures is sup-
posed to be the cause of strengthening of these types of geopolymers.

In borosilicate geopolymers, anhydrous borax with the chemical com-
position of Na,B4O5 is used for substituting silica-rich part of alkali acti-
vator (i.e., it is used instead of sodium or potassium silicate). Anhydrous
borax is dehydroxylated by heating borax decahydrate (Na,B,O-°10H,0)
at 300°C. Then, an alkali activator is introduced into a high-purity silica
source such as silica fume [10].

Despite its high strength, borosilicate geopolymer has not been developed
and many features of this high-strength geopolymer are unknown. Silica
fume used in Ref. [10] is not a common source for production geopolymers
in construction technology. In the present work, the effects of borax content
on compressive strength of boroaluminosilicate geopolymers at different ages
of curing have been studied. The source material used is class F fly ash in
which only a part of AI-O bonds are replaced by B—O ones. Microstructure
changes were evaluated through Fourier transform infrared spectroscopy
(FTIR) and scanning electron microscopy (SEM) analyses.

15.2 EXPERIMENTAL PROCEDURE

Fly ash used in this study was class F with the chemical composi-
tion 62.7wt% SiO,, 22.1wt% AlLOj, 2.50wt% Fe,Os, 3.10wt% CaO,
0.52wt% SO3, and 0.40 wt% Na,O. Its loss on ignition (LOI) was 2.6 wt%.
Particle-size distribution of this fly ash is shown in Fig. 15.1.The chemical
composition of fly ash was achieved by an X-ray fluorescence apparatus
and its particle-size distribution was acquired by the ASTM C115 stan-
dard. Average particle size and Blain surface area of fly ash particles were
8um and 35.8 m?/g, respectively.
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Figure 15.1 Particle size distribution of fly ash.
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Anhydrous borax was produced by heating borax decahydrate
(Na,B405210H,0) at 150°C for 30min and additional heating at 300°C
for 15h [10]. Anhydrous borax was then mixed with NaOH solution.

Fly ash was mixed with alkali activator (anhydrous borax + NaOH)
for 5min . To keep the workability of all mixtures in an acceptable range
(between 60 and 65mm), 1 wt% of water was replaced by polycarboxylate
superplasticizer with a polyethylene condensate defoamed based admix-
ture (Glenium C303 SCC). Although successful usage of superplasticizer
in geopolymers is still in doubt, a previous study [11] showed that it is
possible to use the appropriate mixture for increasing the fluidity of geo-
polymer paste. In this work, based on the experience, superplasticizer was
used to keep the flow of all mixtures in an acceptable range. Mixture pro-
portions of geopolymer specimens have been illustrated in Table 15.1.

Compressive specimens were prepared by pouring geopolymer pastes
into 50mm polypropylene cubic molds. Pouring of specimens was per-
formed in two layers. The mold was half filled with paste and then
vibrated for 45s followed by filling the other half and vibrating for the
same amount of time. Molds were covered by wet polythene sheets for
24h to decrease carbonation. Demolded specimens were cured for 24 h at
70°C. Compressive strength tests were conducted using a hydraulic pres-
sure jack with 100-ton capacity at 3, 7, 28, and 90 days of curing accord-
ing to the ASTM C109 standard. For each mixture, three samples were
tested and the average value was reported as the corresponding compres-
sive strength.

SEM analysis was conducted on the fracture surface of difterent geo-
polymer specimens using a VEGA TESCAN microscope in secondary
electron mode. FTIR analysis was done by a Bruker TENSOR27 FTIR
apparatus. Specimens for FTIR analysis were prepared as KBr discs by
mixing the powder samples (and those samples cured for 90 days) with
KBr at a concentration of 0.2—1.0 wt%.

15.3 RESULTS AND DISCUSSION
15.3.1 Compressive Strength

Fig. 15.2 shows the compressive strength of all specimens. For all series of
specimens, compressive strength increases at later ages. However, the dif-
ferences between compressive strengths at early and later ages are not too
high, indicating completion of most geopolymer reactions during the ini-
tial days of curing. The greatest strength is related to the G16 specimen



Table 15.1 Mixture proportions of the specimens

Sample Borax-to- Alkali- Contentof fly  Content of Content of Content of Content of
designation NaOH weight  activator-to-  ash (kg/m°) borax (kg/m3)  NaOH flakes water (kg/m3)  superplasticizer
ratio fly-ash weight (kg/m3) (kg/m?)
ratio

G1 0.593 0.75 1312 366 198 416 4.20

G2 0.593 0.80 1276 380 205 431 4.35

G3 0.593 0.85 1241 393 212 446 4.50

G4 0.593 0.90 1208 405 219 459 4.64

G5 0.700 0.75 1312 405 185 390 3.94

G6 0.700 0.80 1276 420 192 404 4.08

G7 0.700 0.85 1241 434 199 418 4.22

G8 0.700 0.90 1208 448 205 431 4.35

G9 0.806 0.75 1312 439 174 367 3.71

G10 0.806 0.80 1276 455 181 380 3.84

G11 0.806 0.85 1241 471 187 393 3.97

G12 0.806 0.90 1208 486 193 405 4.09

G13 0.912 0.75 1312 469 165 347 3.50

G14 0.912 0.80 1276 487 171 358 3.62

G15 0.912 0.85 1241 503 177 371 3.75

G16 0.912 0.90 1208 519 182 383 3.87
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Figure 15.2 Compressive strength of specimens.

at all ages while the smallest one is observed in G3 and G9 specimens.
Since evaluating the parameters’ effect on strength variations cannot be
analyzed by only Fig. 15.2, it is followed by contour analysis. It should be
mentioned the borax-to-fly-ash weight ratio is a symbol of the amount
of boron, and alkali-activator-to-fly-ash represents the amount of Na™
ions and water. Therefore, from now on in this study, when a discussion is
made on these parameters, one can assume that main factors of boroalu-
minosilicate geopolymerization including boron, Na™ ions, and water are
investigated.

Fig. 15.3 shows the contour for the eftects of alkali-activator-to-fly-
ash weight ratios on compressive strength of geopolymers at different
ages of curing and different borax-to-NaOH weight ratios. Fig. 15.3A
illustrates that by using low borax-to-NaOH weight ratio (here 0.593),
there 1s not any normal relationship between alkali-activator-to-fly-ash
weight ratio and age of curing. The highest strength is achieved at later
ages and alkali-activator-to-fly-ash weight ratio of 0.900 indicating that
more boron is required to make high-strength boroaluminosilicate geo-
polymer pastes. Fig. 15.3B and C show approximately the same patterns
for the considered dependence. The interesting point is that the highest
strength occurs by using medium alkali-activator-to-fly-ash weight ratios.
Although the amount of boron in the mixtures increases, at higher alkali-
activator-to-fly-ash weight ratios, increasing water content and Na* ions
has harmful effects on strength evolution even at later ages. This phe-
nomenon seems strange and needs more evaluation. In the FTIR section
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of the present study, an attempt will be made to discuss this effect more.
Finally, Fig. 15.3D shows that at the highest borax-to-fly-ash ratio (0.912),
compressive strength increases by rising alkali-activator-to-fly-ash weight
ratio. This indicates that by increasing boron in the mixtures, more water
and Na% ions are required to achieve more boroaluminosilicate bonds.
Additionally, it is evident that age of curing for a specific alkali-activator-
to-fly-ash weight ratio has less effect on strength evolution. On the whole,
higher strength in boroaluminosilicate is achieved at high boron con-
centration. However, the amount of boroaluminosilicate bond strongly
depends on the amount of water.

15.3.2 Microstructure

Fig. 15.4 illustrates the SEM microstructure of boroaluminosilicate geo-
polymers for some selected specimens. As it is evident, various types of
microstructures are totally different from those obtained in aluminosili-
cate geopolymers. A typical aluminosilicate geopolymer microstructure
(with no special additive) includes a paste and some amount of unre-
acted fly ash (see, e.g., Ref. [12]). Even by adding other additives such as
ordinary Portland cement (OPC) [13], iron-making slags [14], clays [15],
and nanoparticles [16], microstructures do not alter completely and one
cannot conclude anything easily just based on the microstructures
achieved. Also, geopolymers made from other sources of aluminosilicates
such as red mud [17] and metakaolin [18,19] have approximately the same
microstructure in different conditions.

Another difference between the considered geopolymers and tradi-
tional ones is that some cracks appeared after fracture. In aluminosilicate
geopolymers, there are many more cracks in fractured surfaces of geo-
polymers even at lower magnifications than those used in this study (see,
e.g., Ref. [20]). Compared to them, as illustrated in Fig. 15.4, in boro-
aluminosilicate geopolymers, cracks rarely appear in microstructures. Only
in Fig. 15.4G does one observe some cracks with the maximum depth
of 200nm. Although the appearance of cracks does not represent com-
pressive strength, this indicates a different mechanism occurring during
crack propagation in boroaluminosilicate geopolymers rather than alumi-
nosilicate ones. In aluminosilicate geopolymers, during crack propagation,
several microcracks nucleate and may aftect energy dissipation. In boroalu-
minosilicate geopolymers, it is highly unlikely to observe crack branching
during propagation. All the energy is consumed here for separating the
two surfaces.
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Figure 15.4 SEM micrographs of (A) G1, (B) G3, (C) G7, (D) G8, (E) G11, (F) G12, (G) G15,
and (H) G16 specimens.
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As indicated, lots of unreacted fly ash particles are found in the micro-
structure of aluminosilicate geopolymers. Fig. 15.5 shows a typical micro-
structure of an aluminosilicate geopolymer we prepared. Unreacted fly
ash, although weakening the strength of the paste, in a structure with high
porosity (such as OPC concrete and geopolymer concrete) may act as a
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Figure 15.5 SEM microstructure of a typical aluminosilicate geopolymer.

barrier for crack nucleation. Unreacted fly ash particles have no adhe-
sion to the paste and it may occur during shrinkage of the paste or crack
propagation. Weak adhesion occurs whether as a result of inappropri-
ate wetting of the particles due to the small amount of alkali activator, or
because of crystalline nature of a specific fly ash, which retards its reaction.
The holes appearing in the microstructure of Fig. 15.5 are the interface
between unreacted fly ash particles and paste. It is evident a crack propa-
gating toward unreacted fly ash must change its path or separate fly ash
from the paste. Both of these possibilities require energy consumption and
hence unreacted fly ash particles cause bridging in the paths of cracks. As
Fig. 15.4 illustrates, there are fewer unreacted fly ash particles in any boro-
aluminosilicate geopolymers. Therefore, due to the mechanism of separa-
tion of the crack plane, various fracture surfaces occur.

Figs. 15.3A and 15.4B illustrate the microstructure of two of the
weakest geopolymer pastes. These microstructures are entirely different.
In Fig. 15.4A, related to the G1 specimen, a smooth surface with some
geopolymer products is observed. This specimen has the lowest content of
borax. By increasing the amount of water and borax in the G3 specimen,
microstructure changes and some starlike needles with a maximum depth
of 2nm and some microscale-long needles again with a depth of maxi-
mum 2nm are occurred. The presence of starlike needles cannot be con-
sidered as the reason of strength loss because in Fig. 15.4C, which is the
microstructure of the second-ranked high-strength specimen (G7) among
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all of the 16 examined groups, these starlike needles are observed. Fig.
15.4D-F illustrate the microstructure of medium-strength geopolymers
(G8, G11, and G12). All of them have higher boron content with respect
to the G1, G3, and G7 specimens. The G8 and G12 specimens (Fig.
15.4D and F respectively) have completely large cleavage surfaces indi-
cating their brittle fracture. The G11 specimen (Fig. 15.4E) has a rough
surface, which signifies its abrupt separation under compression. However,
the compressive strength of the G11 specimens is higher than those of
the G8 and G12 specimens. Fig. 15.4G shows the microstructure of the
G15 specimen, which has a compressive strength close to the G7 speci-
men. The G15 specimen has higher boron but less water with respect to
the G7 specimen. This may be why some cracks occur in the microstruc-
ture of the G15 specimen (Fig. 15.4G). However, fracture surfaces of the
G7 and G15 specimens are not similar at all, indicating different fracture
mechanisms and strength gain when the amount of boron in the mixture
changes. Finally Fig. 15.4H illustrates the microstructure of the G16 speci-
men with the highest strength. Its microstructure is to some extent simi-
lar to the G11 specimen (Fig. 15.4E). One can imagine that Fig. 15.4H
is same as Fig. 15.4E but in higher magnification. In other words, abrupt
separation has occurred here, but more energy is required since the surface
is much rougher than that observed in Fig. 15.4E. In total, it seems that
specimens with rough surfaces have higher strength.

15.3.3 FTIR Analysis Results

Aluminosilicate geopolymers have Si—O tetrahedrons, connected via
corner-sharing bridging oxygen, and those tetrahedrons with n bridg-
ing oxygens are denoted as Qn (n = 0, 1, 2, 3, or 4). Therefore, Si in Q3
configuration, for example, is surrounded by three bridging oxygens and a
nonbridging oxygen. Amorphous SiO, is supposed to consist of only Q4
species forming a continuous random network [21]. The position of the
first Si—-O—X stretching bond (X = Si, Na, or H), which occurs at approxi-
mately 1100cm™" in amorphous geopolymers, is an indication of length
and angle of the bonds in a silicate network. A shift of this band to lower
wave numbers (i.e., decreasing its depth) indicates a lengthening of the
Si—-O—X bond, a reduction in the bond angle, and thus a decrease of the
molecular vibrational force constant [21]. In the present boroaluminosili-
cate geopolymers, as a result of using borax, the formation of B—O bonds
is anticipated. Main B-O stretching bonds appear between 1380 and
1310cm™" [22]. The signal at 2380cm™" can be assigned to CO,, which
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reacts with extra amounts of NaOH and causes the formation of HCO;_
[21]. FTIR spectra of all of 16 considered specimens have been illustrated
in Figs. 15.6—15.9. Si—O bands in Figs. 15.6—15.9 consist of Si—O stretch-
ing in the range of 1000-1200cm™, Si-O bending bond at 800 cm™" and
between 890 and 975cm™". Q4 and Q3 bonds can be assigned to those
appeared at approximately 1100 and 1050 cm™, respectively [21].

Fig. 15.6 shows FTIR spectra for the specimens with borax-to-NaOH
weight ratio of 0.593. These specimens have the lowest amount of borax
between all the groups and the interesting point is that the only specimen
with no B—O bond in this group (the G3 specimen with FTIR spectrum
shown in Fig. 15.6C) has the lowest compressive strength. It is evident that
the B—O bond has a vital role in increasing compressive strength since the
G3 specimens with no B-O bond have the lowest strength. Additionally,
the G3 specimen has the highest Si—O bending bond between these four
specimens without any other Si—O stretching bonds. The G1, G2, and G4
specimens with a slightly more compressive strength have all of these pri-
mary bonds with approximately the same pattern.

Fig. 15.7 illustrates FTIR spectra for the specimens with borax-to-
NaOH weight ratio of 0.700. Between these samples, G7 has the highest
strength and its FTIR spectrum is shown in Fig. 15.7C. This may be as a

40000 3000 2000 1500 1000 500 400
20 cm™!

Figure 15.6 FTIR analysis results for borax-to-NaOH weight ratio of 0.593; alkali-

activator-to-fly-ash weight ratio for (A), (B), (C), and (D) are 0.75 (G1), 0.80 (G2), 0.85

(G3), and 0.90 (G4), respectively.
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Figure 15.7 FTIR analysis results for borax-to-NaOH weight ratio of 0.700; alkali-
activator-to-fly-ash weight ratio for (A), (B), (C), and (D) are 0.75 (G5), 0.80 (G6), 0.85
(G7), and 0.90 (G8), respectively.

result of its sharper Si—O bonds. The compressive strength of this group
increases gradually from G5 to G7 and then it decreases. The main reason
that the G8 specimen may be related to its Si—O stretching bonds, which
are weaker than those of the G6 and G7 specimens. Additionally, it has the
biggest CO, peak. This indicates that the amount of NaOH is high here
to contribute to boroaluminosilicate reaction, and hence the microstruc-
ture weakens.

Between GY9 and G12, the specimens with borax-to-NaOH weight
ratio of 0.806 and FTIR spectra illustrated in Fig. 15.8, G10 and G11 have
the highest strengths. G9, as one of the weakest specimens, revealed no
B—O bond. The lower strength of G12 on G10 and G12 may be related
to the appearance of a sharp peak at approximately 800 cm™! which can
be assigned to a Q2 stretching bond [21].This means that lower Q4 bonds
are formed and hence compressive strength decreases.

Fig. 15.9 shows FTIR spectra for the specimens with borax-to-NaOH
weight ratio of 0.912.The highest amount of borax is used in this series of
specimens. This group contained samples with the greatest strength (G16)
and one with the lowest strength (G13). In the G13 specimen no B-O
bond has formed indicating the importance of the formation of this bond
on strength evolution. Instead, in G15 and G16 specimens, active B—O
bonds are formed.
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Figure 15.8 FTIR analysis results for borax-to-NaOH weight ratio of 0.806; alkali-

activator-to-fly-ash weight ratio for (A), (B), (C), and (D) are 0.75 (G9), 0.80 (G10), 0.85

(G11), and 0.90 (G12), respectively.
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Figure 15.9 FTIR analysis results for borax-to-NaOH weight ratio of 0.912; alkali-

activator-to-fly-ash weight ratio for (A), (B), (C), and (D) are 0.75 (G13), 0.80 (G14), 0.85
(G15), and 0.90 (G16), respectively.
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On the whole, the formation of B—O bonds in boroaluminosilicate
geopolymers has a major effect on compressive strength and in specimens
with no B—O bonds, compressive strength is the lowest.

15.4 CONCLUSIONS

In the current study, compressive strength and microstructure of boroalu-
minosilicate geopolymers were examined. From the results obtained, the
following concluding remarks can be presented:

1. The best strength was related to the specimen with borax-to-NaOH
weight ratio of 0.912 and alkali-activator-to-fly-ash weight ratio of
0.9. By increasing these ratios, the amount of borax in the mixture
increases and the chance of formation of boroaluminosilicate bonds is
increased as well.

2. The microstructure of boroaluminosilicate geopolymers was entirely
different from that of traditional aluminosilicate geopolymers. Different
fracture surfaces were also observed. Additionally, no microcracks were
observed in boroaluminosilicate geopolymers.

3. FTIR spectra of boroaluminosilicate geopolymers consisted of all of
the central aluminosilicate geopolymer bonds as well as B—O bonds. It
was shown that B-O bonds have an important effect on strength gain
where G3, G9, and G13 specimens with no B—O bonds have the low-
est strengths.

15.5 FUTURE POTENTIAL STUDIES

Selection and justification of the use of starter materials are of foremost
importance in this field of study and hence, these criteria are presented
in detail. Additionally, conducting appropriate testing and analyzing proce-
dures is of significant impact on identifying hidden features of this class of
materials.

15.5.1 Materials

15.5.1.1 Aluminosilicate Source

Primary aluminosilicate sources for the production of geopolymers are
slags, fly ash, and metakaolin. Slags are highly porous materials with high
calcium content and due to their appropriate reaction kinetic, slag-based
geopolymers are cured at room temperatures. The strength of this class of
geopolymers is high enough for use in many construction applications.
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However, all the slag produced worldwide is now consumed by the concrete
industry as a partial replacement of OPC and hence, there is little incentive
to find use for these industrial byproducts. Metakaolin is another aluminosil-
icate source and although it is considered as an appropriate source material,
it is more expensive than slag and fly ash since metakaolin is not an indus-
trial byproduct. Fly ash on the other hand is a coal combustion byproduct
that is abundantly available in Australia and worldwide. Depending on the
source and makeup of the coal being burned, the components of fly ash
vary considerably, but all fly ash includes substantial amounts of SiO, (both
amorphous and crystalline) and CaO. In aluminosilicate geopolymers, cal-
cium-(sodium)-aluminosilicate-hydrate [C-(N)-A-S-H] and sodium-alumi-
nosilicate-hydrate (N-A-S-H) are the most likely amorphous gels formed
during geopolymerization of class C and class F fly ash, respectively. Fly ash
is naturally a little reactive material and in most cases, fly ash—based geo-
polymers are produced by oven curing. Oven-cured geopolymers gain their
maximum strength at early ages [23]. To achieve fly ash—based geopolymer
with reasonable strength by curing at room temperature, some attempts
have been made to partially substitute fly ash by slag [24]. Our recent stud-
ies [25] showed the possibility of attaining boroaluminosilicate geopolymer
with appropriate strength even by curing at room temperature. The eftect
of borax on the reaction kinetic of fly ash is unclear and more studies are
required to discover its real nature. Attempts could be made to produce
room temperature—cured fly ash-based boroaluminosilicate geopolymers
through suitable mixture proportions and where required, fly ash could be
substituted by small amounts of slags.

About 14 million tons of fly ash is being produced per annum in
Australia while only 2—3 million tons are being used. In Victoria, massive
deposits of brown coal, and their usage for the production of electricity,
leave a considerable amount of brown coal ash. According to Energy and
Earth Resources of Victoria State Government, “In 2010-11, total pro-
duction of brown coal in Victoria amounted to 66.7 Mt. The 430 billion
tons of brown coal located in Victoria represents a significant proportion
of the world’s brown coal endowment (http://www.australianminesat-
las.gov.au/aimr/commodity/brown_coal.html).” Previous eftorts to use
brown coal ash in various applications have not been so lucky so far.
We examined two types of fly ash in our previous works. In this work,
the quality of fly ash was such that both aluminosilicate and boroalu-
minosilicate geopolymers had high strengths. In another work [25], the
quality of fly ash was not suitable for the production of aluminosilicate
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geopolymers and all specimens had little compressive strength. Therefore,
we called it “low-quality fly ash.” Brown coal ash as a starter material
could be used since the previous work [25] showed the ability of pro-
duction of boroaluminosilicate geopolymers with reasonable strength
through using a low-quality fly ash. Although our low-quality fly ash
was not a brown coal one, the unknown features of reaction between
borate and brown coal fly ash may cause reasonable strength. Our recent
unpublished studies have created some potential for using brown coal fly
ash as the starter material. However, in the case that using brown coal
ash would be unsuccessful, other fly ash sources could be considered as a
partial or total substitute for brown coal fly ash.

15.5.1.2 Alkali Activator (Borax + NaOH)

In aluminosilicate geopolymers, alkali activator is a mixture of a silicate-
rich source such as sodium silicate or potassium silicate and a high-alkali
solution such as NaOH or potassium hydroxide. Potassium-based acti-
vators are less common and are slightly more expensive. Sodium silicate
partly helps the alkali reaction and provides sufficient Si** ions. Higher
contents of sodium silicate solution provide higher-strength specimens.
However, increasing its amount causes a higher price and in some cases,
it remains unchanged and a gluelike material covers the surface of the fly
ash [26]. In boroaluminosilicate geopolymers, sodium silicate solution is
entirely substituted by borax. Borax is an alkaline mineral material, one of
the salts of boric acid, and is an eco-friendly material. It is widely used as
a detergent in environmentally friendly cleansing powders. While critics of
geopolymers are concerned about negative impacts of the production of
highly concentrated sodium silicate solutions on the environment, borax
can be a possible alternative. It is one of the main parts of boroaluminosili-
cate glasses. In these glasses, borax is used as a glazing agent (12—-18 wt%).
It is also used in porcelain cookware.

Borax, which was first used in geopolymer concrete by Williams and
van Riessen [10], usually refers to decahydrate borax. Chemically sold
borax is partially dehydrated and may be found as pentahydrate borax.
Totally dehydrated borax can be attained by heating pentahydrate borax.
However, all types of hydrated and dehydrated borax are commercially
available and can be used to produce boroaluminosilicate geopolymers.
Although dehydrated borax has been employed in Williams and van
Riessen [10] and our previous work [25], it is possible to examine all types
of borax to find the best results.
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Our previous work [25] showed the possibility of geopolymers syn-
thesis at room temperature in the presence of borax. Eliminating the oven
curing of fly ash—based geopolymers can make a significant reduction in
the final production cost.

15.5.1.3 Other Materials

Other relevant materials are aggregates, superplasticizers, and fibers.

Justification of using these materials can be summarized as below.

— Aggregates
In our current and previous work [25], only boroaluminosilicate geo-
polymer pastes were considered. For construction applications, it is
crucial to evaluate properties of concrete rather than paste. After intro-
ducing aggregates into boroaluminosilicate pastes, concrete specimens
are fabricated and tested.

— Superplasticizers
Despite the widespread usage of superplasticizers in OPC concrete,
superplasticizers have not been proven to have positive effects on the
workability of geopolymers. However, some attempts were made at
Swinburne University of Technology to determine the possibility of
using a suitable type of superplasticizer based on mixture proportions
of geopolymers [11]. The results of our current and previous work
[25] show the opportunity of using superplasticizers correctly. Hence,
further investigations can be carried on to evaluate the real effect of
superplasticizers on boroaluminosilicate geopolymers.

— Fibers
Steel fibers were suitably introduced to boroaluminosilicate geopoly-
mer pastes in our previous study [27]. However, many factors such as
diameter, length aspect ratio, and surface roughness of fibers, as well
as mixture proportion and curing condition of geopolymer, require
more in-depth studies. Consequently, a comprehensive program is pro-
posed to evaluate the effect of steel fibers on the demanded properties
of boroaluminosilicate geopolymer concrete. Also, our recently unpub-
lished experiments show a good compatibility between polymer fibers
and boroaluminosilicate paste. Polymer fibers and their role in rein-
forcing specimens could be carefully examined.

15.5.2 Experiments

Experiments can be conducted on unreinforced and fiber-reinforced
geopolymers to determine their microstructure and physical, rheological,
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chemical, thermal, and mechanical properties. Tests can be categorized as
following:

15.5.2.1 Experiments to Determine Physical and Rheological
Properties

These properties include setting time, flowability, workability, bleeding
rate, and pore structure of concrete. The first three sets of experiments are
straightforward and essential properties of any particular mixture could be
taken into consideration for all mixtures. The eftect of type and amount
of superplasticizers on these properties would be of high interest in both
fiber-reinforced and unreinforced specimens.

Approximately 80% of the total concrete in Australia is for the con-
struction of footpaths, slab-on-ground and warehouse and other industrial
floors. Concrete cracks in these types of constructions are ubiquitous and
the cost of repair and maintenance is a major budget item for asset own-
ers such as councils and road authorities as these cracks often present trip
hazards and result in significant public liability risks. It is widely known
that the bleeding and evaporation rates cause plastic cracks. Unlike the
conventional OPC concrete, the rheology of fresh geopolymer concrete
is thixotropic due to the use of activators in the mix [28]. The thixotropic
nature of geopolymer is likely to cause little bleeding in concrete result-
ing in a more smooth near-surface concrete than conventional Portland
cement concrete. During evaluating the microstructure of the previously
studied boroaluminosilicate geopolymers [25] and the current work, we
found very few cracks in various magnifications. The relationship between
plastic shrinkage, bleeding, and pore structure of boroaluminosilicate geo-
polymer and comparison of the obtained results for aluminosilicate geo-
polymer and OPC concrete will provide valuable knowledge on the exact
reasons for cracking in concrete sections.

15.5.2.2 Experiments to Determine Chemical Properties
It is important to evaluate the chemical properties of boroaluminosilicate
geopolymers very carefully. This part of the experiment could be con-
ducted on unreinforced specimens. The principal acceptable chemical
analyses to determine characteristics of geopolymers are X-ray diffraction
(XRD) and nuclear magnetic resonance (NMR).

The XRD technique is widely used to determine crystalline and
amorphous phases in many types of geopolymers. By comparing the
spectrum of various specimens, effects of characteristics such as mixture
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proportions and curing conditions on phase evolution of those samples
are determined. However, the most acceptable chemical analyzing tool
for geopolymers is NMR, an analytical chemistry technique utilized in
quality control and research for determining the content and purity of
a sample as well as its molecular structure. NMR can quantitatively ana-
lyze mixtures containing known compounds. For unknown compounds,
NMR can either be used to match against spectral libraries or to infer
the basic structure directly. Once the basic structure is known, NMR
can be used to determine molecular conformation in solution as well as
studying physical properties at the molecular level such as conformational
exchange, phase changes, solubility, and diffusion. To achieve the desired
results, a variety of NMR techniques are available (http://chem.ch.huji.
ac.al/nmr/whatisnmr/whatisnmr.html). The most acceptable technique
for analyzing geopolymers through NMR studies is magic-angle spin-
ning (MAS), a technique often used to perform experiments in solid-state
NMR spectroscopies. 27Al and 2951 MAS NMR spectra are among those
that are widely employed to determine the evolution of most alumino-
silicate compounds. Other spectra such as 43Ca are used to evaluate the
effect of additional constituent materials on aluminosilicate complexes. In
boroaluminosilicate geopolymers, all of these spectra, as well as 11B, could
be utilized to identify the hidden aspects. 11B has been successtully used
to evaluate boron sites in borosilicate zeolites. A comprehensive study by
performing step-by-step analysis and comparison of the results of XRD
and NMR and their relationship with other examined properties is pro-
posed for this type of geopolymer.

15.5.2.3 Experiments to Determine Mechanical Properties

For these materials, mechanical properties including compressive strength,
flexural strength, tensile strength, and fracture toughness of geopolymer
concrete specimens in both unreinforced and fiber-reinforced condi-
tions are proposed to be studied. In addition to these conventional test-
ing methods, creep properties of some of the high-strength geopolymer
specimens could be tested. At Swinburne University of Technology, a
comprehensive study on creep of aluminosilicate geopolymers is in prog-
ress. Bazant et al. [29] found that creep in long-span bridges built in the
last few decades are still ongoing and may cause serious problems in the
future. The main problem is that the exact mechanism of creep is not clear.
It is understood to be either due to moisture diffusion or dislocations in
addition to the possible formation of microcracks. A study of creep in
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geopolymer, which is a similar material in many aspects to OPC concrete
despite being chemically different, will shed light from another angle and
provide a greater understanding of this phenomenon in OPC concrete as
well. Comparison between the creep results of aluminosilicate and boro-
aluminosilicate geopolymers and OPC concrete may deliver invaluable
information about this phenomenon.

As mentioned in the previous sections, two different types of reinforce-
ments including steel and polymeric fibers can be used for reinforcing boro-
aluminosilicate geopolymers. The effect of volume fraction, length, diameter,
and aspect ratio of fibers on mechanical properties of fiber-reinforced speci-
mens, especially their flexural strength, is of high interest. On the other
hand, the effect of mixture proportions on flexural strength of reinforced
specimens regarding strength of the paste and bond strength between fibers
and paste could be evaluated. The strength of pastes could be determined by
testing unreinforced specimens and the bond strength between fibers and
paste could be estimated by conducting pullout tests.

15.5.2.4 Experiments to Determine Thermal Properties

Thermal properties of geopolymers that are of interest for these materi-
als include (1) thermogravimetric analysis (TGA), (2) differential thermal
analysis (DTA), (3) conduction calorimetry, (4) dilatometry, and (5) high-
temperature strength. The first three experimental procedures can be car-
ried out to evaluate phase changes and evolution during continuous or
isothermal heating and could be conducted to compare chemistry and
physics of unheated and heated specimens. The combination of the last
two sets of experiments is done to evaluate the high-temperature com-
pressive strength and transitional creep of specimens [30].Very few experi-
ments have been conducted to assess the dynamic compressive strength of
geopolymer concrete at high temperatures. Most of them deal with heat-
ing the specimens to specific temperatures and measuring their proper-
ties after oven- or air-cooling. However, understanding the relationship
between phase changes and high-temperature strength may be of interest.
Additionally, in reinforced specimens, the effect of fibers on properties at
high temperatures can deliver state-of-the-art knowledge.

Polymeric fibers, which can be used as reinforcements, are sensitive
to heat and their nature will change based on amount of time exposed
to heat. Thickness and chemical composition of boroaluminosilicate geo-
polymers will determine their thermal resistance. Effect of heat on bond
strength and thermal stability of polymeric fibers could be studied by
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means of all five suggested groups of thermal analysis methods. The most
significant change may occur in steel fibers due to their possible phase
transformation. If steel fibers are heated above 723°C, a phase transforma-
tion happens and the body-centered cubic (bcc) crystalline structure of
plain carbon steel fibers transforms to a face-centered cubic (fcc) crystal-
line structure [31]. This temperature is indicative and can be altered upon
chemical composition and impurities of steel fibers. The interesting result
of this transformation is shrinkage of steel due to higher packing fac-
tor of the fcc structure. This behavior is the geopolymer paste where its
expansion causes further debonding between the steel fibers and matrix.
However, at that temperature, everything depends on the behavior of
geopolymer paste, which is a glassy viscoelastic material. On the other
hand, after cooling specimens in different environments, two possible
phase transformations in steel fibers are followed. The first is the reverse
transformation of the fcc structure to the bec structure with expansion
against geopolymer paste shrinkage, and as a result, subsequent debond-
ing is anticipated. The other is the transformation of the fcc structure to a
body-centered tetragonal (bct) crystalline structure, which is called mar-
tensitic transformation and takes places at very high cooling rates [31].
Martensitic transformation induces a massive expansion of 4% [32] to steel
fibers. However, steel fibers, which are surrounded by geopolymer paste,
may not be affected by even high cooling rates and again the whole thing
depends on chemical composition and thickness of specimens. High cool-
ing rate may help to discover two essential characteristics. The first is to
evaluate post-heat treatment properties of specimens, which is similar to
the fire-exposed structures extinguished by water or other appropriate
materials. The second and more important one is that the microstructure
and chemistry of quenched specimens are highly likely to show the prop-
erties of specimens at high temperatures. Phase evolution in geopolymers
is time-dependent and by rapid cooling of the structure, it is supposed that
the microstructure of the specimen remains unchanged. A comprehensive
comparison between phase evolution results at high temperature, and that
could be acquired through conducting XRD and NMR on heat-affected
specimens to verify this.

15.5.2.5 Evaluation of Microstructure

Microstructure evaluation of boroaluminosilicate geopolymer in our
current and previous work [25] was one of the most interesting sec-
tions. Our previous studies showed the appearance of a wide variety of
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microstructures based on mixture proportions and curing conditions. As
we indicate in those works, in traditional aluminosilicate geopolymers
made from different sources, the resultant fracture surfaces are approxi-
mately the same. Although some differences are observed among various
sources of aluminosilicates, for a particular aluminosilicate source, even
by changing parameters such as NaOH concentration, microstructures
are very similar, containing a paste with some unreacted fly ash parti-
cles. In boroaluminosilicate geopolymers, there are tiny unreacted par-
ticles, and a condensed paste with different fracture surfaces and crystals
is observed. It would be worthwhile to understand the mechanisms of
formation of these structures through an exact experimental procedure
using various techniques.

Another interesting feature of these boroaluminosilicate geopolymers
is their fracture surface, where little cracks are seen. In traditional alumi-
nosilicate geopolymers, unreacted fly ash particles are a barrier to propa-
gating cracks and therefore, they introduce tortuosities in crack shape. In
boroaluminosilicate geopolymers, because of formation of a condensed
paste, cracks are likely to be straight. However, branching of cracks or con-
tinuing in one direction only indicates the mechanism of crack propaga-
tion and does not reveal the strength of geopolymers. Although branching
of cracks may dissipate the applied stress, the final strength of a brittle
cement matrix structure depends on another aspect, namely the strength
of the paste. We supposed that in the studied boroaluminosilicate geopoly-
mers, the probable formation of functional crystals with the aim of sodium
perborate functional groups may be the reason for the formation of high-
strength pastes [25]. However, the real reasons require further study, with a
focus on the microstructure and other characteristics of boroaluminosili-
cate geopolymers.

Both the microstructure and fracture surfaces of boroaluminosilicate
geopolymers will provide exciting features and help us to discover the real
nature of very complicated boroaluminosilicate reactions. Besides SEM,
the thin-section analysis technique can be utilized to evaluate the micro-
structure of different concrete specimens. It provides valuable information
on the dispersion of aggregates and fibers in a cross-section of specimens
using light microscopy. Additionally, a targeted microstructure of these thin
sections is attainable using SEM.
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time-dependent shrinkage, 83f
concrete
carbonation of concrete, 76—78, 77f
for eco—friendly structures, 63—64, 64f
environmental performance
evaluation, 78—80
workability and strength development,
73-75,75f, 76f
development of eco—friendly concretes,
64-68
in geopolymer concretes, 230-231
laboratory tests
compressive strength, 68—69
concrete mixtures, 68
constituents and concrete mix design,
69
exposure classes, 68—69
methods, 73
principles, 701, 71t
MK. See Metakaoline (MK)
Monte Carlo method, 47-48, 48f
Mortar, 338-339
MTs. See Mine tailings (MTs)

N

Naphthalene, 290, 295-296

Naphthalene-based superplasticizer (NCP),
269

NASH. See Sodium aluminosilicate hydrate
(NASH)

NC. See Normal concrete (NC)

NCP. See Naphthalene-based
superplasticizer (NCP)

Nickel slag, 357-358

Nitric acid attack, resistance to, 347—348,
347f

NMR. See Nuclear magnetic resonance
(NMR)

Nonlinear multiple-regression analysis,
104-105

Normal concrete (NC), 341

Nuclear magnetic resonance (NMR), 406

0)
Ohm’s law, 277
Ordinary Portland cement (OPC), 89,
106—-108, 139, 161, 195-196, 243,
263, 335, 348-350, 357-358, 375, 395
Bayer liquor
feedstock, 176
as waste product, 175
concrete
Bayer-derived geopolymer aggregates,
184-188, 186f
compressive strength, 185/
PSD of Bayer-derived geopolymer, 184¢
embodied energy comparison
barriers, 177
base assumptions, 168—174
Bayer liquor feedstock embodied
energy, 172173
binding agent, 174-175
concrete formulation, 168¢
of concrete formulations, 174
embodied energy calculation, 169-172
of hydrate, 176
implications, 175-176
Oxygen-to-nitrogen proportion, 111-112,

112f

P

Pair distribution function (PDF) analysis,
225

Palm oil fuel ash (POFA), 264-265
Particle packing in geopolymer concretes,
230-231



Particle size distribution (PSD), 184, 184¢
Particle technology
in optimization of geopolymer paste and
concrete, 228232, 228f
particle packing and mix design,
230-231
particle-shape effects in fresh pastes, 229
water—binder ratio and rheology, 230
Particle-shape effects in fresh pastes, 229
Particle—size distribution of binder phase
and additives, 285-303
FA-RHBA based geopolymer specimens,
288t
FTIR analysis, 301-303
mechanical properties, 286—294
microstructure of geopolymer matrix,
296-301
physical properties of geopolymer,
294-296
rheological properties of geopolymer,
294-296
effect of additives, 298¢, 299¢
SEM images of Al-rich waste, 301f
SEM micrograph of fractured
geopolymer pastes, 300f
strength of geopolymer concrete, 297t
PC. See Polycarboxylate (PC)
PCC method. See Pulverized coal
combustion (PCC) method
PDF analysis. See Pair distribution function
(PDF) analysis
PDFs. See Probability density functions
(PDFs)
Performance efficiency indicator of binder,
151-156
PFA. See Pulverized fuel ash (PFA)
Phase assemblage modeling, 227
POFA. See Palm oil fuel ash (POFA)
Polycarboxylate (PC), 290, 295-296
Polymeric binder, 362-363
Polymeric fibers, 408—409
Polysialates, 337
Polyurethanes, 336-337
Polyvinyl alcohol (PVA), 292
Pore-size distribution, 365-366, 366/
Portland cement, 1,6
Portlandite (Ca(OH),), 278-279
Potassium hydroxide (KOH), 263-264, 389
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Pozzolana cement, 119, 125
Precast concrete products, 149-151
Precursor design, 221-222
Predesilication process, 162—163
Probability density functions (PDFs), 47—48
PSD. See Particle size distribution (PSD)
Pullout test, 375-376, 378-379
Pulverized coal combustion (PCC)
method, 318
Pulverized fuel ash (PFA), 264-265
PVA. See Polyvinyl alcohol (PVA)

Q
Quartz (SiO»), 278-279

R
Rapid chloride permeability test (RCPT),
277
Recycled aggregates, 160
Recycling process, 292
Red mud (RM), 264-265
Reference OPC-based concrete, 377-378,
377t
Regression analysis, 104-105, 105f, 106f
Reinforced concrete. See also High-strength
concretes (HSCs)
factors affecting service life, 232
life cycle CO, evaluation
environmental performance, 32-37
environmental protection agency, 17
evaluating environmental load,
18-32
Replacement factors, 42
Resistance to chemical attack, 341
to hydrochloric acid attack, 348-350,
349f
to nitric acid attack, 347-348, 347f
to sulfuric acid attack, 344345, 344f,
346f
Reusability, 292
RHA. See Rice husk ash (RHA)
RHBA. See Rice husk-bark ash (RHBA)
Rheology of geopolymer pastes, 230
Ribbed steel reinforcement, 384—385
Rice husk ash (RHA), 264265
Rice husk-bark ash (RHBA), 269-270
RM. See Red mud (RM)
Rowles structure model, 204f
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S

Scanning electron microscopy (SEM), 167,
222-223,358-359, 390

aluminosilicate geopolymer, 397f

clay-FA geopolymer brick, 281f

for fracture section of geopolymer
binders, 364f

geopolymer, 396f

Scanning electron microscopy-energy
dispersive spectroscopy (SEM-EDS),
235, 235f

SCGC. See Self-compacting geopolymer
concrete (SCGC)

SCM:s. See Supplementary cementitious
materials (SCMs)

Sealers. See Waterproofing materials

Self-compacting geopolymer concrete
(SCGC), 292

SEM. See Scanning electron microscopy
(SEM)

SEM-EDS. See Scanning electron
microscopy-energy dispersive
spectroscopy (SEM-EDS)

Semicrystalline to crystalline zeolitic phases,
367-368

7D-curing, 377, 384

SE See Silica fume (SF)

Si/Al ratios, 364-365, 365¢

Silane-siloxane, 336

Silica fume (SF), 89-90, 167, 286

Silicate-derived geopolymer binders, 161

Sodium aluminate solution, 161

Sodium aluminosilicate hydrate (NASH),
290

Sodium hydroxide (NaOH), 263264,
268-269, 303-304, 376, 389,
404-405

Sodium silicate (Na, Si03), 268269,
303-304

Sodium sulfate (Na,SOy,), 278-279

Sodium-silicate-to-NaOH (SS/SH),
274-277

SPs. See Superplasticizers (SPs)

SS/SH. See Sodium-silicate-to-NaOH
(SS/SH)

Standards framework, 246-248, 246/

Steel reinforcement corrosion, 210-211

Sulfuric acid (H,SOy), 304-305
resistance to sulfuric acid attack,
344-345, 344f, 346f
Superplasticizers (SPs), 120, 120¢, 286
Supplementary cementitious materials
(SCMs), 67, 65-66, 78-79, 89-90,
139-140
on binder intensity, 99-101
on CO, intensity, 101-104, 102f, 103f
database of concrete mix proportions,
94-106
CO, emission of concrete, 98
determination of unit binder content,
105-106
plant concrete mixes, 9597t
relation of binder intensity and CO,
intensity, 104—105, 104f
design to CO, emissions reduction,
106-108, 107f
life—cycle CO, assessment procedure for
concrete, 90—94, 93¢
LCI database, 92
objective and scope, 90-92,91f
Supply chain risks, 249-250
Sustainability, 263, 265, 292
of AACs, 370-372
of concrete structures, 63

T

TGA. See Thermogravimetry analysis
(TGA)

Thermal curing process, 161

Thermal hydrometallurgical process, 163

Thermogravimetry analysis (TGA),
309-310, 408

TPOFA. See Treated palm oil fuel ash
(TPOFA)

Treated palm oil fuel ash (TPOFA), 289

Tungsten waste—based AACB mortars, 196

2D-curing, 377, 380-382, 384

Type GP cement, 10

U

Unconfined compressive strength (UCS),
267

Unit binder content determination,
105-106



w
w/b ratio. See Water to binder (w/b)
ratio

W/C. See Water—cement ratio (W/C)
‘Waste management, 292, 324-325
Water absorption, 125, 315

by immersion, 340, 342-343, 342f
Water to binder (w/b) ratio, 230

of geopolymer pastes, 230
Water-soluble organic polymers, 293-294
Water—cement ratio (W/C), 31
Waterproofing materials, 335
Wet concrete slump, 167
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X
X-ray amorphous aluminosilicate materials,
160
X-ray diffraction (XRD), 166, 358-359,
361f, 362, 406
analysis, 367-368, 367f
pattern, 278
X-ray fluorescence (XREF), 166

Y4

Zeiss Neon 40 EsB scanning electron
microscope, 167
Zeolites, 226



