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1. Introduction

Abstract. Design guidelines for predicting the axial capacity of piles in sand have
long been the source of considerable debate due to the geotechnical profession’s
inadequate understanding of pile behavior. Analytical studies, alone, cannot re-
solve the uncertainties in axial capacity predictions due to the complex nature of
pile behavior in sand. This chapter presents some of the factors which occur dur-
ing installation and loading of pipe piles in sand, along with their potential impact
on axial capacity.

1.1 Background

There are many challenges facing the designers of pile foundations in sand, par-
ticularly in offshore environments. Most offshore structures are supported on steel
pipe piles which are designed in accord with API Recommended Practice for
Planning, Designing, and Constructing Fixed Offshore Platforms, RP-2A (API,
2000). The recommended practice has long been the accepted standard for pile
design as evidenced by its wide spread use (Lacasse 1988, Pelletier et al. 1993).
The document, RP-2A, is currently in its twenty first edition, however, little has
changed in the recommended practice for piles in sand since the fifteenth edition
was published in 1984. The publication of the fifteenth edition, with significant
changes in the criteria for predicting the shaft capacity of piles in sand was con-
troversial and, instigated a round of criticism and debate (e.g. Lings, 1985;
Randolph, 1985; and Toolan et al. 1990).

The accuracy of the API approach has been evaluated by comparing the pre-
dicted pile capacities to the measured pile capacities of known case histories (Ol-
son and Iskander 1994, Iskander and Olson 1992). The scatter between measured
and predicted pile capacities is significantly larger for piles in sand than piles in
clay (Olson and Dennis, 1982). The primary inadequacy of the API method is the
database used to calibrate the design method. At the present time, the database
has fewer load tests than the number of degrees of freedom of the pile-soil system,
which precludes determining a unique set of calibration factors (Olson and Is-
kander 2009). Furthermore, the database consists of piles that are generally
shorter in length, smaller in diameter, and have less capacity than the piles being
designed for offshore structures.

Variations between measured and predicted pile capacities arise due to a num-
ber of factors such as severe changes in soil properties and state of stress caused
by pile driving, difficulties in measuring field soil properties particularly in the
marine environment, variations in loading details and pile installation procedures,

M. Iskander: Behavior of Pipe Piles in Sand, SSGG, pp. I«E.]
springerlink.com © Springer-Verlag Berlin Heidelberg 2010



2 1. Introduction

uncertainties in the behavior of the soil core (plug) during driving and subsequent
loading, and soil structure interaction. Most design methods, including the API
method, account for these factors by calibrating a simple theoretical model using
empirical factors.

Although these factors are most pronounced in offshore piling, they are equally
relevant to traditional terrestrial geotechnical engineering. In the terrestrial envi-
ronment, many uncertainties in pile capacity predictions can be avoided by driving
piles to “refusal” in deep layers of hard clay, dense sand, or rock. When strong
layers are not available, and driving piles to refusal is not possible, engineers often
apply conservative assumptions and rely on proof tests to verify the design capac-
ity. So a better understanding of the effects of installation on the capacity of piles
has the potential to provide cost savings for both terrestrial and offshore piles.

1.2 Installation Effects That Influence the Capacity of Pipe
Piles in Sand

1.2.1 Plugging of Piles

During installation of open-ended pipe piles, the soil enters the pile at a rate that is
equal to, or larger than, the rate of pile penetration. This mode of penetration is
referred to as coring or cookie cutter. As penetration progresses, the soil core in-
side the pile may develop sufficient frictional resistance along the inner pile wall
to prevent further soil intrusion, causing the pile to become plugged. Plugging is
important, not only because it directly contributes to the tip bearing capacity, but
also because it indirectly contributes to the developed shaft capacity (Gavin and
Lehane 2002, Paik and Salgado 2003), since a plugged pile displaces more soil
than a coring one, which increases the effective stresses surrounding the pile.
Plugging also influences the dynamic behavior of piles, which complicates the dy-
namic analyses of piles (Paikowsky and Whitman, 1990; Raines et al. 1992).

The common view is that most piles that plug during static loading do not plug
during driving (Paik and Lee 1993, Hight er al. 1996, Hajduk et al. 2009). Smith
and Chow (1982) attributed this phenomenon to a combination of inertial effects
and an increase in the dynamic bearing capacity factor, Ng, over its static value.
Additionally, Smith et al. (1986) argued that the driven pile mobilizes all of its in-
ternal and external friction intermittently during penetration and, as a result, the
soil core advances up the pile. Conversely, Paikowsky et al. (1989) argued that
“the pile plugging phenomenon is of frequent occurrence and is of greater signifi-
cance than that presently accorded it by the profession.” The degree of plugging
depends on soil properties (Lehane and Gavin 2001), the hammer characteristics,
and the pile’s frictional resistance (Brucy et al. 1991).
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On some occasions, piles may plug and impede driving. If the available pile
hammer cannot drive the pile to the design depth a problem may arise, particularly
for piles with thickened walls near the surface or mud-line, such as piles used to
resist lateral loading (Murff et al., 1990). If the pile “refuses” prematurely, the re-
quired thick section may end up above the mud-line. In these circumstances, the
plug is typically removed by drilling or jetting. The effects of the removal of the
soil plug on the final pile capacity are controversial. Brucy et al. (1991) claimed
that static loading results are not changed by partial removal of the soil plug.
Other studies indicate that jetting results in a substantial reduction in the over-all
pile capacity, even if the pile is re-driven (McClelland and Focht, 1955).

Arching of soil within a few pile diameters from the tip is sufficient to form a
plug (Leong and Randolph 1991). Furthermore, the available soil friction along
the inside of pipe piles is significantly higher than the common design values for
the external skin friction, for sands (Paik et al. 2003, Murff et al. 1990), clays
(Randolph, 1987), and even for calcareous soils (Randolph ef al. 1990). Small de-
formations on the order of 2 mm are required to mobilize arching that is necessary
for plugging, particularly in dense sands (Kishida et al. 1985). Nevertheless, piles
that plug during static loading may exhibit smaller tip bearing capacities than their
closed-end counterparts at the same pile head settlement (Szechy 1958, Briaud and
Audibert 1990). O’Neill and Raines (1991) concluded that the reduction in tip
bearing capacity is primarily due to the plug’s compressibility, while Lehane and
Randolph (2002) ascribe the effect to compressibility of the soil below the plug.

De Nicola and Randolph (1997) found that the plug length increased with in-
creasing relative density of insitu sands during driving and decreased with increas-
ing relative density during jacking. Also, during installation, the jacked piles
exhibited a greater tendency to plug than the driven piles. This points to the im-
portance of testing driven model piles.

1.2.2 Buildup of Pore Water Pressure

Arching of soils inside the pile to form a plug depends on the ability of the soil to
drain pore pressures and develop high frictional stresses along the soil/pile inter-
face. Under cyclic or earthquake loading, the soil core may become partially
drained, which may prevent pile plugging (Randolph et al. 1991), or reduce pile
capacity (Choi and O’Neill 1997).

There has been increasing recognition of gain in pile capacities in sand with
time. York et al. (1994) attributed the gain over a period of a few weeks to dissi-
pation of pore water pressure. Chow et al. (1998) attributed the gain over a period
of 5 years to creep that leads to break down of circumferential arching stresses al-
lowing increase in radial stress as well as increased dilatation due to aging.
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1.3 Scope and Objectives

Analytical studies, alone, cannot resolve the uncertainties in axial capacity predic-
tions due to the complex nature of pile behavior. Experimental research on the
physical processes that control the behavior of piles during installation and load-
ing is required in order to resolve the issues involved. Considering the large num-
ber of variables involved in axial pile capacity development, as well as the high
cost of load tests on full scale instrumented piles, it is unlikely that a sufficient
number of full scale load tests can be performed to resolve the problem. Further-
more, the test conditions of full-scale load tests, generally, cannot be controlled
satisfactorily to isolate independent variables. Experimental research on model
piles can, however, be used to resolve some of the important design uncertainties.

The objectives of this monograph presents a detailed blue print for developing
experimental facilities necessary to investigate the effects of plugging and pore-
water pressure generation on the capacity of piles. These facilities include a
unique instrumented double-walled pipe pile that is used to delineate the frictional
stresses acting against the external and internal surfaces of the pile. The pile is fit-
ted with miniature pore-pressure transducers to monitor the generation of pore wa-
ter pressure during installation and loading. A fast automatic laboratory pile ham-
mer capable of representing the phenomena that occur during pile driving was also
developed and used. Finally, a pressure chamber; feedback control system; data
acquisition system; loading frame; sand handling, pluviating, saturating, and dry-
ing apparatus have been integrated to allow convenient load testing of piles under
simulated field conditions. The experimental apparatus is presented with sufficient
details to allow readers to duplicate or modify the design to suit their own needs.

A number of load tests were carried out to identify the effects of inertia and
build-up of pore water pressure on pile plugging. Continuous measurement of dy-
namic and static excess pore pressures, frictional and end bearing stresses, and the
elevation of the soil inside the pile during installation and loading are presented.
The results of the testing program validate the performance of the developed appa-
ratus, and provide unique insights into soil-structure interaction during pile driving
and subsequent loading. The work contributes to a better understanding of pile
behavior.

1.4 Organization of This Book

This monograph consists of four main parts. The subject is introduced along with
previous research in chapters one, two, and three. The design and performance of
the experimental facilities is presented in chapters four, five, and six. The proper-
ties of the test soil and scaling considerations are presented in chapters seven and
eight, respectively. A testing program to investigate the behavior of piles during
installation and subsequent loading is presented in chapter nine. A summary of the
work along with conclusions are presented at the end.
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2. Review of Design Guidelines for Piles in Sand

Abstract. This chapter examines the current API RP-2A design guidelines for
piles in sand in the light of available load test data. The main weaknesses of the
design approach are also identified.

2.1 Introduction

Pile foundations have been used for many years, and as a result a large number of
design approaches have been proposed to predict their capacity. These approaches
range from simple empirical approaches to sophisticated dynamic finite element
analyses, with new methods introduced every few years. Darrag (1987) summa-
rized most of the widely recognized design methods.

Empirical pile design methods, where pile capacity is correlated to in situ tests,
have been popular, particularly in Europe. The most widely used methods are
based on the cone penetration test (e.g. Notingham 1975), the standard penetration
test (e.g. Meyerhof 1976), and the pressuremeter test (e.g. Sellgren 1982). In situ
tests reflect, to some extent, field conditions but fail to model and/or measure
some of the important parameters that influence pile behavior. Thus, empirical
methods often give good predictions when correlated with load test results on a
regional basis, but tend not to excel as a generalized prediction method.

Analytical methods based on simplified limit equilibrium or cavity expansion
models have also been used to predict pile capacity (e.g. Vesic 1967 and 1972).
Analytical methods typically use design parameters which describe soil conditions
and stresses prior to pile installation, and do not account explicitly for the substan-
tial change in soil conditions and state of stress due to pile driving. Additionally,
analytical methods do not account for soil compressibility and soil structure inter-
action. At this stage, analytical methods are most useful in preliminary computa-
tions, as well as in extrapolating load test results to other pile dimensions at the
same site.

Experience-based design methods such as the API method (American Petroleum
Institute Recommended Practice RP-2A, 2000) use an analytical framework, but
are calibrated using load test results. Thus, experience-based methods should be
considered empirical and are used mainly as a scheme for generalizing the results
of pile load tests to new design situations. Studies of pile load test databases have
shown that the margin of error in the static axial load capacities of piles predicted
using the API method is larger for piles in cohesionless soils than for comparable
piles in cohesive soils (Dennis and Olson 1983a and 1983b). The margin of error
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8 2. Review of Design Guidelines for Piles in Sand

in the prediction is particularly high for open-ended steel pipe piles, such as the
piles used to support offshore oil production platforms (Olson 1990; Toolan et al.
1990, Hossain and Briaud 1992, Olson and Iskander 1994).

In recent years gains in computing power have made realistic Finite Element
Method simulations possible (El-Mabsout 1991). Although FEM analysis are
popular among practicing engineers, they suffer from either use of simplified soil
models or when using advanced constitutive models the need for a large number
of soil parameters that are not typically measured by practicing engineers. The
cost of measuring the required soil properties may be prohibitive. Additionally,
few analyses have been supported by full scale field load tests, and thus the accu-
racy of the final result is usually unsubstantiated. The existence of these, and other
problems, provides a challenge for researchers but, currently, does not provide
practicing engineers with a reasonable design tool, for pipe piles in sand.

Experience-based methods, such as the API method, are, by far, the most widely
used methods to predict the capacity of piles. Two surveys of offshore engineers
(Lacasse and Goulois 1989; Focht and O'Neill 1985) revealed that most designers
follow the API recommended practice (API RP-2A 2000 section 6.4.3). The wide
use of the API method has initiated considerable debate among researchers and
practicing engineers regarding the accuracy of the pile capacities predicted using
RP-2A. This debate has motivated the American Petroleum Institute (API), The Na-
tional Science Foundation (NSF) Offshore Technology Center (OTRC), The British
Department of Energy (DOE), several oil companies, among others, to sponsor a
number of research studies in an attempt to resolve some of the design uncertain-
ties. Results of these studies are inconclusive mainly due to the paucity of load test
data, particularly for large piles, as well as the poor quality of most of the avail-
able load test data.

This chapter examines the API RP-2A (2000) design guidelines for piles in sand
in the light of available load test data. The main weaknesses of the API method are
also identified. The effects of the installation process on the axial capacity of pipe
piles in sand are discussed in detail in chapter three.

2.2 API Design Guidelines for Piles in Sand
The axial load capacity (Qc) of a driven pipe pile in cohesionless soils is estimated
using API (2000) as follows:

Qc=0s+0pxWp 2.1
where:

Qg  capacity in side shear
Qp  tip capacity, taken as zero for piles in tension
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Wp

weight of the pile submerged in soil, positive for tensile loading
and negative for compressive loading. Wp is often neglected due to
it’s small contribution.

The side shear, Qg, is given by:

where:

%N<q|g<'}

Jlim

N
Qs = EfsCAL (2.2)
i=1
fs =K 0, tan(9) < fiim (2.3)

local side shear between the pile and the surrounding soil, limited
to flim

pile circumference

increment of pile length in the i’th layer

free field vertical effective stress in the middle of the i’th layer
ratio of horizontal to vertical effective stresses

pile/soil friction angle

limiting skin friction stress

The tip capacity, Qp, is given by:

where:
dp
Ap
Ny
[e

qlim

Op=4qp Ap (2.4)

ap = O,, Ng <qlim (2.5)

net pressure between the pile tip and soil limited to gj,

tip area of the pile

dimensionless bearing capacity factor

free field vertical effective stress at the elevation of the pile tip
limiting end bearing stress

For open-ended steel pipe piles, the tip capacity is the smaller of: (1) the tip
bearing capacity of an equivalent closed-ended pile, or (2) the end bearing on the
steel rim plus the side shear capacity of the soil core inside the pile, computed us-
ing Eq. 2.2 and 2.3.
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The properties currently recommended by API are shown in Table 2.1. The
earth pressure coefficient, K, is assumed to be 1.0 for closed-ended piles and 0.8
for open-ended piles, with tension and compression treated the same.

This form of the analysis has been used by API for a number of years, but the
current values are based on a database of load tests prepared by Olson and Dennis
(1982).

Table 2.1 API RP-2A Design Values for Cohesionless Soils

Relative Density Soil ) flim Ny qlim
Description (deg.) (ksf) (ksf)

very loose sand 15 1.0 8 40

loose sand-silt

medium silt

loose sand 20 1.4 12 60

medium sand-silt

dense silt

medium sand 25 1.7 20 100

dense sand-silt

dense sand 30 2.0 40 200

very dense sand-silt

dense gravel 35 2.4 50 250

very dense sand

2.3 The Database

A database of about 1000 load tests on piles of various types, and in a variety of
soils, was developed during the early 1980's, and a method for analysis of pipe
piles in sand was recommended (Olson and Dennis 1982, Dennis and Olson
1983b). Later, efforts were made to expand the size of the database and to im-
prove its interpretation (Olson and Al-Shafei 1988, Olson 1990). This effort has
continued in Iskander and Olson (1992) and Olson and Iskander (1994, 2009) and
is the basis for the analyses presented herein.

Despite the large size of the database, there are relatively few load tests on steel
pipe piles in sand. Olson (1990) used data for only four open-ended pipe piles in
sand along with data for 31 closed-ended pipe piles in sand. The current study
uses a database of 47 load tests, of which thirteen are for open-ended pipe piles
(Table 2.2). The piles used in this study ranged in length from 10 to 140 ft, and in
diameter from 8 to 32 inches.
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In applying the API recommended practice to predict the capacity of the piles in
the database, it is necessary to adopt a standard method to define relative density.
Since API does not provide guidelines for determining relative density, the classifi-
cation recommended by Peck et al. (1974) was followed. Relative density was de-
fined using standard penetration resistance, N, in blows per foot (Table 2.3). The
N values were corrected for the effects of overburden pressure using the recom-
mendation of Peck et al. (1974) as follows:

NCorrected = CN ) NMeasured (26)
20
CN =0.77 Log— 2.7
O,

vo

where:

CN  correction factor valid for Gyq > 0.25 tons/ ft2

O, vertical effective overburden pressure in tons/ ft2 at the elevation
of the Standard Penetration Test

Generally, piles in sand do not experience a sudden “plunging” failure. Several
definitions of “failure” can be adopted under these circumstances. For the analy-
ses reported herein, failure was defined as the peak applied load during the test,
but tests were not accepted unless loads reached at least the value defined by Dav-
isson (1973) which corresponds to the following pile head settlement:

oL

S=="+ 0.15" + 0.1D, 2.8)
AE
where:
S pile head settlement corresponding to the ultimate load
QL/A E elastic compression of pile head in inches
0 load in pounds
L pile length in inches
A cross sectional area of the pile in square inches
E modulus of elasticity of pile material in psi

0.15  displacement in inches required to mobilize side shear
0.1Dp displacement in inches required to mobilize end bearing

Dp diameter of the pile in feet
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Table 2.2 Database of Load Tests on Steel Pipe Piles

Load Test Location Length Comp.\ DQF Om Oc
No. (ft) Tens. (kips) (kips)
89 Arkansas River 53 C 3 360.0 351.1
90 Arkansas River 53 T 3 180.0 197.3
95 Arkansas River 53 C 3 560.0 572.2
96 Arkansas River 53 T 3 230.0 222.5
102 Arkansas River 53 C 3 500.0 415.8
103 Arkansas River 53 T 2 240.0 228.8
112 Old River 66 C 3 750.0 827.2
114 Old River 66 C 3 750.0 602.9
115 Old River 45 C 3 280.0 178.0
116 Old River 65 C 3 700.0 702.0
117 Old River 65 C 3 680.0 656.3
118 Old River 65 T 3 390.0 316.8
120 Old River 66 T 3 400.0 268.0
122 Old River 65 T 3 370.0 288.5
143 Ogeechee River 10 C 5 200.0 26.3
144 Ogeechee River 20 C 5 480.0 92.5
145 Ogeechee River 29 C 5 630.0 152.4
146 Ogeechee River 39 C 5 800.0 214.8
147 Ogeechee River 49 C 5 860.0 411.9
148 Ogeechee River 49 T 5 346.0 195.4
205 Helena, Arkansas 80 C 2 285.0 424.5
206 Helena, Arkansas 55 C 2 136.0 246.9
210 Helena, Arkansas 60 C 2 210.0 272.6
238 San Francisco 30 C 5 113.0 79.2
243 Tokyo, Japan 27 T 2 370.0 1333
244 Tokyo, Japan 13 C 2 68.0 28.0
245 Tokyo, Japan 34 C 2 310.0 120.0
341 Kansas City 55 C 3 188.0 252.6
342 Kansas City 55 C 3 218.0 285.9
353 Mustang Island, TX 69 T 4 455.0 3752
518 St. Luis 37 T 2 80.0 65.5
519 St. Luis 44 T 2 90.0 100.6
722 Jackson, MS 28 C 2 280.0 60.7
725 Mobile 56 C 2 270.0 94.6
796 Muskegon, MI 58 C 3 240.0 169.5
804 Louisville, KY 70 T 2 110.0 375.9
805 Louisville, KY 70 C 2 280.0 564.2
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Table 2.2 (continued)

Load Test Location Length Comp.\ DQF om Qc
No. (ft) Tens. (kips) (kips)
812 Confidential (TX) 48 T 4 122.0 177.4
813 Confidential (TX) 56 T 4 166.0 2579
934 New Haven 130 C 3 240.0 726.1
952 Winnemucca, NV 58 C 3 242.0 473.1
1021 Ras Tanajib 59 T 4 2850.0 519.0
2000 Confidential (SA) 69 T 1 1108.8 382.7
2001 Confidential (SA) 41 T 1 1248.7 266.2
9064 Japan 97 C 2 719.2 2299.1
9141 Japan 130 C 2 535.42 4215.7
9142 Japan 138 C 2 659.29 4470.9
DQF: Data quality factor ranging from 1-5, with larger numbers indicating better data.

Table 2.3 Standard Definition of Relative Density

Relative Density Blows per Foot
Very Loose 0-4

Loose 4-10
Medium Dense 10-30

Dense 30-50

Very Dense over 50

Table 2.4 Standard Definition of Unit Weights

Soil Description Unit Weight, pcf
Gravel 130
Sand Gravel Mixtures 130
Clean Sand 125
Silty Sand 120
Sandy Silt 120

Silt

115
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For cohesionless soils, essentially no measured unit weights were reported and
there are no known reliable correlations between unit weights and blow counts (N
values). Accordingly, unit weights were standardized on the values given in
Table 2.4.

An examination of the existing database discloses a number of limitations (Is-
kander and Olson, 1992). The data are largely for piles in medium to dense clean
sands. For side shear, 63% of the capacity is estimated to come from clean sand,
28% from silty sands and sandy silts, 4% from silt, 3% from sand/gravel mixtures,
and 1% from clay. For the tip capacity, 89% is estimated to come from clean sand,
8% from sand/gravel mixtures, 1% from gravel, 2% from sand/silt mixtures, and
none from silt or clay. In the offshore, silty soils are not well represented because,
geologically, the finer soils tend to occur at shallow depths. The low effective
stresses at shallow depths lead to reduced frictional stresses. Piles are typically
driven to firm material and thus logically tend to derive most of their side shear
and tip capacities from deeper, thus coarser, soils. Significant vertical and lateral
variations in the properties of cohesionless soils may also result in soil borings
that do not accurately reflect the soil properties at the location of the load test.
When blow counts are used for soil classification, variations in the efficiency of
the hammers could also lead to scatter, especially when testing methods differ
with respect to time or regionally.

2.4 Analysis Using the 2000 API RP 2A

Analyses were performed for the piles in the database using the 1993 API RP-2A
recommendations. Measured and predicted (calculated) capacities are compared in
Fig. 2.1, with hollow symbols used for tests in which the quality of the source data
was judged to be deficient, and the solid symbols for cases involving better data.
The ratio of calculated-to-measured axial load capacity (Q./Qy;) ranged from 0.13

to 3.57. The ratios of Q/Qy, tend to be normally distributed when log(Q/Qy) is

used. The mean log(Qc/QOm) was -0.129 (antilog is 0.74), which indicates that the
API method tends to under-predict capacities. The large scatter indicates that the
method can be unsafe in some cases and uneconomical in others.

Use of the API method led to under-prediction of the capacities of short piles
and over-prediction of the capacity of long piles (Fig. 2.2). The over-predictions
may be large for piles of lengths often used offshore.
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2.5 Assessment of the API Method for Piles in Sand

The wide use of API RP-2A has brought about numerous criticism as well as sup-
port for the method (Iskander and Olson 1992). Many of the criticisms are valid,
but resolution of the criticisms is hindered by the profession’s lack of a good un-
derstanding of pile behavior, as well as a lack of relevant high quality data. A
number of criticisms stem from a lack of appreciation for the fact that the guide-
lines are intended to be a prediction tool and are therefore not intended to be a
lower bound “safety net” with all predicted capacities being less than the meas-
ured capacities (Pelletier ef al. 1993).

Hossain and Briaud (1992) pointed out the large user variability in the capaci-
ties predicted using the API method. This variability results for two reasons; lack
of an accurate definition of relative density, and the need for a clarification on
whether the limiting skin friction is intended as a limit on the local or average skin
friction. Relative density of sands is difficult to measure and is usually estimated
from blow count correlations. Measurement of SPT blow counts is rare in the off-
shore environment; more commonly, penetration resistance is measured using a
down-hole wire-line hammer and a Shelby tube sampler. Accordingly, engineers
use different methods to characterize field relative density. The limiting skin fric-
tions in API RP-2A recommendations for the axial capacity of pipe piles are typi-
cally used as local values. Lings (1985), Vesic (1967), and others, have applied
limiting stresses in side shear to an average side shear over the entire depth of the
pile. Hossain and Briaud (1992) argued, however, that the definition of the limit-
ing skin friction is of secondary importance in comparison with user variability
due to the lack of a relative density definition.

The consensus of the “experts” is that, except for the pile-soil friction angle and
the coefficient of lateral earth pressure, the guidelines are overly conservative by
20—40% (Lacasse 1988). However, comparison of calculated and measured ca-
pacities (Fig. 2.1) indicates that there are a number of case histories in which the
axial pile capacity was over predicted or under predicted by values in excess of
40%. A number of studies, including this one, also indicate that the API method is
likely to over-predict the axial capacity as the pile penetration exceeds 60 ft (e.g.
Lings 1985, Briaud and Anderson 1987, Toolan et al. 1990, and Olson 1990).
Pelletier et al. (1993) argued that the apparent length effect is due to variations in
the installation methods, loading history, soil density, or removal of soil plugs.
The number of observations for long piles is small and the quality of the data is
generally suspect, but the consistency of the length effect in the available data is a
cause for concern.

An important factor in assessing the safety of the API method is the realization
that (1) few data points are considered unsafe when typical design safety factors
are applied (Pelletier et al. 1993), (2) failure for piles in sand usually indicates ex-
cessive pile settlement and not an unstable condition, and (3) pile group
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foundations have reserve capacities which reduce the probabilities of failure by up
to one order of magnitude (Tang and Gilbert 1993).

2.6 Sources of Inaccuracy in the API Method

The physical reasons which contribute to the discrepancy between measured and
predicted pile capacities are discussed next.

2.6.1 Statistical Considerations

The primary inadequacy of the API method is the small size of the database on
which it is based. Unfortunately, the available data is very limited and generally
of poor quality. Additionally, the available data is for piles that are typically
smaller in diameter, shorter in length, and have less capacity than piles used in the
offshore environments. Thus, it is not possible to resolve many of the design un-
certainties using data alone.

There is little or no data to support API RP-2A recommendations for the axial
capacity of piles in gravely and silty soils, where the recommendations are primar-
ily extensions of the correlations in sand. Accordingly, the degree of confidence in
the recommendations falls sharply in silty and gravely soils. The general absence
of such soils in the marine environment has made this problem one of limited
interest.

The properties (3, flim Ng, qlim, K) used in the analysis started with simple
values that were based on a few case histories. As additional case histories became
available, the properties were modified into their present form. It is probably time
to modify them further to eliminate some of the scatter. Olson (1990) showed that
it was possible to eliminate the depth dependency of Qc/Qm just by selecting dif-
ferent properties. The current database is larger than the one used by Olson (1990)
and the best fit properties appear to be somewhat different. The properties should
be looked at as reflecting current data and understanding and not as some sort of
code.

2.6.2 Installation Effects

The design method uncouples the final axial capacity of a pile from the events tak-
ing place during driving. Pile driving results in changes in the state of stress, rela-
tive density, particle size, particle shape, and gradation. Additionally, pile driving
densifies the soil in the vicinity of the pile but may also produce a loosened zone
immediately in contact with the pile (Robinsky and Morrison 1964).
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Plugging of pipe piles is another important phenomenon which is not ade-
quately accounted for in the current recommendations. An open-ended pipe pile is
said to be plugged when the soil inside the pile moves down with the pile, result-
ing in the pile becoming effectively closed-ended. Plugging is believed to result in
an increase in horizontal stresses between the pile and the surrounding soil, which
results in an increase in skin friction. Under static conditions, both theoretical
analyses and experiments have shown that plugging occurs with only a small pile
penetration (Murff et al. 1990). However, measured heights of plugs in the field
are far in excess of what would be predicted from static considerations (Tsien
1986). It is likely that the observed lengths of the plug can be explained by the
dynamics of the plug, as well as a build up of transient pore pressures during
driving, which gives rise to cyclic mobility of the sand. Cyclic mobility results in a
reduction in the ambient effective stress with an associated reduction in the
frictional capacity of the core (plug). During static loading, excess pore pressures
dissipate, resulting in high frictional resistances and arching within the plug.

2.6.3 Axial Capacity Mechanism

2.6.3.1 Pile Movements

Typical load-settlement curves for pipe piles in sand indicate that there is no
plunging failure load, and that loads continue to increase with increasing settle-
ment. The magnitude of the design load should be tied to the load-settlement
characteristics of the pile/soil system, and the tolerance of the structure to founda-
tion movements. Predictions of pile movements can be made using compara-
tively simple models based on Mindlin's equation (Poulos and Davis 1968) or the
t-z approach (Coyle and Sulaiman 1967 and Aschenbrenner and Olson 1984).

Static methods of analysis usually provide equations for tip bearing capacity
(Eq. 2.5) that come from bearing capacity theory. The supporting theories are
usually of the rigid sliding block types which cannot apply to pile tip bearing ca-
pacity. Tip stresses may be controlled more by the compressibility of the soil be-
low the tip than by bearing capacity theory (Vesic 1967).

2.6.3.2 State of Stress in the Vicinity of the Pile

The API recommended practice implies that the vertical effective stress close to the
pile is the free field vertical effective stress. It is clear that loads transferred be-
tween the pile and the surrounding soil must perturb the previous free field
stresses, but by indeterminate amounts, especially for pile groups.



2.6 Sources of Inaccuracy in the API Method 19

Experimental evidence (Vesic 1970) indicates that the rate of increase of unit
skin friction and end bearing reduces with depth, probably due to the stress de-
pendency of K and . The API recommended practice adopts a simplified approach
of setting upper limits on side shear and end bearing. This approach can be justi-
fied on the basis of simplicity but should be replaced by a stress dependent varia-
tion in Nq, K, and 9, e.g., as recommended by Kulhawy (1984). Olson and
Iskander (1994) showed that scatter between measured and predicted pile capaci-
ties could be reduced using a set of simple logarithmic functions relating blow
counts to Nq, K, and 6. Further, Olson and Iskander (2009) demonstrated that the
best fit parameters may not necessarily fit pre-conceived notions of what these pa-
rameters ought to be.

Load transfer between a pile and the surrounding soil is usually determined by
measuring the axial load in the pile as a function of depth. Such measurements
typically indicate zones of reduced side shear near both the top and bottom of piles
(Vesic 1970). Reduction in load transfer near the tip is attributed to the loss of
support of the soil adjacent to the pile near the tip, which results from compression
of the underlying soil layers, due to mobilizing the tip's bearing capacity. Reduc-
tion in the load transfer near the top may be due to pile shaking during driving. Go
(1990) suggests that neglecting the load transfer for one diameter at the tip of the
pile increases the accuracy of the predicted axial capacity.

A different kind of end effect develops when the inside of an open-ended steel
pipe pile is drilled out. Two case histories were presented by Olson and Al-Shafei
(1988) show that the un-stressing of the pile tip results in the need for considera-
bly larger tip settlements to develop tip capacity.

Although residual stresses do not affect the total pile capacity, they may influ-
ence the load-transfer mechanism, thereby reducing pile capacity developed at a
particular settlement (Darrag 1987).

2.6.3.3 Friction Between Pile and Soil

Some engineers believe that pile-soil shearing displacement occurs at the interface
between the pile and the soil, thus making the soil-pile friction angle, J, the rele-
vant parameter, rather than the soil friction angle, ¢. Evidence of this view comes
from pull-out tests in which the pile surface is clean. The counter view that failure
occurs within the soil is supported by occasional pull out tests in which the pile is
coated with sand. Studies by Uesugi e al (1988) suggest that failure occurs be-
tween the soil and the pile unless the pile is very rough.

There is also limited evidence that pile driving crushes the adjacent sand so the
material surrounding the pile may differ significantly from the natural sand. In
such a case, sand/pile shearing tests that have been used by some investigators
(e.g. Furlow 1968) become less relevant.
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The angle of internal friction of sand decreases as the stress level increases (de
Beer 1967, Vesic 1967). It is therefore reasonable that ¢ should also decrease with
stress level. Randolph (1985) advocates replacing J with the angle of friction at
large strains, @y, because @,y is not stress dependent.

2.6.3.4 Tension versus Compression

Some authors believe that the side shear in tension should be less than the side
shear in compression by perhaps 30% as reflected in the 1982 API RP-2A. Skin
friction can be reduced in tension over compression due to (1) strain compatibility
of the soil-pile system, and (2) reduction in the pile’s diameter due to Poisson’s ef-
fect. Both factors would reduce the normal stress acting at the soil-pile interface.

A finite element study, (Nystrom 1984) employing the Modified Cam Clay
model in drained conditions (frictional resistance) suggested that the difference in
the axial capacity of piles in tension and compression due to axial straining of the
soil is less than 1%.

The existing database does not indicate that tensile capacities in side shear are
less than compressive capacities; however, such a difference is reasonable and the
lack of supporting data may result from data scatter or errors in computing the tip
bearing capacity. It is possible that curve fitting could be performed using side
shears in tension of only say 70% to 80% of those in compression, and equally
good fits would be obtained, but with different parameters.

2.6.3.5 Type and Rate of Loading

Unlike lateral loading, API RP-2A does not provide guidelines for the effects of cy-
clic loading and rate of loading on the axial capacity of piles. There is evidence
that cyclic tensile loading, in particular, may significantly reduce pile capacity
(Kraft 1990).

2.6.4 Piles Driven through Clays into Sand

Tomlinson (1971) showed that driving of piles through soft clay and into stiff
clays results in a significant reduction in the side shear in the stiff clay for a sub-
stantial number of pile diameters below the interface. Briaud and Anderson (1987)
used API guidelines and made a similar observation for square concrete piles pene-
trating from clay into sand.

In this study, tests were excluded from the database if more than 15% of the
calculated side shear came from clay layers. Nevertheless, evidence exists in the
database that suggests that clay layers cause a significant reduction in side shear in
lower sand layers, in agreement with Briaud and Anderson (1987).
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2.7 Conclusions

The API Method has become the accepted industry standard for pile design as
demonstrated by its widespread use. The criticisms cited herein are, to a great ex-
tent, a product of inadequate understanding of pile behavior. The criticisms apply
not only to the API method but also to many other experience based deign ap-
proaches. The number of useful load tests in predominantly cohesionless soils is
small, especially for steel pipe piles. The number of load tests is less than the
number of degrees of freedom in the system; accordingly there are various combi-
nations of properties that yield equivalent results. Additionally, the suspect qual-
ity of many of the available case histories contributes to the scatter between meas-
ured and predicted capacities. Thus, many of the important issues cannot be
resolved on the basis of the available data alone.

Experimental research on the physical processes that control the behavior of
piles during installation and loading is required in order to resolve the important
uncertainties in axial capacity predictions. Considering the large number of vari-
ables involved in axial pile capacity development, as well as the high cost of load
tests on full scale instrumented piles, it is unlikely that a sufficient number of full
scale load tests can be performed to resolve the problem. Experimental research
on model piles can however be used to resolve some of the important design un-
certainties. One of the objectives of this monograph is to provide a blueprint for
developing the necessary facilities required to perform such research.
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3. Installation Effects on the Capacity of Piles in
Sand

Abstract. This chapter examines some of the most important physical processes
that occur during pile driving. These processes include pile plugging, build-up and
decay of pore pressures, and redistribution of stresses around the pile.

3.1 Introduction

Driving results in significant changes in the state of stress and soil fabric around
piles. These changes influence the behavior of piles during installation and subse-
quent loading. Typically, design guidelines do not explicitly account for these
changes, but often use empirical factors to calibrate for their effects. As discussed
in chapter two, a better understanding of the physical mechanisms that control the
behavior of piles is required in order to improve axial capacity predictions of pipe
piles in sand. In this chapter, pile plugging, build-up and decay of pore pressures,
and redistribution of stresses around the pile are examined.

3.2 Plugging of Piles

During installation of open ended pipe piles, the soil enters the pile at a rate which
is equal to, or larger than, the rate of pile penetration. This mode of penetration is
often referred to as coring or cookie cutter. As penetration progresses, the soil
core inside the pile may develop sufficient frictional resistance along the inner pile
wall to prevent further soil intrusion, causing the pile to become plugged'. Plug-
ging is important, not only because it directly contributes to the tip bearing capac-
ity, but also because it indirectly contributes to the developed shaft capacity. A
plugged pile displaces more soil than a pile that penetrates in a coring mode,
which increases the effective stresses surrounding the pile. Plugging also influ-
ences the dynamic behavior of piles, which complicates the dynamic analyses of
piles (Paikowsky 1989, Paikowsky and Whitman 1990, Raines et al. 1992).

! Technically, the soil core should be referred to as a plug only when it is wedged against
the pile, thus preventing any additional soil entry into the pile. Unfortunately, the term
plug has often been used to refer to the core regardless of its state during installation
(Paikowsky 1990).

M. Iskander: Behavior of Pipe Piles in Sand, SSGG, pp. 25
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3.2.1 Plugging of Piles during Installation

The common view is that most piles that plug during static loading do not plug
during driving (Paik and Lee 1993). Smith and Chow (1982) attributed this phe-
nomenon to a combination of inertial effects and an increase in the dynamic bear-
ing capacity factor, Ng, over its static value. Additionally, Smith et al. (1986)
argued that the driven pile mobilizes all of its internal and external friction inter-
mittently during penetration and, as a result, the soil core advances up the pile’.

Conversely, Paikowsky et al. (1989) have argued that during driving “the pile
plugging phenomenon is of frequent occurrence and is of greater significance
than that presently accorded it by the profession.” The degree of plugging de-
pends on the hammer characteristics, soil properties, and the pile’s frictional resis-
tance (Brucy et al. 1991).

In rare occasions, such as driving in very dense sands, piles may plug and im-
pede driving. Plugging may result in a situation where the available pile hammer
cannot drive the pile to the design depth. The problem is more critical for piles
with thickened walls near the mudline (surface), such as the piles used to resist
lateral loading (Murff 1990). If the pile plugs and “refuses” prematurely, the re-
quired thick section may end up above the mudline. If a plug forms during the in-
stallation of an offshore pile, the plug is typically removed by drilling or jetting”.
The effects of the removal of the soil plug on the final pile capacity are controver-
sial. Brucy et al. (1991) claimed that static loading results are not changed by
partial removal of the soil plug. Other studies indicate that jetting results in a sub-
stantial reduction in the over-all pile capacity, even if the pile is re-driven
(McClelland and Focht 1955).

3.2.2 Plugging of Piles during Static Loading

It is generally accepted that the soil core develops sufficient frictional resistance
during static loading to mobilize a plug (Paik and Lee 1993). The current design
practice is to limit the end bearing capacity of a pile to the smaller of (1) the value
of the frictional capacity of the soil core, or (2) the end bearing capacity computed
from bearing capacity theory. The increase in the shaft’s skin friction due to plug-
ging is not accounted for. Field observations suggest that the current design prac-
tice does not adequately account for plugging in a number of ways. First, the

% Smith et al. (1986) also concluded that “in general, analysis predicts that closed-ended
piles will be easier to drive than open ended piles.” This conclusion is contrary to the ex-
perience of many engineers, which raises doubt about the validity of their numerical
approach.

3 Typically, construction documents specify a design depth for piles, which cannot be
changed if the pile meets early refusal. The high daily cost of offshore construction, with
barge time costing up $500,000/day, typically forces construction personnel into jetting
the plug out instead of securing a larger hammer.
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observed final heights of the soil cores is larger than those predicted using the de-
sign method (Tsien 1986). Second, the formation of the plug appears to be erratic,
and not follow the design model (Paikowsky et al. 1989). Third, the settlement of
open-ended plugged piles appears to be larger than that of closed ended piles
(Kishida 1967, Randolph 1985, Briaud and Audibert 1990).

Both analytical and experimental studies have concluded that plugging results
from arching of the soil in the first few diameters (Leong and Randolph 1991 and
Kishida and Isemoto 1977). The available soil friction along the inside of pipe
piles is significantly higher than common design values for the external skin fric-
tion, for sands (Murff et al. 1990), clays (Randolph 1987), and even for calcareous
soils (Randolph ef al. 1990). Small deformations on the order of 0.1 in. are re-
quired to mobilize arching, particularly in dense sands (Kishida ez al. 1985).

Piles which plug during static loading may, nevertheless, have smaller tip bear-
ing capacities than their closed-end counterparts (Szechy 1958). O’Neill and
Raines (1991) concluded that the reduction in tip bearing capacity is primarily due
to the plug’s compressibility.

3.2.3 Plugging of Piles during Cyclic Loading

Offshore oil and gas platforms are subjected to substantial forces due to wave
loading, which are therefore cyclic in nature. Wave loading can generate pore
pressures in at least one of two ways (Lee and Poulos 1988). First, in the near-
shore region, where water depths are shallow, the traveling pressure wave can in-
duce cyclic shear stresses within the soil mass which may cause a progressive
build-up of excess pore pressures over a wide area. Second, the repeated cyclic
loading of the pile foundations may result in a buildup of pore pressures locally
around the pile shaft.

Arching of soils inside the pile depends on the ability of the soil to drain pore
pressures and develop high frictional stresses along the soil/pile interface. Under
cyclic loading, the soil core may become partially drained, which may prevent pile
plugging (Randolph et al. 1991).
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3.3 Buildup of Pore Pressures during Driving

3.3.1 Excess Pore Pressures in Clays

For piles driven in clay, it is generally accepted that driving results in an increase
in both the total stress and pore water pressure over their static values. Excess
pore pressures up to eight times the free field effective stresses, and at distances as
far as 15 diameters away from the pile have been measured (e.g. Reese and Seed
1955, Lo and Stermac 1965, D’Appolonia and Lambe 1971, Robertson et al.
1990). Excess pore pressures typically result in easier driving and in a time de-
pendent increase in pile capacity, which is referred to as pile setup (Vesic 1975).

Excess pore pressures in clays result from a combination of cyclic strain and an
increase in the total stress, which take place during pile driving.

3.3.2 Excess Pore Pressures in Sands

The soils surrounding piles driven in sand are subject to cyclic strain and an in-
crease in total stress, like piles driven in clay. The generation of excess pore pres-
sure due to cyclic loading in sand has long been widely recognized (Seed and Lee
1966). Nevertheless, buildup of pore pressures due to pile driving is typically not
recognized. A few investigators, including York et al (1995), Chellis (1961) and
Datta (1983), did, however, suggest the possibility of pile setup in sands.

Both field and laboratory studies have provided evidence that pile driving may
result in a buildup of pore water pressure in sands (Table 3.1). Plantema (1948)
measured excess pore pressure ratio (#/0y) ranging between 0.0-0.2 for produc-
tion-size piles. The pore pressures dissipated in 5-45 minutes after driving, for
coarse and fine sand, respectively. Moller and Bergdhal (1981) measured dynamic
pore pressures during driving of laboratory model piles. Dynamic pore pressures
dissipated completely after each blow and there was no overall rise in the static
pore pressures. Buildup of pore pressures is more commonly observed when
sands are inter-bedded with clays (e.g. Lacy 1981 and Moe et al. 1981).

Table 3.1 Pore Pressures Induced Due To Pile Driving in Sand

Reference Soil Type Pore Pressure Ratio
Plantema 1948 Coarse Sand 0.0 —0.1
Plantema 1948 Silty Fine Sand 0.0—0.2

Moller and Bergdhal 1981 Fine Sand -0.2 —0.15
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3.3.3 Effects of Pile Setup on Drivability

The role of excess pore pressures in reducing the energy required to drive piles in
clay is well documented (Reese 1981). When pore pressures are artificially raised,
the end bearing and skin friction are reduced (Armishaw and Cox 1979). Buildup
of transient excess pore pressure in the sand during driving is therefore likely to
reduce the driving resistance. Because sands have a high permeability, buildup of
pore pressures is likely to have small, transient effects on skin friction. The great-
est effect of a buildup of pore pressures is possibly a reduction in the frictional
stresses within the soil core in the first few pile diameters from the tip. The stipu-
lated reduction in frictional stresses may preclude the formation of a plug as dis-
cussed by Randolph et al. (1991) for cyclic loading.

Pile driving results in densification of all sands immediately below the pile tip,
regardless of their initial relative density (Szechy 1961). This densification ex-
tends within the first few diameters of the soil core. Densification is an important
ingredient in the formation of an arch and promoting plugging. In its dense state,
the sand below the tip and within the core is not capable of liquefying under cyclic
loading. Nevertheless, the sand is capable of reaching a state which is referred to
as cyclic mobility. When sands become cyclically mobile, their pore pressures in-
crease, which leads to a decrease in their effective stresses, modulus, and frictional
resistance.

Pile plugging is typically reported in very dense sands. These sands are typi-
cally dilative and, therefore, have a reduced ability to generate excess pore pres-
sures during cyclic loading and/or pile driving.

In Chapter 9, measurement of a transient buildup of pore pressures during driv-
ing is presented. This build-up is likely sufficient to destroy the arching mecha-
nisms, which helps the soil core advance up the pile. In rare occasions, such as
driving in very dense sands, build-up of pore water pressure is not sufficiently
large to destroy soil arching, and a plug forms.

3.4 Stress Redistribution Due to Driving

Pile driving results in changes in the state of stress and soil fabric surrounding the
pile. These changes are typically incorporated in various design approaches using
empirical earth pressure coefficients and/or limits on the stresses that can be mobi-
lized in skin friction. An alternate way of introducing a limit on skin friction is
the concept of the critical depth, which was first introduced by Vesic (1967), and
later adopted by others (e.g. Meyerhof 1976).
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Kulhawy (1984) expressed the view that the perception of a critical depth re-
sults from the depth dependency of the friction angle, &, and the earth pressure co-
efficient, K. Kulhawy’s view is supported by observations that the skin friction
increases with depth at a progressively decreasing rate (e.g. Vesic 1967 and Coyle
and Castello 1981).

Kraft (1991) argued that the critical depth concept is a result of arching of the
sand around the pile. Kraft’s view is supported by Robinsky and Morisons’s
(1964) study which concluded that as their pile was pushed into the ground, it
densified the soil below the tip. However, as the pile penetrated deeper it dragged
the soil in its immediate vicinity thus creating a sleeve of loose sand and setting up
ideal conditions for arching. Robinsky et al. (1964) argued that “a cylinder of
dense sand, originally compacted by the pile tip, encircles the loosened sands and
prevents, by arching, the development of full lateral earth pressure on the pile.”
Szechy (1961) also measured increases in void ratio of approximately 5% adjacent
to the lower half of driven piles.

Lehane et al. (1993) and Lehane and Jardine (1994) indicate that the earth pres-
sure coefficient is a function of relative density. Both Olson (1990) and Kraft
(1990) provide supporting evidence by introducing improved methods for axial
capacity predictions which relate the skin friction to relative density. Arching may
depend on relative density, which lends support to the pioneering work of Robin-
sky and his coworkers.

The controversy regarding the critical depth results from instrumented load
tests which show conflicting skin friction distributions. Khan et al. (1992) con-
cluded that “virtually all of the shapes that have been advocated not only can oc-
cur but could all occur at various settlements in a single pile loading case.”

3.5 Conclusions

The views of practitioners and researchers regarding the effects of the installation
process on the capacity of piles are summarized in this chapter. Many of the
views expressed are controversial, which highlights the complexity of the axial
capacity mechanism and the scarcity of high-quality instrumented load test data.
At this stage, the relationship between the various mechanisms that occur during
pile driving is somewhat speculative.

This monograph presents a detailed blue print for developing experimental fa-
cilities necessary to identify these processes. These facilities include a unique in-
strumented double-walled pipe-pile that is used to delineate the frictional stresses
acting against the external and internal surfaces of the pile. The pile is fitted with
miniature pore pressure transducers to monitor the generation of pore water pres-
sure during installation and loading. A fast automatic laboratory pile hammer
capable of representing the phenomena that occur during pile driving was also de-
veloped and used. Finally, a pressure chamber; feedback control system; data ac-
quisition system; loading frame; sand handling, pluviating, saturating, and drying
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apparatus have been integrated to allow convenient load testing of piles under
simulated field conditions. The experimental apparatus is presented with suffi-
cient details to allow readers to duplicate or modify the design to suit their own re-
search needs.
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4. Experimental Facilities to Study the
Behavior of Piles

Abstract. This chapter documents the design, fabrication, and performance of the
experimental facility designed to study the behavior of piles in sand. The equip-
ment consists of a pressure chamber; feedback control system; data acquisition
system; loading frame; sand handling, pluviating, saturating, and drying apparatus
have been integrated to allow convenient load testing of piles under simulated
field conditions. The experimental apparatus is presented with sufficient details to
allow readers to duplicate or modify the design to suit their own needs.

4.1 Introduction

One of the major obstacles to an improved prediction method for the capacity of
piles in sand has been a lack of an understanding of the physical processes which
control the behavior of piles during installation and loading. Ideally, such under-
standing should be achieved through load tests on instrumented full-scale piles.
However, the costs associated with conducting many full scale tests is prohibitive,
particularly for large diameter offshore piles. As a result, laboratory load tests on
model piles are needed to identify the important mechanisms that influence the
behavior of piles. Laboratory load tests have a few advantages over full scale tests.
For example, multiple load tests under identical controlled conditions can easily
be performed. It is also possible to study the various parameters affecting pile ca-
pacity by altering each parameter while maintaining the rest constant.

One of the objectives of this project has been the development of an experimen-
tal facility for performing load tests on piles under controlled laboratory condi-
tions. This chapter documents the design, fabrication, and performance of the
experimental facility designed and built to accomplish this task. Piles are installed
and load tested in a laboratory pressure chamber. A loading system capable of ap-
plying loads up to 30 tons and a data acquisition system capable of sampling up to
32 channels in real time were also developed. Two additional pieces of the devel-
oped equipment are not included in this chapter; the double wall pile, and the pile
hammer. The design and performance of these two instruments is presented in
chapters 5 and 6 respectively.

The geotechnical centrifuge is often used to study the behavior of model piles.
The centrifuge has the advantage of being able to model the gradual increase in
the free field earth stresses. However, the centrifuge suffers from two disadvan-
tages. The payload of the centrifuge is limited, which limits the size of the piles
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that can be tested. Additionally, the electrical signals of the data acquisition sen-
sors are usually transferred to the data acquisition computer through slip rings
(e.g. Schofield, 1980). The need for slip rings limits the number of data acquisi-
tion channels which can be recorded.

4.2 General Layout

The general layout of the test facilities is shown in Fig. 4.1-4.3. The facility con-
sist of three main systems; the pressure chamber, the loading system, and the data
acquisition system. Each of the three systems consists of a number of components
as follows:

e The pressure chamber system consists of the chamber, its pressure con-
trol panel, water deairing system, and sand handling, drying, and pluviat-
ing apparatus.

e The loading system consists of a loading frame and an MTS feedback con-
trol system. The MTS system consists of a hydraulic actuator, high pres-
sure pump, solenoid valve, and a control unit.

e The data acquisition system consists of a computer, data acquisition
software and hardware, signal conditioning equipment, and a number of
Sensors.

4.3 The Pressure Chamber

Piles are installed and load tested in a pressure chamber! that is filled with sand
using a method termed dry pluviation. The pressure chamber is located on the
loading frame, centered below the hydraulic actuator (Fig. 4.2, 4.3). During load
tests, the pressure chamber is bolted to the lower beam of the load frame using
four tie rods that extend to the top of the chamber. The tie rods prevent the cham-
ber from lifting-off the loading frame during pull-out tests, if the pile’s tensile ca-
pacity exceeds the weight of the chamber (approximately 2 tons).

I Also known as a calibration chamber, particularly when used in conjunction with the
Cone Penetration Test (CPT).
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4.3.1 Design of the Pressure Chamber

The pressure chamber consists of a cylindrical steel drum 42 in. high and 36 in. in
outer diameter, with a 0.625-in. wall thickness (Fig. 4.4). The bottom of the
chamber consists of a 1 in. thick steel plate which is welded to the sides. A steel
flange, 1 in. thick, is welded at the top of the drum and extends 3 in. outwards.
The chamber cover consists of a 1-in.-thick plate that is bolted to the flange with
twelve 5/8-in.-diameter high strength bolts. Piles are installed through a 10-in.-
diameter hole, which is cut at the center of the chamber cover. The hole is rein-
forced with a 10 in.-diameter, 3 in.-thick pipe section. The chamber is designed to
withstand a 40 psi pressure, according to the American Society of Mechanical En-
gineers code for boilers and pressure vessels (Fouse, 1984).

A 1/16-in. thick butyl rubber sheet is bonded to the inside wall of the chamber
at the top and bottom. The sheet forms a cylindrical membrane which is used to
apply lateral pressure to the soil sample by injecting air between the membrane
and the wall of the chamber. Two compression rings are used at the bottom and
top edges of the membrane to provide a better seal. Approximately 1000 rubber
squares are glued to the inner wall of the chamber, beneath the membrane, to pro-
vide a grid of air passages, which distribute air pressure behind the entire surface
of the membrane. Air pressure is applied through four connections which are uni-
formly spaced around the drum, at a height 15 in. above its base.

Vertical pressure is applied to the sand surface using two concentric rubber tire
tubes, and a cylindrical pressure ring (Fig. 4.5). The tubes are confined between
the chamber, its cover plate, and the pressure ring. The pressure ring is designed to
apply a contact pressure to the sand surface which matches the pressure applied by
the rubber tubes as indicated in Fig. 4.6%. The pressure ring consists of a pipe sec-
tion 10 in. in inner diameter and 7 in. high. A 10 in.-diameter, 3/8 in.-thick plate is
welded to the lower end of the pipe section. Four cuts are made in the pipe to pre-
vent transfer of any circumferential forces. A 4.3 in.-diameter hole is cut in the
middle of the pressure ring to allow passage of the pile.

The sand in the chamber is saturated with deaired water which is supplied to it
through four uniformly spaced water inlets near the bottom of the chamber. A 1-
in. thick layer of pea gravel is placed in the bottom of the chamber to distribute the
water uniformly. The gravel is covered by a geocomposite filter which prevents
sand from clogging the water supply system. A second geocomposite filter is used
on top of the sand to promote vertical water flow and reduce exit gradients.

The water inlets are connected to a supply tube that has a valve on each end.
One valve connects the supply tube to the water deairing system, and the other
connects to a drain. At the end of an experiment, water is drained out of the tank
through the supply tube into the drain.

2 Theoretically, the pressure ring is designed to apply an average contact stress equal to the
pressure applied by the tire tubes by (1) assuming strain compatibility between the soil
and the ring’s lower plate, (2) assuming a modulus of subgrade reaction for the soil, and
(3) determining the deformation of the ring’s lower plate due to an edge moment. In prac-
tice, however, the contact stress between the ring and the soil is made uncertain by the
fact that the chamber cover may apply a force to the pressure ring.
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Fig. 4.5 Photograph of the Pressure Ring and Rubber Tires
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4.3.2 Preparation of Soil Specimens

Preparation of a soil specimen consists of pluviating (raining) dry sand into the
pressure chamber and saturation of the sand with deaired water. Dry pluviation
ensures that the formed soil specimens are uniform and have a known density. At
the end of each experiment, the sand is excavated and dried in preparation for plu-
viating it once more.

4.3.2.1 Sand Placement by Dry Pluviation

The density of the specimen formed by pluviation depends on the velocity of the
sand particle just before deposition. The velocity of a falling particle depends
on gravitational acceleration and air drag forces (Rad and Tumay, 1987). The
magnitude of the drag force depends on a number of factors including the particle
velocity, air temperature, shape, and size of the particles. The velocity of a falling
particle and the drag forces acting on it increase with the fall distance. There
comes a stage during particle fall where the increase in velocity due to gravita-
tional acceleration is canceled by the drag forces. At this stage, the particles travel
at a constant velocity which is referred to as the terminal particle velocity.

A battery of tests was performed to study the effect of the height of fall on the
density of the deposited sand. The tests were performed by raining air-dried Okla-
homa sand from varying heights into a container of known volume. The filled con-
tainer was then weighed and the density of the pluviated sand determined. The
sand? used in this study presumably reached its terminal velocity after 25 in. of fall
and little variation in the density occurred for greater heights of fall (Fig. 4.7). The
average dry density of the particles falling more than 25 in. is 111.5 pcf. As a re-
sult of these experiments, a pluviator was mounted at a fixed elevation 88 in.
above the floor level, which is 29 in. above the top of the sand specimen
(Fig. 4.2).

The pluviator shown in Fig. 4.8 consists of a steel cylinder 34 in. in diameter
and 10 in. high. A perforated steel plate is welded to the bottom of the cylinder
and the top is not covered. A 3/8-in. diameter hole pattern is drilled in the steel
plate. The plate is covered by a second sheet metal plate which has a hole pattern
matching that of the steel plate. The steel and sheet metal plates form a shutter
which can be closed to prevent sand flow, or opened to pluviate the sand into the
pressure chamber. The sand is rained through two diffusers which hang 10 and 17
in. below the shutter. These diffusers ensure that the sand is evenly distributed
within the pressure chamber (Fig. 4.9).

To facilitate sand placement, the pluviator is connected to a circular hinge
which encircles one of the load frame’s circular columns (Fig. 4.8). Using the
hinge, the pluviator can swing, on two ball bearings, around the load frame

3 Very fine, uniformly graded Oklahoma sand (Simpson Formation) was used. See chapter
7 for sand properties.
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column so that it is placed above the tank during pluviation, and away from the
tank during load tests.

Sand placement requires lifting approximately a ton of sand to the pluviator
which is located 8 ft above the floor level. To reduce the magnitude of manual la-
bor associated with handling the sand, a hoist is used to lift the sand in 55 gallon
drums. The drums are clamped in a drum frame (Moorse Manufacturing* model
No: 1850-HD), and the frame is hoisted to the desired level. The frame has a sys-
tem of gears which permits the drums to be slowly tilted, as shown in Fig. 4.10, al-
lowing the sand to pour into the pluviator. The sand is pluviated into the chamber
in 5 in. thick lifts.

The distribution of the dry density within the pressure chamber was studied us-
ing the density pan method (Trautmann et al., 1985). Five density cans of known
volume were placed at ten depths within the chamber as shown in Fig. 4.11. After
dry sand was pluviated, the cans were excavated and the dry density was deter-
mined. The pluviating process resulted in a remarkably uniform density distribu-
tion within the pressure chamber in both the vertical and horizontal directions
(Fig. 4.12). The average dry density within the chamber is 112 pcf with a 1.37 pcf
standard deviation. The uniformity in the density of the deposited sand was greatly
aided by the uniform grain size distribution of the pluviated sand.
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Fig. 4.9 Photograph of Pluviated Sand Passing Through the Diffusers
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Fig. 4.10 Photograph of Operator Using the Pluviator
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4.3.2.2 Saturation of the Soil Specimen

The water used to saturate the soil specimen is deaired in order to reduce compli-
ance errors in pore pressure measurements. After lateral and vertical pressures are
applied, water is introduced at the base of the dry soil sample and allowed to rise
slowly. It is important to note that application of the pressure after the sample is
saturated results in liquefaction of the soil specimen. A pressure head of 1-1.5 psi
is required to saturate the system in 2-3 hours.

A large volume of deaired water is required to saturate the sand. A deairing wa-
ter system capable of deairing 120 gallons of water in 20 minutes was built. The
system shown in Fig. 4.13 and 4.14 consists of a steel pipe, 6 ft. tall, 24 inches in
diameter, and 0.25 in. thick. Two plates are welded on the ends of the pipe; the top
plate is 0.5 in. thick and the bottom plate is 0.25 in. thick. After fabrication, the
system was galvanized to protect it from rust. A 1/3 horsepower?, 3600 rpm elec-
tric motor (Dayton model No: 3K979A) is mounted on the top plate. The electric
motor is mounted in a machined housing which seals against the motor using a
rubber gasket. The motor’s shaft extends through the housing and seals against
two automotive oil seals which are press fit into the housing. The housing is
bolted to the deairing system’s top plate using nine studs which are welded to the
top plate and extend upwards. The housing seals against the top plate using a rub-
ber gasket. An impeller is connected to the motor’s shaft using an extension rod
and a coupling.

The top of the deairing system is connected to a tap water source and a pressure
panel board. The same pressure panel board is used to control both the water
deairing system and the confining pressure on the pressure chamber. The bottom
of the water deairing system is connected through valves to a drain and to the bot-
tom of the pressure chamber. A sight tube indicates the level of water in the water
deairing system. After the tank is filled with fresh water, deairing is performed by
first connecting the water deairing system to the university shop vacuum which
reduces the pressure in the system to approximately 15 in. of mercury. Next, the
system is connected to a vacuum pump that further reduces the vacuum to 25 in.
of mercury. The electric motor is then turned on and water is spun under a vacuum
of 25-27 in. of mercury, which increases the velocity head and decreases the pres-
sure head. As a result, cavitation is induced in the water, and air bubbles are re-
leased from solution. As the process continues, air is released and collected by the
vacuum pump until the solution becomes deaired. The system can hold a vacuum
of 25-27 in. of mercury for a few days and water is stored under vacuum.

The oxygen content of water is proportional to the air content. Measuring the
oxygen content of water is however easier than measuring the air content. A cali-
brated oxygen probe was used to determine the run time required to deair the wa-
ter in the deairing system.

> A larger motor is recommended. This motor can only spin water under vacuum.
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Fig. 4.14 Photograph of the Water Deairing System
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The deairing system was filled with fresh water and the oxygen content of wa-
ter samples taken from the system after known intervals of operation was deter-
mined. Oxygen content was compared to that of water boiled for 30 minutes.
Twenty to thirty minutes of operation are considered sufficient to deair the water
(Fig. 4.15).

An important factor in the design of the water deairing system is to ensure that
it does not implode when vacuum is applied. Cylindrical vessels subjected to an
external pressure, such as the water deairing system, fail in buckling. A stress
based design criterion grossly overestimates the capacity of the vessel. Con-
versely, a stability based design criterion which neglects the stiffness provided by
the end plates grossly underestimates the capacity of the vessel. For a cylinder
having a Poisson’s ratio of 0.3, the critical in-plane buckling load midway be-
tween two stiffeners is given by Blake (1990) as:

p 0BT Ek “
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R
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external buckling pressure, ksi

modulus of elasticity taken as 29,000 ksi
mean radius taken as 12 in.

wall thickness of cylinder taken as 0.25 in.
length of cylinder taken as 72 in.
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As designed, the water deairing system can withstand an external pressure of
450 psi, based on Eqgs. 4.1-4.3.

4.3.2.3 Sand Drying

At the completion of each test, the soil specimen was excavated and dried in order
to prepare it for pluviation into the chamber once more. By far, the most time-
consuming aspect of the recycling process was drying the sand. Several methods
were tested to determine which was the most efficient. None of the methods was
efficient at all water contents and a procedure utilizing drainage, soil vapor extrac-
tion, and evaporation was devised as follows:

Drainage: The drainage valves at the bottom of the chamber were opened to
drain as much water as possible.

Soil Vapor Extraction: The damp sand was next shoveled into specially pre-
pared 55 gallon drums shown in Figs. 4.16 and 4.17, where initial drying was per-
formed. The inside perimeter of the drums was lined with a geocomposite filter.
Each drum was heated with two 1000-watt heat straps®. A 3-inch perforated pipe
with an electric fan connected to its top was placed at the center of the sand-filled
drum. Typically the temperature of the sand was raised to about 150-170°F, and
then the electric fan was turned on. The fan draws air along the walls of the drum
and side-ways through the sand. The soil vapor extraction procedure was found to
be most efficient during the first two to three days.

Evaporation: Further drying was achieved by emptying the barrels (one at a
time) onto the steel floor of the environmental chamber shown in Fig. 4.18. The
sand was spread to form a two to three inches thick layer over the 12 ft by 12 ft
floor. The environmental room was designed to sustain a constant temperature
and humidity, which are set on its control panel. The temperature and humidity
were set to 140°F and zero, respectively. Typically, the water evaporated in 12 to
24 hours, and the dry sand was shoveled into 55 gallon drums to await pluviation
into the pressure chamber.

6 Electro Flex Heat, Inc., Bloomfield, Connecticut 06002.
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Fig. 4.17 Photograph of the Sand Drying Drum
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Fig. 4.18 Environmental Chamber

4.3.3 Chamber Effects

The finite size of the pressure chamber results in a number of variations from field
behavior (Al-Douri ef al. 1993). These variations may influence the behavior of
the piles tested in the chamber and therefore should be carefully considered.

4.3.3.1 Size Effects

The pressure chamber has an internal diameter of 34.8 inches. The piles tested in
the pressure chamber are 3.5 in. in diameter. As such, the ratio between the di-
ameter of the chamber to the diameter of the tested piles is approximately 10:1.
The diameter ratio is important, because the proximity of the boundary of the
chamber may influence the behavior of piles. The pipe piles tested in the chamber
have wall thicknesses ranging between 0.125 and 0.31 in. These wall thicknesses
correspond to cross sectional areas of closed ended piles having diameter ratios
ranging between 20 and 30.
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Parkin and Lune (1982), Parkin (1988), and Schnaid and Houlsby (1991),
among others, investigated the effects of the diameter ratio on the cone penetration
resistance in dense and loose sands. For loose sands (Dy < 30%), the diameter ra-
tio has a negligible effect on the penetration resistance. In dense sands (Dy >
90%), chamber size effects are perceptible at diameter ratios below 50-60. For
over-consolidated sands tested under stress controlled boundary, diameter ratio ef-
fects are negligible for ratios exceeding 33. It is therefore believed that a small in-
crease in experimental pile capacities may occur due to size effects.

Table 4.1 Boundary Conditions of the Pressure Chamber

Lateral Top Bottom

Stress / Strain Stress Controlled  Stress Controlled  Strain Controlled

Drainage Undrained Drained Drained

4.3.3.2 Boundary Conditions

The boundary conditions at the edges of the sample may also have an effect on the
pile’s capacities (Table 4.1). Two different boundary conditions bracket the lower
and upper bounds of the free field behavior. These are the controlled stress and
controlled strain boundaries (Veismanis 1974). The chamber has a stress con-
trolled boundary which results in a reduction in pile capacities from equivalent
field values. Boundary effects and size effects change the measured capacities in
opposite directions and may cancel each other out.

4.3.3.3 Aging Effects

The effect of time on the mechanical behavior of clays has long been accepted. In
the past 20 years, aging effects on the mechanical properties of sands have also
been recognized (Schmertman 1989). Evidence of aging in sands is reported for
small strain dynamic tests (Anderson and Stokoe 1978), large strain consolidation
tests (Mesri et al. 1990), and in field tests (Skempton 1986). Aging effects are at-
tributed to drained creep and cementation (Ghionna and Jamiolkowski 1991).

The piles tested in the pressure chamber are installed in freshly deposited sand,
and could therefore exhibit less capacity than equivalent piles in the field due to
lack of aging. The evidence is, however, that aging results in an increase in the
stiffness of the sand, and is therefore more important for deformational problems.
For limit equilibrium type problems, like pile capacity, aging effects are consid-
ered secondary to size and boundary effects.
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4.3.3.4 Wave Reflection Effects

Ideally, the boundaries of the pressure chamber should absorb pile driving stress
wave energy with no reflections. Wong (1985) estimated that radiation damping in
The University of Houston LVLPSC chamber to be on the order of 10% of the criti-
cal value. The estimated value is thought to be equivalent to that obtained for a
pile embedded in a half elastic space (O’Neill, 1991). The LVLPSC chamber, which
is 30 in. in diameter and 100 in. long, is smaller in diameter than the pressure
chamber described in this chapter. Accordingly, the energy absorbing characteris-
tics of this pressure chamber are considered acceptable.

4.4 The Loading System

Static and axial loads are applied to the piles using a loading system which con-
sists of a loading frame and a feedback control system. The loading system is de-
signed to apply dynamic loads, without transferring any vibrations to the building
structure.

4.4.1 The Loading Frame

The loading frame has a dynamic design capacity of 60 kips. The frame consists
of two 4-in. diameter steel columns, 48 in. apart, which are bolted to two 12-in.
beams to form a box frame (Fig. 4.19). The tips of the columns are placed inside
four shoes which are fixed to pre-existing rails in the ceiling and floor of the labo-
ratory. The box design prevents the transfer of any loads to the structural frame of
the building; thus preventing direct transfer of vibrations to the top floors.

The height of the loading frame was determined by the available ceiling height
which is 14 ft. The elevation of the cross head beam (top beam) is adjustable to
facilitate research on other types of foundations such as footings. The cross head is
currently being used at its maximum elevation which is 139 in. above the floor
level. The lower beam is fixed in its position 26 in. above the floor. The available
clearance is 113 in. high, by 44 in. wide.
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4.4.2 The Feedback Control System (Closed Loop)

A load-controlled feedback control (closed loop) system is used to apply static and
cyclic loads. Feedback control systems consist of a series of interacting elements
that operate in tandem to apply a specified force-time signal. The system consists
of a hydraulic power source (pump), hydraulic actuator (ram), servovalve, load
cell, and a control unit (Fig. 4.20). The control unit continuously compares the
loads measured by the load cell (feedback signal) to the programmed force-time
signal (command signal). The control unit reacts to the relative difference be-
tween these two signals and sends a control signal to the servovalve that causes
the difference to be corrected.
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4.4.2.1 The Hydraulic Power Source (Hydraulic Pump)

The hydraulic power source is the source of hydraulic fluid under pressure. The
pump (MTS model No: 510.21B) can provide pressures up to 5000 psi. The pump
is regulated to provide a pressure of 3000 psi during load tests and a pressure of
500 psi during test set up. The pump has a flow capacity of 21 gpm.

4.4.2.2 The Hydraulic Actuator (Hydraulic Ram)

The hydraulic actuator (hydraulic ram) is the force generating device in the sys-
tem. The hydraulic actuator consists of a cylinder with a piston connected to a
piston rod. Fluid pressure is applied to one side of the piston, causing it to move.
When the piston rod encounters an external reaction, a force equal to the effective
piston area multiplied by the actuating pressure is generated. At the 3000 psi op-
erating pressure, the hydraulic actuator (Miller model No: H-84 W30190H) has a
maximum compressive capacity of 58.9 kips, and a maximum tensile capacity of
44.2 kips. The maximum stroke is 24 in. and the diameter of the piston rod is 2.5
inches.

The hydraulic actuator is connected to the cross head of the loading frame using
a swivel connection which allows the ram to be rotated away from the loading
frame during sand pluviation or pile driving (Fig 4.2). During loading, the actua-
tor is fixed in a vertical position using two aluminum channels in order to prevent
eccentric loading (Fig 4.19). The actuator hydraulic connection was kept short,
such that it must be disconnected when the ram was in the rotated position, in or-
der to prevent accidental powering of the ram in the rotated position.

4.4.2.3 The Servovalve

The servovalve controls the hydraulic actuator by opening or closing in response
to a control signal from the control unit. The servovalve can open in either of two
directions allowing high-pressure fluid to flow into either side of the hydraulic ac-
tuator. When the servovalve is opened to allow fluid flow into one end of the cyl-
inder, it provides a path for fluid to flow from the other end of the cylinder back to
the hydraulic pump. The servovalve is a proportional device which allows a rate
of fluid flow in direct proportion to the magnitude of the control signal. The po-
larity of the control signal determines which end of the actuator cylinder receives
additional fluid, and therefore determines the direction of the piston movement
and applied force.
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4.4.2.4 The Load Cell

A 50,000 Ib load cell (Interface model No: 1220 AMS) is the feedback transducer
of the MTS system. The load cell consists of two electrically isolated bridges with
each bridge consisting of 24 strain gages. One bridge senses the feedback signal,
while the other bridge is used to record the loads on the data acquisition system.
The two bridges should measure the same load. It was not possible to use a sin-
gle-bridge load cell to accomplish both functions due to ground loops.

The nominal excitation voltage of both load cell bridges is 10 V. Each bridge
is, however, powered and conditioned in a different fashion. The MTS control unit
provides excitation and signal conditioning for the bridge which senses the feed-
back signal. A separate power source and signal conditioning unit are used to
power and condition the bridge connected to the data acquisition system.

4.4.2.5 The Control Unit

The control unit consists of the following components:

e master control panel (MTS model No: 413.05)
e controller (MTS model No: 442.11) with the following attachments:
— servo controller (MTS model No: 440.13)
—  valve driver (MTS model No: 440.14)
— two DC signal conditioning units (MTS model No: 440.21)
— AC signal conditioning unit (MTS model No: 440.22)
— amplitude measuring unit (MTS model No: 440.51).
—  limit detector (MTS model No: 440.41)
— feedback selector (MTS model No: 440.31)
e counter panel (MTS model No: 717.01)
e function generator (MTS model No: 410.31)

The operating range of the MTS system is determined by two factors, the load
cell capacity (50,000 Ib), and the setting of a range switch, which may be set to
100%, 50%, 20%, or 10% of the load cell capacity. The range switch is set to
50%, and the MTS system is set to operate in a + 25,000 1b range. The reference
voltage of the controller is + 10 V, which means that the controller uses a scale of
+ 10 V to represent loads in the range of + 25,000 1b. The resolution of the control
load depends on the setting of the range switch and is 50 Ib for the selected set-
ting. The command signal is programmed as the sum of a constant voltage referred
to as the set point, and the product of the function generator output ranging be-
tween + 10 V, multiplied by a span constant. The combination of the function
generator, set point, and span can be used to represent a wide range of force-time
loading paths. The control unit compares the feedback signal to the command sig-
nal and provides an error signal which is proportional to the difference between
the two inputs. The error signal is further conditioned to generate the control sig-
nal which is fed to the servovalve. Optimal performance is achieved using a multi-
tude of additional adjustments including, limit detectors, gain control, dither
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control, counters, error detectors, HPS (pump) control and pressure regulation, and
various voltage adjustments.

4.5 The Data Acquisition System

The data acquisition system is capable of sampling up to 64 channels and has a
maximum sampling frequency of 1 MHz. Signal conditioning is provided for 32
channels which are connected to a load cell, LVDT, position transducer, strain
gages, and pore pressure transducers (Table 4.2). The system consists of a com-
puter, an analog to digital converter, Laboratory Workbench data acquisition soft-
ware, sensors, and signal conditioning equipment (Fig. 4.21).

4.5.1 The Computer

The heart of the data acquisition system is Concurrent Computer Coorporation
MASSCOMP 5400 workstation. Concurrent computers are designed for high per-
formance real-time applications. The computer achieves balanced performance
without bottlenecks by off-loading many functions from the central processor unit
(CPU) to coprocessors which carry out graphics, data acquisition, floating point,
and vector arithmetic. The computer uses a modified version of the standard unix
operating system. The modification is necessary because unix is a time sharing
operating system, while data acquisition is a real time task (Cole and Sundman,
1985). The modification prevents interruption of real time jobs and locks critical
data acquisition routines in primary memory. The computer is connected to the lo-
cal area network (LAN) Ethernet, thus permitting remote login.

4.5.2 Data Acquisition Hardware

Data acquisition tasks are controlled by a dedicated data acquisition processor,
which ensures high throughput with few bottlenecks. The attached hardware
consists of:

e AD-I2 F Analog to Digital Converter. The board can sample up to 16 single
ended (8 differential) channels with a resolution of 12 bits at rates up to 1 MHz.
The system is configured to operate in a bipolar range of +5 V.

o MX-48F Multiplexer. The board expands the input channel capacity of the AD-
12F to 64 single-ended or 32 differential channels.

e CK-10 Programmable Clock Interface Board. The board has eight independent
clocks, which are programmed to synchronize data acquisition functions.
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Fig. 4.21 The Data Acquisition System



4.5 The Data Acquisition System 67

Table 4.2 Specifications of The Data Acquisition System

Channel Location Gain Excitation
No: Description In/Out  Ht. Nominal Type (Volt)
0 Position Transducer 1 Adj.T 20
1 Load Cell 200 Adj. 10
2 LVDT 1 Adj. AC
3 Pore Pressure Transducer Out 2 1000 Adj. 5
4 Pore Pressure Transducer Out 5 1000 Adj. 5
5 Pore Pressure Transducer Out 17 1000 Adj. 5
6 Pore Pressure Transducer Out 10 1000 Adj. 5
7 Pore Pressure Transducer In 2 1000 Adj. 5
8 Pore Pressure Transducer In 17 1000 Adj. 5
9 Pore Pressure Transducer In 5 1000 Adj. 5
10 Pore Pressure Transducer In 10 1000 Adj. 5
11 Axial Strain Gage In 2 1000 Adj. 10
12 Circumfrential Strain Gage  In 2 1000 Adj. 10
13 Axial Strain Gage In 5 1000 Adj. 10
14 Circumfrential Strain Gage  In 5 1000 Adj. 10
15 Available (Programmable) prog. Adj.
16 Axial Strain Gage In 10 500 Fixed 10
17 Circumfrential Strain Gage  In 10 500 Fixed 10
18 Axial Strain Gage In 17 500 Fixed 10
19 Circumfrential Strain Gage  In 17 500 Fixed 10
20 Axial Strain Gage In 24 500 Fixed 10
21 Circumfrential Strain Gage  In 24 500 Fixed 10
22 Axial Strain Gage Out 2 500 Fixed 10
23 Circumfrential Strain Gage  Out 2 500 Fixed 10
24 Axial Strain Gage Out 5 500 Fixed 10
25 Circumfrential Strain Gage  Out 5 500 Fixed 10
26 Axial Strain Gage Out 10 500 Fixed 10
27 Circumfrential Strain Gage  Out 10 500 Fixed 10
28 Axial Strain Gage Out 17 500 Fixed 10
29 Circumfrential Strain Gage  Out 17 500 Fixed 10
30 Axial Strain Gage Out 24 500 Fixed 10
31 Circumfrential Strain Gage  Out 24 500 Fixed 10

¥ Location refers to the location on the double-wall pile. Height refers to the height above the tip
of the double wall pile (Fig. 5.11).

T Adjustable gain and span (5-10% range).
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4.5.3 Data Acquisition Software

Data acquisition programming is performed graphically using Laboratory Work-
bench software. The software consists of a number of modules which represent
common data acquisition tasks, such as analog input, storage, multiplexing,
de-multiplexing, on-off switching, triggering... etc. A virtual instrument is
programmed by connecting the desired modules graphically on the screen. The
software also supports limited signal processing routines such as fast fourier
transforms (FFT/IFFT), filters, and power spectrums. The data may be displayed in
real-time on virtual digital voltmeters, oscilloscopes, or X-Y plotters. The virtual
instrument used to display and record load test results is shown in Fig. 4.22.

Each module has a large number of settings which must be entered. These set-
tings are stored in separate files. A handy feature of the software is that virtual in-
struments may be used with more than one setting file. For example, the same
instrument is used to record the results of load tests on instrumented piles with 31
sensors and un-instrumented piles with three sensors. The setting files for the two
tests specify the number of channels to be recorded as well as the various settings
for each channel and module used.

Laboratory Workbench, together with the 8 clocks of the CK-10 clock interface
board provide tremendous control over timing sequences. Data may be sampled
continuously, or periodically in sweeps, or in frames within sweeps. Periodic sam-
pling may be triggered externally or internally, in response to an external event, or
at regular intervals. Periodic sampling is a powerful tool for capturing dynamic
phenomena such as pile driving. A large sampling frequency is required to de-
scribe a dynamic wave form such as the force-time record of the pile head subse-
quent to a pile hammer blow. The combination of periodic sampling and internal
triggering facilitates sampling at a high frequency at the frames of interest only,
thereby relieving any bottlenecks.

4.5.4 Signal Conditioning Equipment

Signal conditioning equipment was used to amplify, filter, and isolate the output
signals of all sensors. Amplification of read-out signals is required in order to in-
crease the resolution of instruments and/or increase the voltage of the readout sig-
nal to a level that could be read by the analog-to-digital converter. The LVDT was
provided with its own oscillator/demodulator unit, which provided the necessary
signal conditioning. All other sensors were conditioned as discussed next.

Filtering is used to eliminate high frequency noise from the recorded signal. A
10 kHz hardware filter was used on all the channels except the LvDT. The sensors
are isolated from the computer in order to eliminate ground loops, and improve the
safety and reliability of the system.
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Fig. 4.22 Schematic of Virtual Load Test Instrument

Two signal conditioning units were assembled from components manufactured
by Analog Devices. The first unit provided adjustable zero and span controls, and
was used for pore pressure transducers, load cells, LVDT, position transducers and
strain gages. The second unit had fixed zero and span, and was used for
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conditioning strain gage signals only. The first unit consists of a back plane
(model No: 3B01), power supply (model No: AC1307), and 15 independent signal
conditioning modules (model No: 3B40-01 (12 modules), 3B40-02 (1 module),
3B40-00 (1 module), and 3B41-02 (1 module)). The second unit consists of a
back-plane (model No: 5B01), power supply (model No: 977), and 16 independent
signal conditioning modules (model No: 5B40-01). The back-planes house the
signal conditioning modules and provides them with excitation. Both units feature
0.05% calibration accuracy, less than 0.02% non linearity and less than +1uv/°C
thermal drift.

4.5.5 Sensors

The data acquisition system is designed to read loads, displacements, strains, and
pore pressures. Loads are measured with a load cell, pile head displacements are
measured with an LVDT, plug movements are measured with a rotary optical en-
coder (referred to herein after as a position transducer), strains are measured with
strain gages and pore pressures are measured using diaphragm-type pore pressure
transducers.

4.5.5.1 Load

As discussed earlier in Section 4.4.2.4, a 50,000 Ib load cell consisting of two in-
dependent bridges is permanently fixed to the hydraulic ram, and is used to meas-
ure loads and provide the MTS feedback signal (Fig 4.23). The bridge used in data
acquisition is excited using an HP 6205B power supply. The readout signal is iso-
lated and amplified before feeding it to the computer (Fig 4.21). The measured
load has a resolution of 12.2 1b and less than 0.05%-full scale non-linearity (max-
imum absolute error of 25 1b).

4.5.5.2 Displacement

A Linear Variable Differential Transformer (LVDT) is clamped to the cross head
beam of the loading frame (Fig. 4.23) and is used to measure the displacement of
the pile during installation and pullout. The LVDT (TRANSTEK model No: 223-000)
has a linear range of 30 in. A TRANSTEK power supply (model No: D15.2) and an
oscillator/demodulator (model No: 1000-0011) were used to excite the LVDT and
condition the read-out signal. The read-out signal was routed back to the computer
through signal conditioning box number 1 (Fig 4.21); however, no additional sig-
nal conditioning is performed. The LVDT signal has a resolution of 0.0073 in., and
less than 0.025%-full scale non-linearity (maximum absolute error of 0.075 in.).
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4.5.5.3 Plug Movement

A position transducer (MagneTek model No: P-50-B (A68)) is used to measure
the elevation of the soil inside the pile during installation. The transducer consists
of a cable wound around a spring loaded shaft which is connected to a rotary opti-
cal encoder. When the cable is pulled out of the transducer, the shaft rotates and
the magnitude of the rotation is registered by the optical encoder. The transducer
has a simulated wheatstone bridge circuit which converts the cable displacement
to voltage changes with a linearity better than 0.1% full scale (0.05 in.). The posi-
tion transducer has a linear range of 50 in. and a resolution of 0.003 inches.
The position transducer was customized to meet the following specifications:

Ruggedized to withstand 2000G,
Heavy duty dual parallel cables,
Water tight,

Cable acceleration up to 100g.

A 5.6-Ib force is required to overcome the resistance of the spring loaded shaft
and extend the cable out of the transducer. The free end of the cable is connected
to a 5.85-1b brass weight which rests on top of the soil core (Fig 4.24). The net
force acting on the soil core is 0.25 1b. Any motion of the core leads to an exten-
sion or retraction of the cable and the rotation of the spring-loaded shaft, which is
registered by the circuit as a voltage change.

The transducer is excited by a 20 V DC power source (HP model No: 6205B),
and the read-out signal is routed to the computer through signal conditioning box
number 1, where it is isolated.

4.5.5.4 Strains & Pore Pressures

Strains and pore pressures are measured using the double-wall pile (Chapter 5).
The pile is instrumented with 40 strain gages and eight pore pressure transducers
which are capable of defining the effective state of stress around it. Two digital
power sources (Lambda model No: LL4018) are used to provide 10 V and 5 V of
excitation for the strain gages and pore pressure transducers, respectively. The
read-out signals are first completed using custom-made bridge completion boxes
(Section 5.4.4). Next, the signals are amplified and isolated before routing them to
the computer (Fig. 4.21). The strain gages and pore pressure transducers have
resolutions of approximately 22 b and 0.01 psi, respectively.
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4.6 Conclusions

A detailed blueprint for designing an experimental facility consisting of a pressure
(calibration) chamber, loading system, and data acquisition apparatus has been
provided.
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5. Instrumented Double—Wall Pipe Pile to
Study Behavior of Piles

Abstract. This chapter documents the design and fabrication of an instrumented
double-wall pipe pile that has been developed to study the effects of the installa-
tion process on the axial load capacity of driven pipe piles in sand. The chapter
also describes the design of miniature pore pressure transducers, which were de-
veloped specially for the double-wall pile.

5.1 Introduction

One of the major difficulties in predicting the axial capacity of pipe piles in sand
has been a lack of an understanding of the physical processes that govern the de-
velopment of axial pile capacity. Understanding the behavior of pipe piles during
installation and loading has been hindered by a lack of high-quality load test data
on instrumented piles in sand. A few attempts have been made to measure the ef-
fective stress distribution and load transfer along piles. However, most of these
studies were performed on closed ended piles usually in normally and lightly con-
solidated clays. The Imperial College instrumented pile (Bond et al. 1991) was
one of the first successful attempts to measure pore-pressures and stresses acting
along piles. The Imperial College pile, which is a closed ended pile, was used at a
site in France to study the effective stress distribution of earth pressures around
pushed piles in sand (Lehane and Jardine 1994 and Lehane ef al. 1993). There are
also a few full-scale tests on instrumented pipe piles in sand (e.g. Helfrich ef al.
1985). Although these full-scale tests provide important insights into the axial load
distribution along piles, they do not provide sufficient data with respect to pore-
pressure distribution during installation and loading. Additionally, full-scale tests
do not cover the wide array of possible test conditions. At this time, there is a need
for more data on the effective stress distribution taking place during installation
and loading of pipe piles in sand.

One of the reasons that have contributed to the scarcity of instrumented load
test data on piles is that, in the past, pile instrumentation has not been sufficiently
robust to withstand driving stresses and provide reliable measures of the residual
stresses existing after driving. Residual stresses may represent a significant com-
ponent of the shaft’s frictional capacity and may therefore greatly influence the
stress distribution acting along the pile during loading. Accordingly, one of the
main emphasis of this work is to present the technology required to protect pile in-
strumentation from damage during driving.

M. Iskander: Behavior of Pipe Piles in Sand, SSGG, pp. 75
springerlink.com © Springer-Verlag Berlin Heidelberg Z0T0
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This chapter presents a blue print for designing and building double-wall pipe
piles, which can be used to study the effects of the installation process on the axial
load capacity of driven pipe piles in sand.

5.2 The Double-Wall Concept

In recent years, there has been increasing interest in studying plugging of piles
using instrumented double-wall pipe piles. The double-wall pile consists of two
concentric thin-wall cylinders that are rigidly fixed at the top and are free to strain
independently of one another elsewhere. The annular gap between the two cylin-
ders is sealed at the tip with a pile shoe that is rigidly fixed to one of the cylinders.
The main advantage of a double wall pile design is that it allows for separating the
skin friction acting on the internal and external pile surfaces (Fig. 5.1), thus per-
mitting positive identification of the onset of pile plugging. The design leaves a
small gap between the two cylinders, which is used for instrumentation. Placing
the instrumentation in the annular space between the cylinders provides two ad-
vantages. First, the exposed pile surface remains clean from any protrusions that
may affect load transfer; and second, the instrumentation is protected from adverse
environmental effects.

Paik and Lee (1993) were first to employ an open-ended double-wall design to
study load transfer of pipe piles. Later, Iskander (1995), Choi and O’Neil (1997),
Alansari (1999), Lehane and Gavin (2001), Gavin and Lehane (2002), Paik and
Salgado (2003), Paik et al (2003), and Igoe et al (2010) employed double wall
piles to investigate various aspects of pipe pile behavior. Coop and Wroth (1989)
also used a double wall design with a closed ended pile to obtain a more sensitive
measurement of shaft friction, by separating end bearing.

The overall goal of this research is to identify the effects of the installation
process on the capacity of open-ended pipe piles in sand. To accomplish this goal,
data on the load transfer between pipe piles and surrounding soils, during installa-
tion and loading, must be gathered and analyzed. Experimental study of load
transfer along open-ended piles is more complicated than that along closed ended
piles. Load transfer along pipe piles is usually measured with electric strain gages.
Attempts to measure the load transfer along the length of open-ended single-wall
pipe piles suffer from the inevitable superposition of the stresses acting inside and
outside the pile (Fig. 5.1). Therefore, strain gages measure the strain resulting
from the summation of the stresses acting on both sides of the pile wall. Superpo-
sition of stresses complicates the study of stress distribution along the pile wall
and creates a need for simplifying assumptions regarding the stress distribution
mechanism. These assumptions may mask some of the physical processes that
govern the load transfer mechanism during installation and loading. Accordingly,
in experimental studies, it is convenient to delineate the stresses acting outside the
pile from those acting inside the pile and measure each independently.
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In keeping with the goals of this research, a double-wall pile was designed and
built as a measuring tool to identify the physical processes that govern axial pile
capacity and load transfer at the soil-pile interfaces. The pile is 33.25 in. long, 3.5
in. in diameter, and has a 0.315 in. wall thickness (Fig. 5.2). The pile is instru-
mented with 40 strain gages and eight pore-pressure transducers that are capable
of defining the state of stress around the pile.

Z\ Z\
Pipe
Pile
Internal  External Apparent
Stress Stress Stress
Distribution Distribution Distribution

Fig. 5.1 Stress Distribution Around Single-Wall Pipe Piles
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Fig. 5.2 Photograph of the Double-Wall Pile
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5.3 Design of the Double-Wall Pile

5.3.1 Conceptual Design

The double-wall pile consists of two concentric thin-wall cylinders, which are rig-
idly fixed at the top and are free to strain independently of one another elsewhere
(Fig. 5.3 and 5.4). The annular gap between the two cylinders is sealed at the tip
with a pile shoe that is rigidly fixed to the external cylinder. The internal cylinder,
which is slightly shorter than the external one, is free to slide relative to the pile
shoe, thus preventing load transfer from the pile shoe to the inner cylinder
(Fig. 5.5). End bearing is thus transferred through the pile shoe into the outer cyl-
inder and into the pile cap. In the event that the pile “plugs,” end bearing is devel-
oped across the whole area encompassed by the pile’s circumference.
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Fig. 5.4 The Two Walls of The Double-Wall Pile. Photograph shows: (1) The pile cap and
shoe mounted on the internal pile wall (to the left), (2) Strain gages and instrumentation
wires on internal pile wall, (3) Holes used to mount pore pressure transducers on external

pile wall (to the right).
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Fig. 5.5 Close-Up of Double-Wall Pile Tip. Photograph shows: (1) Two pore-pressure
transducers on external pile wall, (2) Gap formed by the internal pile wall being shorter
than external pile wall, (3) Philips screws used to fix pile shoe to external pile wall, (4)
Holes used to connect cutting shoes to pile shoes (not shown).

End bearing developed across the pile’s internal diameter is transferred to the
inner cylinder by arching of the sand inside the pile, which readily identifies plug-
ging. The sum of the load in both tubes represents the axial load capacity of the
pile.
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The inside of the internal cylinder forms the interior of the double-wall pile and
the outside of the external cylinder forms the exterior of the double-wall pile
(Fig. 5.4 and 5.5). The design leaves a small gap between the two cylinders, which
is used for instrumentation. Placing the instrumentation in the annular space be-
tween the cylinders provides two advantages. First, the exposed pile surface re-
mains clean from any protrusions that may affect the load transfer mechanism; and
second, the instrumentation is protected from adverse environmental effects.

The pile is fitted with a pulley system that is used to measure the elevation of
the soil inside the pile during installation and loading (Fig. 5.6). As discussed ear-
lier in Section 4.5.5.3, the elevation of the soil inside the pile is obtained using a
position transducer that is connected to a weight inside the pile using a spring
loaded cable. The cable enters the pile through the pulley system, which is also
used to align the cable (Fig. 4.23).

5.3.2 Geometric Design

The diameter of the pile must be selected to satisfy several conflicting engineering
criteria in addition to the constraints of commercial availability. The outer pile di-
ameter must be made as large as possible in order to represent the pile sizes that
are commonly used in practice. Additionally, since the distance between the inner
and outer pile walls, which controls the total wall thickness of the double-wall
pile, is a constant determined by instrumentation requirements; then, increasing
the pile’s diameter would result in reducing the area-ratio of the double-wall pile
and making it more representative of the area ratio of typical production piles. The
area-ratio, which is the ratio of the tip’s cross sectional area to the cross sectional
area of the pile’s inner diameter is proportional to the volume of soil displaced
during pile installation, and may therefore have a great influence on pile plugging
(Malhotra, 2007). Conversely, the outer diameter must be made as small as possi-
ble in order to reduce the boundary effects of the pressure chamber in which the
pile will be installed. An outer diameter of 3.5 in. was selected (Fig. 5.7) which re-
sults in a ratio between the pressure chamber and the pile diameters of 10:1. The
total wall thickness of the pile is 0.315 in., thereby giving an area ratio of 0.48.
The area ratio of the double-wall pile is equivalent to that of a 12 inch diameter
pile with a one inch wall thickness. Therefore, the area ratio of the double-wall
pile is somewhat larger than that of typical production piles.
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Fig. 5.6 Pulley System for Measuring the Soil Elevation Inside the Pile. Photograph also
shows instrumentation wires exiting the pile and the bolts used to connect the pile cap to
the pile walls.

The pile consists of two ASTM Type 304 seamless stainless steel tubes
(Fig. 5.7). The outer tube is 3.5 in. in outer-diameter, 31 in. long, and 0.083 in.
thick. The inner tube is 3 in. in outer-diameter, 30.875 in. long, and is 0.065 in.
thick. The inner diameter of the pile is therefore 2.87 in. The two tubes are con-
nected to a stainless steel pile cap (Type ASTM 303) with four stainless steel
bolts. A stainless steel pile shoe is permanently fixed to the outer tube with four
machine screws. Two O-rings are mounted on each side of the pile shoe in order
to seal against the inner and outer tubes. An interchangeable stainless steel cutting
shoe is bolted to the pile shoe using four set-screws (Fig. 5.8). The cutting shoes
are interchangeable to allow for changing their shape.
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Fig. 5.8 Photograph of Pile Shoe and Cutting Shoe. Photograph shows (1) Cutting shoe (to
the right), (2) Pile shoe (to the left), (3) Holes to connect cutting shoe to pile shoe, (4) Two
O-ring grooves on each side of the pile shoe, and (5) Holes used to connect pile shoe to ex-
ternal pile wall.

5.3.3 Mechanical Design

Mechanical design is mainly concerned with ensuring that each of the two pile
walls is safe against buckling failure. Critical buckling loads are generally influ-
enced by the length of the pile, it’s cross sectional area, and the degree of fixity or
constraint at the ends of the pile. Two classes of buckling should be considered,
axial buckling and in-plane buckling.
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5.3.3.1 Acxial Buckling

The most critical axial loading condition for the double-wall pile is thought to oc-
cur during pile calibration, for two reasons. First, during a typical pile installation
the maximum axial pile capacity will occur when most of the pile length is em-
bedded, thereby reducing the effective length of the pile and increasing the fixity
at the end, which would increase the critical buckling load. Second, when a com-
pressive load is applied to a pile which is supported on an elastic foundation, the
load’s energy is consumed both in the bending energy which causes buckling and
the energy required to deform the elastic foundation. Accordingly, for any given
pile the critical buckling load for the pile on elastic foundation exceeds that of the
pile on a rigid surface. This difference is usually expressed in the form of a reduc-
tion in the effective pile length, which is made a function of the properties of the
foundation soil (Blake, 1990). Analysis was therefore concerned with determining
the safe buckling load for calibration purposes. Two modes of axial buckling may
occur in thin wall cylinders, global and local buckling (Fig. 5.9).
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5.3.3.1.1 Global Buckling Failure Mode

The critical global buckling load represents the axial load that would result in fail-
ure of a column as a whole. The theoretical critical buckling stress is given by
Euler’s formula as:

P Cr’E

P 5.1
A (LIr)?

where:

critical global buckling stress

critical buckling load

cross sectional area

r  slenderness ratio

length of the pile

radius of gyration = [7/A

moment of inertia

modulus of elasticity of the pile material taken as 28,500 ksi
coefficient of constraint, which depends on end conditions, taken
as one!

A~ NEXSQ

The theoretical critical global buckling stress is found to be 421 ksi and 316 ksi
for the external and internal pile walls, respectively, based on Eq. 5.1.

Euler buckling loads represent the theoretical upper limit for compressive load-
ing in the elastic range (Blake, 1990). In practice, actual buckling loads may be
much less than Euler’s theoretical value due to the great influence of crookedness,
eccentricity, and the inability to define end conditions accurately. Accordingly,
column loads are estimated using formulas which have one or more empirically
adjusted terms? There are a number of formulas in use today. The American
Institute of Steel Construction (1986) recommends use of the secant formula,
which states that:

' A column that bears evenly against rigid loading surfaces with both ends flat and normal
to the axis is called flat-ended. Theoretically, a flat-ended column is equivalent to a fixed
end column until the load reaches a certain critical value at which the column “kicks out”
and bears only on one edge of each end surface instead of the whole surface. In practice,
a flat-ended column has a degree of end constraint which is considerably less than that re-
quired to produce fixity (Young, 1989).

2 Columns that are too short to fail by elastic instability are called short columns (Euler’s
buckling load exceeds yield strength). Short columns fail when the maximum fiber stress
due to compression and bending which results from accidental crookedness and eccentric-
ity reaches the yield strength of steel. An empirical formula is required to account for the
effects of eccentricity and crookedness.
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where:

yield stress of pile material taken as 36,000 psi

critical buckling load

cross sectional area of cylinder under consideration

length of the pile taken as 31 in.

column factor, taken as one. KL is the effective column (pile)
length

modulus of elasticity of pile material taken as 28,500 ksi

radius of gyration = /74

moment of inertia of cylinder under consideration

XU g

S

~

Equations 5.2 and 5.3 were solved for the two walls of the double-wall pile and
the critical buckling stress was found to be 28 ksi. A factor of safety, usually less
than two, is recommended in many design codes. Considering the great cost in
terms of time and money involved in incrementing the pile, a conservative factor
of safety of 2.5 was applied to the critical buckling stress in order to obtain a
working (calibration) stress of 11.2 ksi.

5.3.3.1.2 Local Buckling Failure Mode

When a column is composed wholly or partially of thin material, like the thin wall
cylinders of the double-wall pile, local buckling may occur at a unit load less than
that required to cause failure of the column as a whole (Young, 1989). The criti-
cal stress for local buckling is given by Timoshenko and Gere (1961) as:

tE
C

o=———
a\3(1- ) (5.4)
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where:

critical stress which would result in local buckling

elastic modulus taken as 28,500 ksi

Possion’s ratio taken as 0.3

wall thickness

radius of the pile

correction factor, taken as 0.5, to account for the difference
between theoretical and experimental measurements

AR == mg

By substituting in Eq. 5.4 for the dimensions of the external and internal tubes,
the critical local buckling stress is found to be 419 ksi and 328 ksi respectively.
Since the local buckling stress is higher than the critical global buckling stress, lo-
cal buckling is considered unlikely.

External Pressure

Fig. 5.10 In-Plane Buckling Failure Mode

5.3.3.2 In-plane Buckling Failure Mode

Externally pressurized cylinders, like the outer wall of the double-wall pile, can
fail by elastic instability long before the relevant compressive stresses can reach
their critical magnitude (Fig. 5.10). A stress-based design criterion would grossly
over-estimate the capacity of the external wall. Conversely, a stability-based de-
sign criterion which neglects the stiffness provided by the pile’s cap and shoe
would grossly underestimate the capacity of the wall. For a cylinder having a
Poisson’s ratio of 0.3, the critical in-plane buckling load midway between two stif-
feners is given by Blake (1990) as:

2.5
_ 0.87ET (5.5)
c LR]S
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where:

external, in-plane, buckling pressure
modulus of elasticity taken as 28,500 ksi
mean radius taken as 1.71 in.

wall thickness of cylinder taken as 0.083 in.
length of cylinder taken as 31 in.

[

SN = v

Equation 5.5 was solved and the critical external buckling pressure was found
to be 710 psi, which is one order of magnitude larger than the range of expected
pressures. Accordingly, in-plane buckling is unlikely to occur for the chosen di-
mensions.

5.4 Instrumentation

The double-wall pile is instrumented with strain gages and pore-pressure trans-
ducers, which are used to define the effective stress distribution acting against the
pile. The instrumentation is installed between the two pile walls such that the ex-
posed pile surface resembles that of an uninstrumented pile (Fig. 5.2 and 5.5).

5.4.1 Instrumentation Layout

Layout of the strain gages and pore-pressure transducers was concerned mainly
with ensuring a safe and easy assembly of the two pile walls. There are 40 strain
gages, 8 pore-pressure transducers, and 116 electrical wires passing in the annular
gap between the two pile walls. Two logistical problems were solved using color
coordinated ribbon cable. These are identifying the wires once they exit the pile
and having multiple wires pass in close proximity to each other. The wires exit the
gap at four locations at the pile top. These wires occupy a cross sectional area of
about one square inch out of the available 1.66 square inches in the annular gap.
Furthermore, the annular gap was not wide enough to allow multiple instruments
or wires to cross one another. Strain gages’ layout must therefore ensure that the
lead wires on each wall do not interact with the wires on the other wall or cross
other wires on the same wall.
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A radial dial consisting of 24 equal divisions was devised for the layout. Strain
rosettes, pore-pressure transducers, and instrumentation wires were installed in the
locations indicated on the dial shown in Fig. 5.11.

Strain rosettes were mounted on each of the pile walls at five levels 3, 5, 10,
17, and 24 inches above the pile tip (Fig. 5.11). At each level, two strain rosettes,
180° apart, were mounted, such that errors due to eccentric loading (bending error)
are canceled out. Each strain rosette contained two strain gages that measured the
strain in the axial and circumferential directions.

Pore pressure transducers were mounted on each of the pile walls at four levels
3,5, 10, and 17 in. above the pile tip (Fig. 5.11).

5.4.2 Instrumentation for Strain Measurements

Bonded foil strain gages were used to measure axial and circumferential strains
along the pile walls. Bonded foil strain gages consist of a small circuit made of
foil that acts as a sensing grid. The grid is mounted on a thin backing material,
which is glued to the location where the strain is being measured. The backing,
which insulates the grid from the measured specimen, also transfers the strain in
the specimen to the sensing grid. The strain gage works by relating the change in
the foil’s resistance due to strain to a change in voltage. The strain gage measures
the strain in the direction of the foil grid.

5.4.2.1 Selection of Strain Gages

Proper selection of strain gages is important in order to optimize gage perform-
ance for a specific environment. Several factors must be considered in selecting a
strain gage. These factors include gage length, gage pattern, backing material,
strain sensitive alloy, grid resistance, and self temperature compensation number.
The selection process is an exercise in compromising between the different pa-
rameters affecting the strain gage performance and affecting the ease of installa-
tion. This is because a parameter choice that tends to satisfy one constraint may
adversely affect a different constraint (Measurements Group, 1988b). The selec-
tion of strain gages for the double-wall pile was greatly influenced by the feasibil-
ity of installation on the external pile wall, the harsh environmental conditions due
to pile driving, and the usual constraints of accuracy, stability, and durability. The
different factors considered in the selection process are discussed next.
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Style

A biaxial, 2-element 90° “tee,” strain rosette was selected (Micro-Measurements
model No: CEA-09-125UT-350). Each rosette consists of two independent strain
gages that measure the strain in two perpendicular directions. A biaxial strain ro-
sette is capable of defining the complete state of stress if the directions of the prin-
cipal strains are known in advance (Perry and Lissner, 1962). The directions of the
maximum and minimum principal stresses are thought to occur along the axis and
circumference of the pile walls, which supported the selection of a biaxial strain
rosette.

Self-Temperature Compensation Number (S-T-C)

Electrical strain gages generate heat when an electric current passes through them.
The generated heat is dissipated through the backing material into the pile walls.
Two important factors must be considered. First, the thermal expansion coefficient
of the gage foil (in ppm/°F), which is also known in strain gage literature as the
self temperature compensation number (S-T-C), must be selected to match that of
the stainless steel pile walls on which the gages are mounted, otherwise the gage
will exhibit a thermal output due to temperature variations. A self-temperature
compensation number of 09 was selected to match the thermal expansion coeffi-
cient of stainless steel. Second, the power-handling capacity of the strain gage
must be increased by maximizing the power dissipation capacity of the gage and
minimizing the power generation capacity of the gage (Measurements Group,
1979b).

Gage Length

Power dissipation is influenced by the size of the sensing grid, the backing mate-
rial, and the heat sink capacity of the measured specimen. The size of the sensing
grid is, however, the only parameter that can practically be changed to influence
power dissipation capacity. Strain gages are commonly available in lengths rang-
ing from 0.015 to 0.5 in, with length up to 4.5 in available for custom applications
(Measurements Group, 1988a). Since a strain gage effectively averages the strain
along its grid length, smaller gages would be required for applications with high
strain gradients. Larger gages on the other hand possess better power dissipation
capacity. Considering the homogeneity and good heat sink capacity of the pile
wall material, a 0.125 in. gage was selected because it is the smallest gage that met
the heat dissipation requirements of the installation.
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Gage Resistance

Strain gages are commonly available in resistances of 120Q and 350Q (Measure-
ments Group, 1988a)3 . Heat generation depends on current, which is related to re-
sistance by Ohm’s law. Accordingly, 350Q2 gages were selected because for any
given excitation voltage, a 350Q2 gage will consume less current, and generate less
heat than a 120Q2 gage.

Gage Series (Type)

A CEA type strain gage, which is a polyimide encapsulated constantan gage, was
selected for several reasons. The backing and encapsulating material, polyimide, is
a flexible material that can easily conform to the circumference of the pile walls.
The foil material, constantan, has high strain sensitivity (gage factor) and is char-
acterized by a good fatigue life. Constantan is also available in self-temperature
compensation numbers that match that of the stainless steel used to make the pile
walls. CEA gages are encapsulated which is considered an important criterion for
surviving the intricate installation procedure, which is discussed in Section
54.22.

5.4.2.2 Installation of Strain Gages

Strain gages were installed according to The Measurement Group’s guidelines de-
tailed in bulletins B-129-7, B-137-13 and technical notes TT601, TT607, TT608,
TT609, and TT610 (Measurement Group, 1976, 1979a, 1982, 1983, 1984, 1986a,
1986b). The internal surface of the external pile wall and the external surface of
the internal pile wall were prepared for strain gage installation according to the
following steps:

e Organic residues and oils were removed first using an industrial degreaser and
next using a chlorinated hydrocarbon degreaser (CSM-1 Degreaser).

e Pile walls were abraded in two stages, first with a 320 grit emery cloth, fol-
lowed by a 400 grit emery cloth.

e During the final stages of abrasion the pile walls were wetted with mild hydro-
fluoric acid (Conditioner A).

e Pile walls were washed with hydrofluoric acid (Conditioner A).

e The pile surface was neutralized with a mild ammonia-based alkaline solution
(Neutralizer 5).

3 Resistances as low as 60Q and as high as 2000Q2 may be custom ordered for specialized
applications.



5.4 Instrumentation 97

Installation of the strain gages on the external surface of the internal wall was
relatively straightforward. Installation of the strain gages on the internal surface of
the external pile wall was tricky and required the development on a number of
tools to aid the installation. Specialized tools were required simply because gages
had to be installed remotely in locations that were not accessible for manual
installation.

Surface preparation of the internal surface of the external tube was done with
the aid of an automotive cylinder hone connected via a flexible shaft to a hand
drill (Fig. 5.12). Liquids were applied to the inside surface of the external pile
walls using wetted nylon reinforced tissue paper which was wrapped around the
hone and held into place by centrifugal forces. This procedure proved to be so
successful such that the difficult-to-reach internal surface of the external wall was
better prepared than the exposed surface of the internal wall.

Strain gages were mounted at their prescribed locations with the aid of the
strain gage installer shown in Figs. 5.13 and 5.14. The strain gage installer con-
sists of a trolley, which is covered with an inflatable rubber membrane. The trolley
slides on a vertical rod, that is fixed to a base which has a radial scale that corre-
sponded to the radial dial used for layout. The scale on the base was used to posi-
tion two opposite strain rosettes, with their lead wires attached, on the trolley in
the positions corresponding to their locations on the layout dial. Each gage was at-
tached to the trolley using a loop of mylar tape (Fig 5.14c). The trolley was then
raised to the proper height and fixed into place.

Next, the gages were covered with a viscous epoxy (M-Bond GA-2) and the ex-
ternal pile wall was mounted on the strain gage installer. M-Bond GA-2 was
selected for its high strength, moisture resistance, and viscosity, which would pre-
vent run off of the epoxy during setup. The trolley’s membrane was then inflated
and the strain gages came in contact with the pile wall. The assembly was oven
cured at 140° F.

Epoxy adhesives like M-bond GA-2 have a peal strength that is substantially
lower than their shear strengths. When the trolley’s membrane is deflated, the
bond between the strain gage and the pile may fail in peal, simply because the ad-
hesives adhere better to the nitryl rubber membrane than to the steel walls of the
pile. A teflon failure surface (Fig. 5.14c) was used so that, upon deflation, the rub-
ber membrane separates from the gages along the Teflon surface and the gages are
protected from peal.

After curing was complete, the external pile wall was disassembled from the
strain gage installer leaving a residue of Mylar tape and teflon on the strain gages.
Removal of the residue is important in order to ensure good water proofing. The
residue was removed with the aid of M-Line rosin solvent (RSK-1)*, which was
done remotely using a soft toothbrush and a spatula mounted on extension rods.

4 M-Line rosin solvent was used as an all-round cleaner throughout the strain gage installa-
tion process because of its compatibility with the strain gage material.
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Fig. 5.12 Cylinder Hone Used for Surface Preparation of the External Pile Wall
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Fig. 5.13 Photograph of the Strain Gage Installer
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After removal of the Mylar tape, the gages were immediately coated with a thin
layer of solvent-thinned polyurethane (M-Coat A) to protect them from corrosion
due to moisture. M-Coat A has a low viscosity, which allows it to seep under the
instrumentation wires and protect the solder joints from moisture. M-Coat A dries
in approximately 20 minutes and cures completely in 24 hours. Finally, the gages
and instrumentation wires were protected from moisture with a 0.05-0.1 in. thick
layer of Dow Corning RTV 3145 sealant (Table 5.1), which cures forming a tough
rubber.

Table 5.1 Some Properties of Selected Adhesive and Sealing Materials

RTV 3145 E 6000

Appearance Gray White
Main Component Silicone Styrene
Durometer Hardness, (Shore A) 33 80
Tensile Strength, psi 700 —
Elongation, % 675 600
Lap Shear, psi 55 25
Corrosion Resistance Excellent Good
Cure Time @ 70° F, hour 72 24
Tack-Free (Dry) Time, min 120 10

5.4.3 Instrumentation for Pore-Pressure Measurements

The double-wall pile is instrumented with eight miniature pore-pressure transduc-
ers that measure the pore water pressures acting at the soil-pile interfaces inside
and outside the pile. The transducers are pressure rated at + 25 psi and have a sen-
sitivity of approximately 0.5 mV/V.

5.4.3.1 Selection of the Pore Pressure Transducers

Two types of pore pressure transducers could be used; miniature pressure trans-
ducers mounted on the pile wall, and standard-size pressure transducers connected
to pressure ports using pressure conduits (tubes). Miniature pressure transducers
were selected for a number of reasons. First, by mounting the transducer closer to
the measured pressure, compliance errors are reduced and the frequency response
of the measuring system is increased (Kutter et al., 1990 and Lee, 1990). Second,
considering the small size of the annular gap between the two pile walls, it would
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have been necessary to saturate pressure conduits made of very thin tubing and ex-
tending for lengths up to six feet. This cumbersome operation is eliminated from
the test setup.

Commercial (standard size) pore-pressure transducers were not sufficiently
small to fit in the 0.167 in. wide annular gap between the two pile walls. Instead,
commercial miniature pressure transducers are available in sizes which are suffi-
ciently small to allow their installation in a housing which would also filter
pore-pressures. Designing and building custom pore-pressure transducers was,
however, considered a better option, considering the high cost of commercial
miniature pressure transducers and the need to convert them into pore-pressure
transducers using a custom housing. Sensing diaphragm-type pore-pressure trans-
ducers were designed by the author. The housing was machined at The University
of Texas’ civil engineering machine shop. The transducers were assembled by
Precision Measurements Company”.

5.4.3.2 Design of Pore Pressure Transducers

Two models of pore-pressure transducers were designed to accommodate installa-
tion requirements (Fig. 5.15- 5.18). Model TP-1 transducers (Fig. 5.17) are
mounted in holes that are milled (machined) into the external pile wall (Fig 5.4).
The holes serve to position the surface of the transducer flush with the pile surface
(Fig. 5.5). TP-1 transducers extend through the wall into the annular gap and are
fixed in place using nuts, which are located in the annular gap between the two
pile walls. Model TP-2 transducers (Fig. 5.18) are screwed into the internal pile
wall.

The transducers consist of a 0.001 in. thick beryllium-copper sensing dia-
phragm (foil). Beryllium copper was selected for its outstanding linearity, high
yield strength, and low modulus of elasticity. A 3502 strain gage is mounted on
the back of the diaphragm and is connected to bondable terminals which are glued
to the sides of the housing using very thin wires (Fig. 5.17 and 5.18). Thin wires
have a small mass, which reduces the dynamic forces acting on the strain gage sol-
der joint. The dynamic forces generated at the strain gage solder tab are the most
common cause of instrumentation failure during pile driving (Measurements
Group, 1982). Transducer lead wires are soldered to the bondable terminals and
extend through the annular gap to the signal conditioning equipment.

5 http://www.pmctransducers.com/
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The transducers housings are machined from beryllium copper in order to
match the expansion coefficient of the sensing diaphragm. The sensing diaphragm
is epoxied to a bracket on the housing (Fig. 5.17 and 5.18). A porous disc® is ep-
oxied to another bracket in front of the sensing diaphragm. The back of the trans-
ducers is encapsulated such that an air gap forms behind the sensing face. An air
gap is required for the transducer to operate in a “gage mode.” Dow Corning RTV
3145 was selected for encapsulation because it cures without generating any by-
products which may adversely react with the strain gage foil (Dow Corning,
1990).

5.4.3.3 Operation of the Pore-Pressure Transducers

The transducers are saturated in the chamber shown in Fig. 5.19. First, the pile is
mounted in the chamber. The chamber seals against the external and internal pile
walls using O-rings. Next, the transducers are subjected to a vacuum by connect-
ing the saturation chamber to shop vacuum. Deaired water is then introduced
slowly at the bottom of the saturation chamber. After the transducers are saturated
with deaired water, vacuum is disconnected and the pile is ready for installation.

A warm up time of approximately 30 min. is required for the transducers to
reach a steady state output.

5.4.4 Instrumentation Circuits

A quarter-bridge Wheatstone circuit was used for all strain gages and pore-
pressure transducers. The Wheatstone bridge circuitry is used in order to enhance
the accuracy of strain gage readings (Perry and Lissner, 1962, and Beckwith and
Marangoni, 1990). Two bridge completion boxes were built to complete the pile
instrumentation circuit (Fig. 5.20). The first box provided bridge completion for
the eight pore-pressure transducers and four strain gage bridges. The second box
provided bridge completion for the remaining 16 strain gage bridges. The bridge
completion boxes were constructed from Vishay precision resistors, which were
soldered to a circuit board (Fig. 5.20).

6 Initially, a #270 brass mesh was epoxied to the bracket, however, the mesh proved to be
inadequate for two reasons. First, some of the brass meshes yielded under the soil’s earth
pressure and touched the sensing face, which influenced pore-pressure measurements.
Second, some meshes were lost during pile installation, presumably due to the high fric-
tion developed between the mesh and sand. Since this inadequacy was discovered after
the pile was assembled, meshes were replaced by porous discs for TP-1 transducers but
not for the TP-2 transducers which were not accessible.
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Fig. 5.20 Photograph of Bridge Completion Box No: 2

Vishay precision resistors (S-Type) have a low temperature-coefficient-of-
resistance on the order of +0.5-1 ppm/°C. Standard resistors have a high tempera-
ture-coefficient-of-resistance on the order of £10-20 ppm/°C which would result
in large erroneous strain readings with room temperature variations. The output of
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individual bridges is combined using ribbon cable such that each box is connected
to its corresponding signal conditioning box using two 26-wire ribbon cables.

The measured change in voltage, AV, is related to strain, g, in a Wheatstone
bridge by the following equation (Beckwith and Marangoni, 1990):

AV F
v o 4(81_‘92+53_g4) (56)
where:
Vv excitation voltage

F gage factor taken as 2.12 for the strain gages used in this study

Fig. 5.21 The Wheatstone Bridge

Referring to Fig. 5.21, Eq. 5.6 indicates that the Wheatstone circuitry sums the
strains on diagonally opposite arms and subtracts the strains on adjacent arms. For
a quarter bridge Wheatstone bridge, Eq. 5.6 reduces to:

AV F
— _81
vV 4 (5.7)

5.4.4.1 Strain Gage Circuits

As discussed earlier, corresponding strain gages 180° apart are combined to cancel
bending errors. Strain gages can be combined in one of two ways. Strain gages
can be connected in a half bridge arrangement to diagonally opposite arms of a
350Q2 wheatstone bridge. Alternatively, strain gages can be connected in series to
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one arm of a 700Q wheatstone bridge. The quarter bridge arrangement was chosen
(Fig. 5.22) because it is inherently more linear and allows exciting the bridge at a
higher voltage.

The change in the temperature of the lead wires connecting the strain gages to
the bridge completion resisters are manifested as a thermal output (leadwire ef-
fects). Thermal output was virtually eliminated using a three-wire circuit
(Fig. 5.22). The third wire results in equal leadwire effects in two adjacent arms of
the bridge which cancel each other out (Eq. 5.6).

Optimal excitation voltage was found experimentally to be 10 volts (Fig. 5.23).
Strain gages, under no load, were excited with different voltages and approxi-
mately 300 readings were collected for each voltage over a five hour duration. The
standard deviations of the collected readings were determined and substituted for
the term AV in Eq. 5.7, and the corresponding apparent stresses were obtained as
follows:

4F
o :ﬂ (5.8)
! FV.

l

where:

; apparent stress corresponding to standard deviation of readings
E modulus of elasticity
Vi excitation voltage
gage factor taken as 2.12

F
(o'n ) standard deviation of readings corresponding to excitation voltage
l

The change in the temperature of the lead wires connecting the strain gages to
the bridge completion resisters are manifested as a thermal output (leadwire ef-
fects). Thermal output was virtually eliminated using a three-wire circuit
(Fig. 5.22). The third wire results in equal leadwire effects in two adjacent arms of
the bridge which cancel each other out (Eq. 5.6).
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5.4.4.2 Pore-Pressure Transducer Circuits

Each pore-pore-pressure transducer is connected to a 3502 Wheatstone bridge
(Fig. 5.22). The bridges had a very high initial imbalance due to the high resis-
tance of the thin transducer lead wires. The transducer bridges were zeroed by
shunting small resistors in parallel to the transducers. A different balancing resis-
tor was installed inside each of the plugs which connect the transducers to the
bridge completion box.

A 5-volt excitation voltage was recommended by Precision Measurements. The
transducers have a sensitivity of approximately 0.5-0.6 mV/V, which corresponds
to a 2.5-3 volts full scale output. The recommended excitation voltage (5 volts)
was used because the transducers were stable at that voltage and the corresponding
full-scale output provided sufficient resolution for data acquisition.

5.5 Protection from Driving Stresses

One of the major concerns in instrumenting piles is protecting the instrumentation
from failure due to excessive driving stresses. Several researchers lost part of their
instrumentation during pile driving due to failure of the solder joints at the
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strain gages. This failure occurs when the lead wires, which are subjected to high
g-forces during driving, move relative to the strain gage. The double-wall pile was
protected against failure of the electrical system in a number of ways. First, the
annular gap between the two pile tubes was encapsulated with a soft cushioning
gel. Second, the electrical connections that were made outside the annular gap
were encapsulated in a tough rubber material. Third, the electrical wires were af-
fixed along the length of the pile with a flexible adhesive. Fourth, lead wires are
provided with a stress reduction loop. Each of these protection modes is dis-
cussed below:

5.5.1 Solid State Encapsulation

Several two-part addition-cure RTV encapsulants were considered for potting the
electrical components of the double-wall pile. Unlike one-part RTV silicones that
depend on atmospheric moisture to cure, addition cure RTV silicones are supplied
as a two-component compound that cures upon mixing of the two components.
Since addition cure RTV silicones do not depend for the cure reaction on atmos-
pheric moisture, they can cure in sections of unlimited depth. This characteristic is
essential for the encapsulant used to pot the double-wall pile, which has to cure in
a section 30 inches deep. Addition cure products are, however, susceptible to cure
inhibition caused by presence of certain classes of chemicals (GE Silicones,
1991). Cure inhibiting materials include amines, sulfur containing materials, butyl
and chlorinated rubbers, and plasticizers. These materials are sometimes used in
making adhesives and leadwire insulation (Dow Corning, 1991). Cure inhibition is
characterized by the formation of an un-cured film between the silicon gel and the
inhibitor material. A battery of patch tests was performed to identify the compati-
bility between a number of encapsulants and a number of adhesives and epoxies.
These tests were the basis for the selection of the encapsulants and adhesives used
in this study.

5.5.1.1 Encapsulation of the Annular Space

An RTV silicone dielectric gel was used to encapsulate the annular gap between
the two walls of the double-wall pile, thus making the pile solid state. Cured sili-
cone gels possess unique physical properties that combine the self-healing charac-
teristics of liquids with the non-flowing, dimensional stability of elastometers. The
soft nature and cushioning effects of these semi-solid materials provides excellent
cushioning and damping protection of the electrical system against the shock loads
induced by pile driving. Silicone gels also provide the added benefit of protecting
the electronic assembly from moisture and water leakage.
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Table 5.2 Selected Properties of Encapsulant Materials

RTV6186 SYLGARD 567

Uncured Properties

Viscosity, cps @ 75° F 750 1300
Pot Life, hour 8 48
Cure Time @ 150° F, hour 4 4
Cured Properties

Appearance Clear Gel  Black Rubber
Specific Gravity 0.98 1.24
Durometer Hardness, (Shore A) — 38
Tensile Strength, psi — 200
Penetration, mm 6 0
Elongation, % 1000 100
Lap Shear, psi 300 200

Thermal Expansion, cm/c/ °C 575 8.9% 10 4
Volume Resistivity, ohm-cm 1#1015 3.0%1015

GE silicone RTV6186 was used because of its superior primerless adhesion and
self-healing properties as well as its relative “high strength” in comparison to con-
ventional gels (GE Silicones, 1990). The product properties are summarized in
Table 5.2. The two components of the gel were mixed in a ratio of 1:1 by weight.
Air entrapped during the mixing process was removed by de-airing the mixture.
De-airing was accomplished by exposing the mixed liquid to a vacuum for 30 mi-
nutes. With the pile shoes in place, the gel mixture which had the consistency of
motor oil was next tremied into the annular gap between the two walls of the pile.
The pile cap was mounted and the pile was oven cured for six hours.

5.5.1.2 Encapsulation of the Electrical Connections

Silicone rubber was used to protect electrical connections against shock, moisture,
dust, and other environmental hazards. Dow Corning, SYLIGARD 567 primerless
silicone rubber was used to encapsulate the electrical connections outside the pile
(Fig. 5.1). SYLGARD 567 was selected due to its primerless adhesion, low un-cured
viscosity, high strength, and compatibility with lead wire insulation (Dow Corning
1993). The product properties are summarized in Table 5.2. The two components
of the gel were mixed in a ratio of 1:1 by weight. Air entrapped during the mixing
process was removed by exposing the mixture to vacuum. The mixture was then
poured in an acrylic mold that formed a ring around the pile which contained elec-
trical connections. The rubber was oven cured for two hours, after which the mold
was broken. The molded rubber formed a ring 0.75 in. in thickness around the
pile. In addition to adhesion between the rubber and the external pile tube, the ring
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is held in place by a pre-stressing tension. Pre-stressing tension is developed be-
cause the expansion coefficient of silicone rubber is much larger than that of steel.
After cure, the rubber ring contracted more than the steel wall of the pile and,
hence, a tension was developed.

5.5.2 Bonding Instrumentation Wires to the Pile Walls

A common source of strain gage failure is inadequate bond between the leadwire
insulation and specimen surface (Measurements Group, 1983). Vinyl insulation
does not bond well to many adhesives. Special leadwire preparation is therefore
necessary in order to produce an adequate bond. A layer of solvent-thinned nitrile
rubber primer (M-COAT-B) was coated on the lead wires in order to enhance the
bondability between the vinyl insulation of the wires and the adhesive material.

A flexible styrene based adhesive, E6000, was used to bond the instrumentation
wires to the walls of the pile (Table 5.1). The adhesive was applied to the com-
plete area of contact between the instrumentation wires and the pile walls. It is
important to note that epoxy adhesives cannot be used to accomplish this task be-
cause they contain a class of materials called amines, which inhibit the cure of si-
licone gels like the one used to encapsulate the annular space between the two pile
walls (GE Silicones, 1990). In addition to its compatibility with the encapsulant
material, E6000 provided two additional advantages. First, unlike many adhesives,
it does not produce corrosive byproducts during cure which may react with the
sensitive strain gages. Second, it dries to a stiff but flexible and ductile consis-
tency which is thought to be more resilient to shock waves than hard brittle adhe-
sives and epoxies.

5.5.3 Stress Reduction in Electrical Connections

The stress wave which results from a hammer blow to the pile head causes the pile
material to strain mainly in the axial direction but also in the lateral direction due
to Poisson’s effect. For a stainless steel cylinder, the strain in the lateral direction
represents 30% of the strain in the axial direction. Instrumentation wires were
connected to the strain gage in the lateral direction such that the wires were sub-
jected to the minor principal strain (Fig. 5.24). In that position, instrumentation
wires subject the strain gage solder joints to the least possible forces resulting
from the differential movement between the wires and the pile wall which is
caused by the stress wave traveling through the pile. Instrumentation wires were
also formed into an S-shaped strain relief loop before they were connected to the
gage (Fig. 5.24). The strain relief loop serves to isolate the strain gage solder joint
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from any tension which may develop in the instrumentation wires due to the stress
wave traveling through the pile.

5.6 Load Transfer between the Two Walls of the Pile

Interaction between the two walls of the double-wall pile must be minimized in
order to prevent load shedding between the two pile walls. Interaction between the
two pile walls may occur due to the use of an incompressible silicon gel to encap-
sulate the annular gap between the two pile walls. Radial load transfer was esti-
mated theoretically using the theory of elasticity. Axial load transfer was checked,
experimentally, during calibration.

Radial load transfer between the two pile walls was estimated elastically by
analyzing the interaction between two infinitely long thin-wall steel cylinders
which represent the pile walls, and an intermediate thick-wall cylinder, which rep-
resents the encapsulating gel under uniform pressure (Fig. 5.25).

Fig. 5.24 Close-Up of Strain Gage Showing Lead Wires
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Outer Wall

Silicone
Encapsulant Inner Wall

Silicone
Outer Wall Encapsulant Inner Wall

Fig. 5.25 Assumptions for the Elastic Solution

Referring to Fig. 5.25, the deformation of the two pile walls, treated as thin-
wall cylinders, is given by Young (1989) as:

_ 2
ag = P=P) 59)
EStl
2
AR, = P2 (5.10)

Et,
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where:

AR], AR>  radial displacement of the external and internal pile walls

respectively
a, b internal radii of the pile walls taken as 1.667 and 1.435 in.
E; modulus of elasticity taken as 28,500 ksi
t;, t wall thickness of the cylinders taken as 0.083 and 0.065 in.
p external pressure
ppp, pressure at the interface of the encapsulating gel and the ex-

ternal and internal pile walls respectively

Referring to Fig. 5.25, the deformation of a thick wall cylinder is given by
Young (1989) as:

2 2 2
Aa:ﬂ(@;{_vj+&[%] 1D
E; \a" -b E;\a" -b
2 2 2
Ab:—Pl[ 2a szJerb[aszbz +Vj (5.12)
E;\a —b E;\a -b

where:

Aa, Ab radial displacement of the external and internal interfaces of
the thick wall cylinder

E¢ modulus of elasticity of the encapsulating gel

Vv Poisson’s ratio of the encapsulating gel taken as 0.5

Assuming strain compatibility at the interfaces between the encapsulant and the
two pile walls results in:

AR, =Aa (5.13)
AR, = Ab (5.14)

Substituting in Eqgs. 5.13 and 5.14 results in:

_ 2 2 2 2
(p1 p)a :—pla(a +b _VJ pz[ 2ab J (5.15)

Et, E, \da-b’ E,
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-p,b°>  —p,| 2a°b p,b| @’ +b (5.16)
Eg,  E\a@—07)" Ej\a—b" " '
st c\a — E;\a -b

Equations 5.15 and 5.16 have two unknowns p, and p,, and are solved for the
value of the pressure at the interface between the encapsulant and the internal pile

wall, p, as follows:
a’ ( 2a’b ]
2 2
) EstE \a” —b
ala +b* a’
=22Vt
E;\a -b Et,

2= 1 [ 2a%b I 2ab’ J (5.17)
b b (a2+b2 Vj EX\a -0 \a* -1

+— | 55 tV|-
Egt, E \a’-b ala+b a’
= |2 2TVt
E;\a -b Et,
Assuming a conservative modulus of elasticity for the encapsulating gel, E¢, of
100 psi and substituting in Eq. 5.17, the pressure at the interface is:

p,=0.01p % (5.18)

Equation 5.18 indicates that load shedding between the two pile walls is less
than 0.01%.

5.7 Calibration of the Double-Wall Pile

5.7.1 Strain Gages

Prior to calibration, the pile walls were loaded and unloaded cyclically in order to
eliminate any hysteretic tendencies in the pile’s material. A 10,000 Ib load was
cycled in the external pile wall, and a 5,000 1b load was cycled in the internal pile
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wall for 30 cycles. The load was applied in 1000 1b increments, and removed in
geometric increments until no residual hysteresis or zero shift were detected in the
strain gage readings.

Calibration was performed using a LoadTrac™ computer controlled loading
frame manufactured by GeoTac which was modified to ensure even distribution of
the calibration loads (Fig. 5.26). Known axial loads were applied to the assembled
piles and the readings of the strain gages were recorded. As expected, more than
99% of the load was transferred from the pile shoes to the outer pile wall, which
indicates that the silicone potting casted between the pile walls resulted in negligi-
ble load shedding between the two pile walls. During the calibration of the inner
pile wall, the pile shoes was removed and replaced with an insert that transferred
all the end bearing to the inner pile wall. Calibration of the inner pile walls also
indicated negligible load transfer between the two pile walls.

The voltages recorded by the axial strain gages were linearly proportional to the
applied loads. Axial calibration loads resulted in circumferential deformations that
were also linearly proportional to the applied loads. Calibration constants were
computed as the slope of the load-voltage change relationship. The actual modulus
of elasticity of the pile material was computed using the gage factors supplied
with the strain gages and Eq. 5.7 and was found to average approximately 26,700
ksi. The ratio between the calibration constant of the axial and circumferential
gages at any location represents Poisson’s ratio. Poisson’s ratio of the pile material
averaged 0.32. The values of the modulus of elasticity and Poisson’s ratio are very
close to their nominal values.

Variations from the nominal values may result from misalignment of the strain
gages, variation in the supplied gage factors, as well as variations in the thickness
of the glue line.

Circumferential strain gages were calibrated using the chamber used to saturate
the pore-pressure transducers (Fig. 5.19). The chamber was filled with water and
known pressures were applied to the water. The water, which surrounded the pile,
transferred the radial pressures to the pile walls and the corresponding voltage
changes in the strain gage readings were recorded. The recorded voltages were li-
nearly proportional to the applied radial stresses.

In practice, the radial loads acting on the pile are usually accompanied by axial
loads, which result in strains in the circumferential direction. Accordingly, radial
stresses acting against the pile are computed from the measured strain gage read-
out as follows:

Axial Load
Radial Stress = (AV - %}m )Cy (5.19)
where:
AV change in radial strain gage readout
Cy calibration constants for the radial component of the axial load

o calibration constant for the radial stress
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Fig. 5.26 Load Trac Loading Machine Used to Calibrate The Pile. Photograph shows (1)
Computer-controlled LoadTrac machine, (2) Internal pile wall being calibrated, (3) Bridge
completion boxes, and (4) MTS machine in the background.
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5.7.2 Pore Pressure Transducers

Pore pressure transducers were calibrated in the chamber used to saturate them
(Fig. 5.19). The change in the transducers’ voltages due to the application of pres-
sure was related to the applied pressure with a family of third degree functions.
The non-linearity of the transducers results from the non-linear elongation of the
transducers’ sensing faces under applied pressure.

As discussed earlier, the pressure transducers are either screwed into the pile
walls or mounted inside holes machined in the pile walls. As a result, pressure
measurements are influenced by the axial loads. For TP-1 transducers, which are
mounted on the external pile wall, an attempt to reduce the effect of axial loading
was undertaken by mounting the 0.3 in. diameter transducers inside slightly larger
holes of 0.31 in. in diameter. This effort was successful in three out of the four
transducers, and the effect of axial load on the pressure reading was virtually
eliminated. The design of TP-2 transducers did not allow for any measure to re-
duce the effect of axial loading. For the transducers influenced by the axial load-
ing, the measured pressure was corrected as follows:

Pore-Water Pressure = f] (AV — f2 (Axial Load) ) (5.20)
Where:
AV transducer reading
f1 third degree polynomial function relating pressure and voltage
P non-linear function relating voltage and axial load

5.8 Conclusions

The double wall design has been used in the past to separate end bearing from skin
friction on the outside of a model pile. Considering the importance of plugging on
the capacity of pipe piles, it suggested that the double wall design should be used
to separate the skin friction on the internal pile wall. A blueprint for designing,
building, and calibrating double wall piles is presented along with suggestions for
protection of sensors. It is hoped that more researchers take advantage of this
concept and the recommendations presented in work.



124 5. Instrumented Double—Wall Pipe Pile to Study Behavior of Piles

References

Alansari, O.: Capacity and Behavior of Steep Pipe Piles in Dry Sand, Dissertation, The
University of Texas at Austin (1999)

American Institute of Steel Construction, Manual of Steel Construction-Load and Resis-
tance Factor Design, 1st edn. (1986)

Beckwith, T.G., Marangoni, R.D.: Mechanical Measurements, 4th edn. Addison-Wesley
Publishing Company (1990)

Blake, A.: Practical Stress Analysis in Engineering Design, 2nd edn. Marcel Dekker, Inc.,
NY (1990)

Bond, A.J., Jardine, R.J., Dalton, J.C.P.: Design and Performance of the Imperial College
Instrumented Pile. Geotechnical Testing Journal, ASTM 14(4), 413-424 (1991)

Choi, Y., O’Neil, M.: Soil Plugging and Relaxation in Pipe Pile During Earthquake Motion.
ASCE J. Geotechnical and Geoenvironmental Engr. 123(10), 975-982 (1997)

Coop, R., Wroth, C.: Field Studies of an Instrumented Model Pile in Clay. Géotech-
nique 39(4), 679-696 (1989)

Dow Corning, Information About High Technology Silicone Materials, Dow Corning 3145
rtv Adhesive Sealant, Dow Corning Corporation, Midland, MI (1990)

Dow Corning, Information About High Technology Silicone Materials, SYLGARD 567
Primerless Silicone Encapsulant, Dow Corning Corporation, Midland, MI (1993)

Dow Corning, Materials for High Technology Applications, Dow Corning Corporation,
Midland, MI (1991)

Gavin, K., Lehane, B.: The Shaft Capacity of Pipe Piles in Sand. Canadian Geotechnical
J. 40, 3645 (2002)

GE Silicones, Tech Note CDS4518, General Electric Company, Wayford, NY (1990)

GE Silicones, Two Component rtv Silicone Rubber Compounds for Industrial Applications,
General Electric Company, Wayford, NY (1991)

Helfrich, S.C., Wiltsie, E.A., Cox, W.R., Al-Shafei, K.A.: Pile Load Tests on Dense Sand:
Planning, Instrumentation, and Results. In: Proc. 7th Offshore Technology Conference,
vol. 1 (1985)

Igoe, D., Doherty, P., Gavin, K.: The development and Testing of an Instrumented Open-
Ended Model Pile. ASTM Geotechnical Testing J. 33(1), 72-82 (2010)

Iskander, M.: An Experimental Facility to Model the Behavior of Steel Pipe Piles in Sand,
Dissertation, The University of Texas at Austin (1995)

Kutter, B.K., Sathialingam, N., Hermann, L.: Effects of Arching on Response Time of
Miniature Pore Pressure Transducer in Clay. Geotechnical Testing Journal, ASTM,
GTJODJ 13(3), 164-178 (1990)

Lee, F.: Frequency Response of Diaphragm Pore Pressure Transducers in Dynamic Centri-
fuge Model Tests. Geotechnical Testing Journal, gtjodj 13(3), 201-207 (1990)

Lehane, B., Gavin, K.: Base Resistance of Jacked Pipe Piles in Sand. ASCE J. Geotechnical
and Geoenvironmental Engineering 127(6), 473-480 (2001)

Lehane, B.M., Jardine, R.J., Bond, A.J., Frank, R.: Mechanism of Shaft Friction in Sand
From Instrumented Pile Tests. Journal of Geotechnical Engineering, ASCE 119, 19-35
(1993)

Lehane, B.M., Jardine, R.J.: Shaft Capacity of Driven Piles in Sand: A New Design Ap-
proach. In: Proc. 7th Int. Conf. on the Behavior of Offshore Structures (BOSS 1994),
vol. 1, pp. 23-35 (1994)



References 125

Malhotra, S.: Effect of Wall Thickness on Plugging of Open Ended Steel Pipe Piles in
Sand. In: Contemporary Issues in Deep Foundations, GSP 158, pp. 1-16 (2007),
doi:10.1061/40902(221)36

Measurements Group Inc., Bulletin B-129-7, Surface Preparation for Strain Gage Bonding,
Micro-Measurements Division, P.O. Box 27777, Raleigh, NC 27611 (1976)

Measurements Group Inc., Bulletin B-137-13, Strain Gage Applications with M-Bond AE-
10/15 and M-Bond GA-2 Adhesive Systems, Micro-Measurements Division, P.O. Box
277717, Raleigh, NC 27611 (1979a)

Measurements Group Inc., Catalog 500, Part A, Strain Gage Listings, Micro-Measurements
Division, P.O. Box 27777, Raleigh, NC 27611 (1988a)

Measurements Group Inc., Catalog 500, Part B, Strain Gage Technical Data, Micro-
Measurements Division, P.O. Box 27777, Raleigh, NC 27611 (1988b)

Measurements Group Inc., Tech Note TN-502, Optimizing Strain Gage Excitation Levels,
Micro-Measurements Division, P.O. Box 27777, Raleigh, NC 27611 (1979b)

Measurements Group Inc., Tech Note TT601, Techniques for Bonding Lead Wires to Sur-
faces Experiencing High Centrifugal Forces, Micro-Measurements Division, P.O. Box
277717, Raleigh, NC 27611 (1982)

Measurements Group Inc., Tech Note TT607, Strain Gage Installation and Protection in
Field Environments, Micro-Measurements Division, P.O. Box 27777, Raleigh, NC
27611 (1983)

Measurements Group Inc., Tech Note TT608, Techniques for Attaching Lead Wires to Un-
bonded Strain Gages, Micro-Measurements Division, P.O. Box 27777, Raleigh, NC
27611 (1984)

Measurements Group Inc., Tech Note TT609, Strain Gage Soldering Techniques, Micro-
Measurements Division, P.O. Box 27777, Raleigh, NC 27611 (1986a)

Measurements Group Inc., Tech Note TT610, Strain Gage Clamping Techniques, Micro-
Measurements Division, P.O. Box 27777, Raleigh, NC 27611 (1986b)

Paik, K., Salgado, R.: Determination of Bearing Capacity of Open-Ended Piles in Sand.
ASCE J. Geotechnical & Geoenvironmental Engr. 129(1), 46-57 (2003)

Paik, K., Salgado, R., Lee, J., Kim, B.: Behavior of Open- and Closed-Ended Piles Driven
Into Sands. ASCE J. Geotechnical & Geoenvironmental Engr. 129(4), 296-306 (2003)
Paik, K.H., Lee, D.R.: Behavior of Soil Plugs in Open Ended Model Piles Driven Into

Sands. Marine Geotechnology 11, 353-373 (1993)

Perry, C.C,, Lissner, H.R.: The Strain Gage Primer, 2nd edn. McGraw Hill Book Company
(1962)

Timoshenko, S.P., Gere, J.M.: Theory of Elastic Stability, 2nd edn. McGraw Hill Book
Company (1961)

Young, W.C.: Roark’s Formulas for Stress & Strain, 2nd edn. McGraw Hill Book Com-
pany (1989)



This page intentionally left blank



6. Electro Pneumatic Laboratory Pile Hammer

Abstract. This chapter presents the design, manufacturing, and performance of a
single-acting electro-pneumatic pile hammer, suitable for installing model piles in
a laboratory calibration chamber. The performance of the hammer was evaluated
by instrumenting the various components of the hammer-pile system and monitor-
ing critical parameters such as pressure, displacement, force, and velocity. The
hammer delivers a rated energy of 156 ft-1b with a 66% efficiency. The hammer
can operate with the full design energy at frequencies up to 1.2 Hz, and has been
used successfully to model the pile driving process in the laboratory. Sufficient
details are provided so that readers can build similar hammers to suit their needs.

6.1 Introduction

One of the major obstacles to an improved understanding of the behavior of piles
has been the scarcity of full-scale load test data on instrumented piles. The costs
associated with full-scale load tests sway most pile foundations research from
field studies to numerical and laboratory model studies. A necessary ingredient
in modeling the behavior of piles is modeling the field driving process. Early
laboratory studies on piles did not model the driving process, and piles were
usually buried or pushed into place, e.g. Vesic (1967). The results of more recent
studies indicate that the dynamic interaction between the pile and the surrounding
soils may greatly influence the state of stress and soil conditions in the vicinity of
the pile (Nunez et al. 1988). These changes are likely to govern the physical proc-
esses that control the behavior of piles during static and cyclic loading.

Despite the importance of modeling the pile driving process, there is little dis-
cussion in the mainstream literature regarding the design of laboratory pile ham-
mers. This chapter addresses this need by providing a blue print for designing and
building laboratory pile hammers.

6.2 Background

Pile foundations have been used for thousands of years. Throughout these years
driving has been the preferred method of installing piles. The Greek historian and
traveler Herodotus, who lived in the fourth century B.C., recorded that African
tribes lived in dwellings erected on piles that were manually driven into the

M. Iskander: Behavior of Pipe Piles in Sand, SSGG, pp. 127
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lakebed (Fleming et al. 1985). Mechanical pile driving came into existence in
1802 when the first steam-powered hammer was used to drive piles in the London
docks (Fleming et al. 1985). Today, with the advancements in civil engineering, it
is required to install piles that are longer, larger in diameter, and have much higher
capacity than piles a few decades ago. Pile hammers have evolved and their ca-
pacities have kept up with the required pile capacities. Today, production pile
hammers have energies reaching 22,00 kip ft and operate at frequencies ranging
between 0.6-2 Hz.

Pile design methods have historically been experience-based. Even today, de-
sign standards such as API RP-2A are based on experience (Pelletier et al. 1993).
However, understanding the physical mechanisms that control pile behavior is be-
coming more important in order to design piles with much higher capacities than
the experience base of the civil engineering community, particularly in offshore
environments. Ideally, such understanding should be obtained from full-scale load
tests on instrumented piles. However, the costs associated with running such tests
may exceed a few million dollars per test, particularly for large offshore piles. As
a result, most pile research is done with numerical or laboratory model studies.

A necessary ingredient in modeling the behavior of piles in the laboratory is
modeling the pile driving process. The University of Houston (UOH) pile hammer
was the first automatic laboratory model pile hammer. The UOH hammer consists
of a 470 1b ram which free falls from a height of 30 in. at a rate of 0.33 Hz (Ugaz
1988). The hammer is single-acting, air operated, and has an efficiency of ap-
proximately 50%. There is also a number of manual laboratory drop hammers that
are used in foundations research such as the hammer used by Bernardes (1989) at
the Norwegian Institute of Technology (NTH). The use of a slow or manual pile
hammer limits the ability to model the driving process. Two types of mechanisms
occur when piles are driven, dynamic and diffusive mechanisms. Dynamic effects
deal with the inertial forces developed in the soil to resist pile penetration. Diffu-
sive effects deal with the build-up and dissipation of pore water pressures during
driving. Slow hammers are capable of modeling the dynamic effects that occur
during pile driving but not the diffusive effects.

A number of model pile hammers have also been built for use in a centrifuges
For example hammers were built at The University of Colorado (Mehle 1989),
The University of Florida (Gills 1988), California Institute of Technology (Allard
1990), The University of Manchester (Craig 1985), and Cambridge University
(Nunez et al. 1988). Centrifuge hammers are fast but have tiny rams and strokes.
For example, The University of Colorado pile hammer operates at a 25 Hz fre-
quency, but has a ram that weighs 0.37 1b and has a stroke of 0.47 inches. Pile
driving in a centrifuge is greatly aided, however, by the increased gravitational
field of the centrifuge.

One of the objectives of this study is to build a pile hammer that meets the fol-
lowing design criteria:
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e The hammer must be sufficiently fast to correctly model both the dynamic and
diffusive effects, which are associated with pile driving.

e The hammer must be capable of delivering sufficient energy to install piles in
pressurized calibration chamber.

e The length of the hammer and its guide system must not exceed 40 in., which is
the available head clearance in the lab.

¢ Noise, pollution, and vibration must be limited to a level consistent with operat-
ing indoors.

e The hammer must be sufficiently robust to withstand many hours of pile
driving.

e The hammer must be sufficiently light to facilitate manual setup.

6.3 Special Considerations in the Design of Laboratory Pile
Hammers

The design of laboratory pile hammers for use with pressure or calibration cham-
bers poses a number of challenges that are peculiar to the laboratory environment.
The effects of the laboratory operating conditions on the design, geometry, and
type of laboratory pile hammers are discussed next.

6.3.1 Type of Hammer

Pile hammers may be classified into two main types, internal combustion and ex-
ternal combustion. Internal combustion hammers are diesel operated, while exter-
nal combustion hammers are powered pneumatically or hydraulically. The two
most common methods of operation are termed single-acting and double-acting. A
single-acting hammer is operated by lifting the ram to the desired height before
releasing it to fall freely. A double-acting hammer operates in a similar fashion
except that the ram is powered in both the down and up-strokes. There are advan-
tages and disadvantages associated with the use of different types of hammers.
The selection of the laboratory hammer’s operating principle involves a process
of elimination. Diesel hammers were eliminated from the selection pool due to the
pollution associated with running them indoors. Hydraulic hammers were also
eliminated because their design involves proprietary valve technology (Menck
1990a and IHC 1988). Vibratory hammers, which are a less common type of pile
hammers, were also eliminated from the selection pool. Vibratory hammers (elec-
tric and hydraulic) operate in a method that is fundamentally different from all
other types as they do not impact the pile head, but instead use imbalanced
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centrifugal forces to vibrate the pile into position (Goble 1987). A model vibratory
hammer would not be representative of typical pile hammers.

Air operated pneumatic hammers are thought to be best suited for laboratory
environments. It is desirable that the laboratory pile hammer operates at a high
frequency in order to satisfy the requirements of similitude in modeling the ham-
mer-pile-soil system. The frequency of impact of double-acting' hammers is
higher than that of single-acting hammers. However, the limited head clearances
available for laboratory pile driving results in hammer designs with large diame-
ter-to-length ratios that would prohibit the use of a double acting design. The
housing of double-acting hammers must be heavier than the uplift force generated
in the hammers top chamber, or else the hammer would lift off the pile prior to
impact. If the lab hammer were to be made heavy enough to resist lift off, its
weight would represent 10-15% of the pile’s static capacity at failure. A labora-
tory double-acting hammer would not be representative of typical production
hammers, and would be cumbersome to operate.

An alternative to pneumatic double acting and differential hammers is electro-
magnetic hammers such as the one developed at The University of Florida by
Gills (1988). Electromagnetic hammers may be used in a centrifuge because the
hammer’s energy is greatly aided by the centrifugal acceleration, and because a
short hammer stroke is generally used. For hammers used to drive piles in a pres-
sure chamber, a very large magnetic field would be required to lift a heavy ram
through a stroke of several feet. The magnetic field required to lift the ram would
result in electrical noise that would prohibit the acquiring of any data
electronically.

This process of elimination resulted in a single-acting pneumatic design being
selected as the most suitable design for laboratory pile hammers. Pneumatic ham-
mers are typically controlled using mechanical trip valves, which are machined to
allow accurate control of airflow in and out of the hammer chamber. Electrical and
remote sensing (“radar”) systems are, however, better suited for control of labora-
tory pile hammers because they are easily adjusted to accommodate the wide
range of energies and installation conditions which may be required for a labora-
tory hammer. An electrical system was chosen to control the hammer because it
provides simple but precise control of the hammer’s energy and operating
frequency.

6.3.2 Hammer Geometry

The capacity of the piles tested in the available pressure chamber often exceed 10
tons. Unlike piles tested in a centrifuge, where driving is greatly aided by cen-
trifugal acceleration, the hammer used to drive piles in a pressure chamber must

! Applies also to differential and compound hammers.
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deliver sufficient energy under a 1-g field to drive the piles to the design depth. In
closed laboratory environments, head clearance is at a premium. The clearance
available for the model pile hammer used in this study and its guide system was
40 in. The stroke of the laboratory pile hammer must also be restricted such that
the hammer velocity does not exceed 9-10 ft/sec in order to minimize the likeli-
hood of damage of the model pile’s instrumentation. The limitation on the ham-
mer’s length results in several practical considerations, which are discussed next.

<« Pressure
Chamber

<—— Piston

<« Air/ Steam
Inlet

Exhaust —

Anvil ——— »

Double Length Single Length
Design Design

Fig. 6.1 Schematics of Pile Hammers
6.3.2.1 Hammer Shape

The majority of external combustion hammers have a double length design, while
internal combustion hammers have a single length design (Fig. 6.1). In a single
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length design, the hammer consists of a single chamber in which the ram is lifted
by a pressure and dropped to impact the anvil at the bottom of the chamber. Dou-
ble length hammers consist of a pressure chamber that is located on top of the ram
and its guides. The ram is connected to a piston that is located in the pressure
chamber. The ram is lifted by introducing a pressure below the piston in the pres-
sure chamber, and is dropped when the pressure is exhausted. The valves that con-
trol the flow of air or steam in or out of the chamber are located at the base of the
pressure chamber. The advantage of the double length design for external combus-
tion hammers, is that the length of the pressure chamber can be made slightly
longer than the stroke of the ram to prevent the piston from impacting the cham-
ber, thus protecting the control valves from impact and vibrations. External com-
bustion air/steam hammers are typically designed as double-length, while internal
combustion hammers are typically single length design.

One of the main difficulties in designing a laboratory pile hammer that is used
indoors, is the short head clearance available for the hammer. The limited head
clearance prevents the use of a double length design, with the result that the con-
trol valves cannot be installed below the pressure chamber. In this respect, the
shape of the laboratory pile hammer is representative of a diesel hammer rather
than a steam hammer.

6.3.2.2 Length to Diameter Ratio

It is important to reduce the cushioning effect of any back pressure that may de-
velop ahead of a ram in a down-stroke, which is achieved in commercial hammers
by minimizing the hammer’s cross sectional area. The typical length-to-diameter
ratio of most production hammers is around 10:1 (Menck 1990b, Pileco-Delmag
1992, and Vulcan 1993). However, for any ram weight, a large-diameter ram oc-
cupies less height than a small-diameter ram. Given the limitation in head clear-
ance, a large-diameter ram is needed in order to maximize the available stroke. As
a result, the overall length-to-diameter ratio of laboratory hammers is around 4:1,
which may reduce the hammer’s efficiency.

6.3.2.3 Ram Weight

The piles driven with a laboratory hammer in a pressure or calibration chamber
develop capacities that are relatively larger than the capacities of piles driven in
soils subjected to a free field effective stress. As a result, the ram weight required
is larger than usual. The usual rule of thumb is that the ram weight should be ap-
proximately equal to the weight of the pile being driven (Fleming er al. 1985).
However, wave equation analysis of the driving conditions in a pressure chamber
indicates that a ram weighing equal to two to six times the weight of the pile is
required.
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6.3.2.4 Location of the Control Unit

The control valves of commercial pneumatic hammers are typically mounted be-
low the hammer’s pressure chamber in order to reduce exhaust head losses and
improve efficiency. However, the use of a single-length design subjects the con-
trol valve to excessive vibrations that may damage its electrical components”. Ac-
cordingly, the hammer and its control unit were designed as two self-contained
units, which are connected to one another during driving using flexible pneumatic
hoses.

6.4 Layout of the Driving System

The driving system consists of three main components; the hammer which con-
tains the ram and other mechanical components, the hammer leaders which guide
the hammer during pile installation, and the electro-pneumatic control unit. The
hammer and its leaders are permanently connected (Fig. 6.2). As discussed in
Section 6.3.4, the hammer (Fig. 6.3) and its control unit (Fig. 6.4) were designed
as two self-contained units that are connected to one another during driving with
flexible pneumatic hoses.

6.4.1 The Hammer

The hammer consists of a heavy stainless steel ram that slides vertically in a pres-
sure chamber to impact an anvil at the base of the chamber (Fig. 6.5). The pressure
chamber consists of an aluminum cylinder that is capped at the bottom with an
aluminum anvil, and at the top with an aluminum top plate. The cylinder, anvil,
and the top cap are held together using four stainless steel tie rods. The various
components of the hammer were machined to meet close tolerances. The diametri-
cal clearance between the ram and the cylinder is 0.05 inches. The ram is guided
in its movement by a pair of ball bushings that ride on a hardened steel rod
(Fig 6.5). The rod is aligned in position by having its ends secured inside two
holes at the anvil and at the top plate. In an up-stroke, air is introduced at the base
of the chamber through holes in the anvil and the ram is lifted upwards. The air
supply is closed before the ram reaches its maximum stroke, and the ram contin-
ues its upward motion in a free-ride under its own inertia. In a down-stroke, the
ram free falls under gravitational pull to impact the anvil.

% Vibration resistant solenoid valves were not commercially available. Nevertheless, it is
possible to custom design a mechanically controlled valve that would withstand vibration.
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Fig. 6.2 Schematic of the Hammer and Guide System
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Fig. 6.3 Photograph of the Pile Hammer and Guide System during Driving
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Fig. 6.4 Photograph of the Control Unit
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It is important to reduce the amount of air resisting the ram’s movement in up-
strokes and down-strokes in order to achieve optimum operating speed and effi-
ciency. During up-strokes, air is exhausted ahead of the ram through 18 exhaust
ports, and the ram’s movement is essentially un-resisted. The exhaust ports are lo-
cated at three levels, with six holes at each level (Fig. 6.5). The top-most exhaust
ports are 1 in. holes drilled in the top plate, the second two levels each contain six
13/16 in. holes that are equally spaced around the circumference of the pressure
chamber. One level of holes is located at the top of the chamber, and the second is
located 8 in. below the first. During down-strokes, air is exhausted ahead of the
ram through the pneumatic control system and by blow-by between the ram and
the wall of the cylinder. Optimum hammer efficiency is achieved when little or no
cushioning pressure is developed ahead of the ram, which is achieved by maxi-
mizing the exhaust capacity of the system.

An attempt to reduce the hammer’s air consumption was undertaken by using
two U-packers to prevent blow-by next to the ram. In their mounted positions, the
U-packers allowed air to blow-by the ram during down-strokes, but sealed against
blow-by during up-strokes. The U-packers did however reduce the hammer’s ex-
haust capacity by reducing blow-by during down-strokes. The final hammer de-
sign eliminated the U-packers, thereby sacrificing an increase in air consumption
in order to achieve a larger exhaust capacity and a higher efficiency.

6.4.2 The Leaders (Guide System)

The leaders hold the pile and hammer in proper alignment to prevent eccentric
hammer blows. The guide system consists of a block of HDPE with two aluminum
guide rails connected to it (Fig. 6.5). The hammer is connected to the guide system
through two low-friction HDPE guide bushings that slide on the guide rails. Pile in-
stallation occurs as follows: The hammer is bolted to the guide system and the as-
sembly is hoisted above the pile. The guide system is then bolted to the loading
frame and the hammer is mounted on the pile. A low-friction Nylon or HDPE cy-
lindrical pile guide is mounted inside the pile and screwed into the anvil in order
to align the pile with the hammer (Fig 6.6). The hammer is then unbolted from the
guide system and placed on the pile. Next, the hammer is connected to the control
unit, and driving proceeds. As the pile penetrates into the soil, the hammer slides
on the guide rails and follows the pile until driving is complete.

6.4.3 The Control Unit

The control unit contains the electric and pneumatic controls (Fig. 6.4). The ram is
powered in its up-stroke by air provided to it from an electrically controlled
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solenoid valve, which is located at the control unit. The operating frequency and
stroke of the hammer are controlled by adjusting the frequency and symmetry on a
function generator that initiates the electrical control signal.

6.5 Mechanical Design of the Hammer

Wave equation analysis was used to design the mechanical components of the
hammer. The analysis was mainly concerned with determining the weight and size
of the ram and anvil, as well as determining the thickness and material of the
hammer and pile cushions. Another emphasis in the design was to ensure that the
hammer be light enough to facilitate manual set up in a lab, yet sufficiently robust
to withstand many hours of pile driving. Wave equation analysis did not, however,
provide sufficient precision to determine the length of the force-time impulse gen-
erated on impact. Accordingly, a separate analysis was performed to study the
force-time signal and determine the dwell time of contact between the ram and the
anvil.

6.5.1 Wave Equation Analysis

Wave equation analysis is an analytical technique that is used to study the driving
properties of a soil-pile system. The analysis is performed by discretizing the pile
and the driving system into a number of short segments. Each segment is repre-
sented by a mass and a spring, which have properties that approximate those of the
segment they represent. The soil resistance is modeled using a series of elastic,
perfectly plastic springs, and a linear dash pots. The transition of the soil spring
from elastic to perfectly plastic occurs at a deformation that is referred to as the
quake. Since the mass of the soil is neglected, artificial damping must be intro-
duced to the system to account for the radiation damping, which occurs in the
field. The analysis is performed using computer programs such as WEAP (Goble
and Rausche 1976), or TTI (Edwards 1967 and Lowery et al. 1968). The choice of
quakes and damping factors used in the analysis has a significant effect on the
computed response of the pile. The computer programs are calibrated against well-
documented case histories, which improves the accuracy of the analysis for full-
scale production piles. It is, however, not clear that the design parameters which
were developed for full-scale production piles, are appropriate for the analysis of
model piles driven in a pressure chamber. The damping factors are particularly
suspect, since radiation damping in a pressure chamber is likely to be different
from radiation damping in the field. Accordingly, for laboratory pile driving, it is
also not clear that the measured static capacity of piles is equal to the predicted
capacity obtained from wave equation analyses.
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A two-step procedure was used to overcome the difficulty in selecting the
proper design parameters for use in wave equation analysis of the hammer-pile-
soil system. First, wave equation analysis was performed for the driving condi-
tions of the pile tested by Ugaz (1988) at The University of Houston. The analysis
was performed using the computer program WEAP87, and the values of quakes and
damping factors that are recommended by GRL (1988) for full-scale piles
(Table 6.1). At the final blow count, the capacities predicted using wave equation
were found to be 60% of the static capacity measured by Ugaz’s (1988) in load
tests (Fig 6.7). The ratio of the measured and predicted capacities is assumed to
encompass all the errors introduced by the use of the quakes and damping factors
intended for production piles. Next, multiple wave equation analyses were per-
formed in order to obtain the optimum dimensions and weights of the mechanical
components of pile hammer being designed. The analyses used the wave equation
parameters recommended for production piles (Table 6.1). The ratio between the
measured and predicted capacities in these analyses was assumed to be the same
as that determined for the piles driven in the University of Houston pressure (cali-
bration) chamber (Fig. 6.8).

Multiple analyses of the driving system yielded the hammer specifications
shown in Table 6.2. Point A on Fig. 6.8 represents the ultimate static capacity ob-
tained from a load test on a 3.5 in.-diameter, 32 in.-long, closed ended pile which
was used in this chapter to evaluate the driving system performance (Fig. 6.9). The
design drawings of the ram, anvil, top plate, and guide system are shown in
Fig. 6.10.

Table 6.1 Selected Properties Used in Wave Equation Analysis

Side Damping 0.05 sec/ft
Tip Damping 0.15 sec/ft
Side Quake 0.1 in.

Tip Quake 0.05 in.
Hammer Cushion Modulus 175.0 ksi
Pile Cushion Modulus 175.0 ksi

Pile Material Modulus 28500 ksi
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Table 6.2 Specifications of the Pile Hammer

Ram Weight 851b
Ram Dimensions 8.2 in. in diameter, 6 in. long
Anvil Weight 301b

Anvil dimensions 9 in. x 9 in. x 3 in.

Normal Stroke 22 in.

Maximum Stroke 24 in.

Rated Energy 156 1b ft

Hammer Cushion  Nylon, 0.0625 in. thick,
4.5 in. diameter

Pile Cushion Nylon, 0.0625 in. thick

4.5 in. diameter
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6.5.2 Analysis of the Hammer’s Force-Time Signal

One of the characteristics of pile driving is that commercial pile hammers deliver
their energy to the pile in a duration that is shorter than the time taken by the en-
ergy wave to travel through the pile and reflect back to the pile top, which is given
by:

« 2-L
=== 6.1)
c
where:
t* time taken by the wave to travel down and up the pile
length of the pile
c wave propagation velocity taken as 16,400 ft/sec for stainless

steel piles

The piles driven in this study are 32-36 in. long. The corresponding wave tra-
vel times are 0.33-0.37 ms. These travel times are substantially shorter than
equivalent travel times in full-size production piles. It is therefore important to en-
sure that the ram delivers its energy to the pile in less than 0.33 ms in order to en-
sure that hammer-pile system behaves in a manner that is consistent with field
behavior.

The hammer delivers its energy to the pile in a duration that is equal to the time
of contact between the ram and the anvil, which is referred to as the dwell time.
The ram’s dwell time depends on the magnitudes of the stiffnesses of the hammer
and pile cushions, as well as the stiffness and mass of the anvil. Stiff cushions are
required for the laboratory pile hammer in order to attain a sharp blow with a
dwell time shorter than time 2L/c.

The stiffness of the foundation soil is also an important parameter that affects
the dwell time. Nevertheless, an estimate of the ram’s dwell time may be obtained
by neglecting gravitational acceleration and assuming that the dwell time is equal
to half the natural period of a system consisting of a ram impacting a cushion
spring resting on a rigid base (Warrington 1987), as follows:

ty = T (6.2)
k

e

. kp ke k,
Tk ky ek +ky k,

(6.3)
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k= E4 (6.4)
L
where:
tq dwell time (also referred to as ram period)
m mass of the ram
ke equivalent stiffness of the ram cushion, anvil, and pile cushion
kp stiffness of the pile cushion
kR stiffness of the ram cushion
ka stiffness of the anvil
E modulus of elasticity (taken as 350 ksi for Nylon and 10,000 ksi
for Aluminum)
A area of cushion or anvil (taken as circle of diameter 4.5 in. for

the ram cushion, and as a ring of diameters 4 and 2.5 in. for the
pile cushion)

L thickness of cushion or anvil (taken as 0.0625 in. for the ram
and pile cushions)

The ram dwell time is obtained by substituting for the dimensions of the anvil
and cushions in Eqs. 6.2-6.4. The ram’s dwell time increases with the increase in
the thickness of the ram and pile cushions (Fig. 6.11). A theoretical dwell time of
0.3 ms is obtained for the cushion dimensions shown in Table 6.2. The theoretical
dwell time is shorter than the time taken by the energy wave to travel through the
pile and reflect back to the pile top (Eq. 6.1).

An alternative analytical model for the shape of the force-time record was de-
veloped by Deeks and Randolph (1993). The model uses lumped masses to repre-
sent the ram and anvil, and a combined spring and dash pot for the cushions. The
model was developed for long piles which are represented by a dash pot of imped-
ance Z=FEA/c, where EA is the cross sectional rigidity as defined above, and c is
the wave propagation velocity in the pile. The model’s stability is, however, sensi-
tive to the various stiffnesses and masses used. Deeks and Randolph (1993) pro-
vided guidance for dealing with imaginary roots in the ranges of stiffnesses and
masses of commercial cushions and pile hammers. The cushion stiffness of the
model pile hammer is one to two orders of magnitude larger than that of commer-
cial pile hammers. As a result, a mathematical singularity occurred when the
model was used to model the behavior of the laboratory pile hammer, and thus the
model could not be used.
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6.6 Design of the Electro-Pneumatic Control System

6.6.1 Basic Principles of Gaseous Fluid Flow

In industry, design methods and procedures involving gaseous fluid flow are al-
most exclusively based on experimental data (Miller 1984). The principles of
compressible fluid flow are rarely used in sizing pneumatic components due to the
complexity of the computations. Compressible fluid flow computations involve
the principles of thermodynamics as well as fluid mechanics, which gives rise to a
plethora of equations. More importantly, the lack of theoretical flow coefficients
for the various components of a pneumatic system precludes the possibility of a
theoretical analysis of any realistic pneumatic system. Accordingly, empirical me-
thods based on the capacity coefficient are typically used for design.
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6.6.1.1 Capacity Coefficient

The capacity coefficient (valve flow coefficient) is a dimensionless index that is
used by industrial designers to simplify the problem of control valve sizing. The
capacity coefficient is the number of US gallons per minute of water at 60°F
which will pass through a given flow restriction with a pressure drop of one psi
(Considine 1957)°. The flow of any gas or liquid through a restriction with a
known pressure drop may be expressed in terms of gallons of water at one psi
pressure drop. For gases, the capacity coefficient , cy, is given by :

0 GT
c, = (6.5)
2248\ (P, - P,)P )
where:
0 flow in standard cubic feet per minute (at 14.7 PSIA and 60°F)
P, inlet absolute pressure in psi (gauge pressure +14.7)
P, outlet absolute pressure in psi (gauge pressure +14.7)
G specific gravity of flowing medium
T absolute temperature of flowing medium (460 + °F)

For computations involving exhausting a pneumatic chamber, like the hammer
chamber, capacity coefficients are usually simplified and expressed as (Parker
1991):

_aS-AC
“=Ti ©6)

where:

area of the chamber in square inches

stroke in inches

constant for pressure drop (from tables in Parker 1991)
compression factor (from tables in Parker 1991)

stroke time in seconds

- Aa>ne

? The metric equivalent of the capacity coefficient is the flow factor, Kv, and is defined in
mixed SI units as the number of cubic meters per hour of water at 20°C which will flow
with a pressure drop of one bar (kg/cmz). The flow coefficient, A,, is a version of the
flow factor in coherent SI units. A, represents the number of cubic meters per second of
water at a temperature of 20°C that will flow through the valve with a pressure loss of one
Pascal (N/m?). The three flow factors ¢, Ky, and A,, are interrelated by the following re-
lationships &k, = 0.85 ¢, and A, =2.4 x 1079 ¢y (Zappe 1987).
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To select any component of a pneumatic system, the required capacity coeffi-
cient, ¢y, is determined first using Eq. 6.6 on the basis of the volume, pressure,

and time of flow as well as the acceptable pressure drop across the component be-
ing designed. Next, a component is selected from the pool of commercial compo-
nents such that the capacity coefficient of the selected component is larger than
the required value”.

6.6.1.2 Standard Volume

Gases are compressible and, hence, their volume must be defined at a certain tem-
perature and pressure. Standard volume is the volume of a gas at a standard at-
mospheric pressure (14.7 psi) and temperature (60°F). Standard volume is useful
in performing mass balance of gaseous flow, and is expressed in English units as
standard cubic feet (SCF). Flow is expressed in English units as standard cubic
feet per minute (SCFM).

6.6.2 Selection of the Pneumatic Components

The minimum capacity coefficient and air consumption required for optimal op-
eration of the hammer are determined next.

6.6.2.1 Required Capacity Coefficient

The most important consideration in sizing the pneumatic components of the
hammer is ensuring that the ram falls freely and impacts the anvil with little or no
air cushioning. Cushioning of the ram is prevented by ensuring that the air is ca-
pable of exhausting from the hammer chamber in less time than is needed for the
hammer to fall freely under gravitational pull. The time, ¢, required by the ram to
travel the distance, S, from the bottom of the exhaust ports to the anvil under uni-
form gravitational acceleration, g, is given by:

2.5
t=,|— 6.7)
g

A ram travel (stroke) time of 0.34 sec is obtained by substituting the ram’s
normal stroke (22 in.) in Eq. 6.7. A corresponding capacity coefficient, c,, of 29.6

* Often only one value of cy is reported for commercial components. This value represents the
average cy for flows resulting in pressure drops of 2, 5, and 10 psi across the component.
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is obtained by substituting the stroke time, hammer dimensions and assuming an
inlet pressure, P;, of 10 psi, and an outlet pressure, P,, of 8 psi in Eq. 6.6. The 2
psi pressure drop across the pneumatic system was recommended by Parker
(1991) for critical applications. A smaller head loss would result in improved
hammer efficiency, but would require much larger pneumatic components. Ac-
cordingly, all pneumatic components should have a minimum exhaust ¢,, of 30 in

order to prevent formation of a backpressure that cushions the ram’s impact.

6.6.2.2 Required Air Consumption

The hammer’s air consumption is directly proportional to its operating pressure.
The force required to just lift the ram is theoretically equal to the weight of the
ram. The operating pressure corresponding to this force is given by:

4
_ "R
P, = A_ (6.8)
R
where:

Pr theoretical operating pressure required to lift the ram
Wr ram weight
Ag cross sectional area of the ram

The theoretical pressure required to lift the ram is obtained by substituting the
ram weight and dimensions in Eq. 6.8, and is found to be 1.6 psi. In practice, how-
ever, the actual operating pressure required to lift the ram ranges between two to
five times the theoretical value (Warrington 1994). The required operating pres-
sure is therefore 3-8 psi’. This estimate is dependent to a large extent on the
amount of blow-by which occurs between the ram and its housing. If substantial
blow-by occurs, the required operating pressure may greatly exceed the estimated
value.

The nominal air consumption of the hammer in the range of possible operating
pressures is summarized in Table 6.3. The hammer’s air consumption and maxi-
mum airflow are computed from the operating pressure as follows:

P, +P,
P

a

Ve=a S (6.9)

5 The ratio between the actual and theoretical operating pressures represents the uniform
design acceleration of the ram in upstroke motion. In practice, however, the ram does not
move under uniform acceleration and a uniform design acceleration is of limited value in
predicting the hammer’s performance.
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Table 6.3 Air Usage of the Hammer

Average Operating  Air Consumption  Air Consumption Per Maximum

Pressure Per Blow Minute @ 1.25Hz Air Flow
psi SCF SCFM SCEM
5 0.88 66 160
10 1.11 83 202
15 1.33 100 242
20 1.55 116 282
25 1.78 134 324
|%
c
Q- =— 6.10
p (6.10)
where:
Ve air consumption per blow in SCF
a hammer chamber cross sectional area
S hammer’s stroke
Pr operating pressure in psi
P, atmospheric pressure in psi
Oc air flow rate
t time taken by the ram to travel distance S (computed using Eq.
6.3)

6.6.3 The Electro-Pneumatic Circuit

The hammer is powered by compressed (“shop”) air, which is obtained from the
university utility lines (Fig. 6.12). Compressed air, pressurized at 100 psi, is sup-
plied to the control unit from a 3 in. diameter main through two independent 1/2
in. NPT lines. The flow capacity of each line was measured and found to be ap-
proximately 80 SCFM. At the control unit, compressed air is stored in a 60 gallon
tank, which functions as a buffer (line tamer) that maintains the pressure of the air
supply constant. The tank holds 60 SCF of compressed air and provides a reserve
supply of compressed air for the surges of air into the hammer during up-strokes.

At the control unit, compressed air flowing to the hammer passes through a 40
micron filter, followed by a high flow pressure regulator and an electric solenoid
valve. The filter (Parker Model # 08F64A) has a flow capacity of about 475 scfm,
and produces a pressure drop of about 2 psi at the range of operating flows. The
pressure regulator (Parker Model # 08R613A) has a flow capacity of about 400
scfm.
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Flow of air in and out of the hammer chamber is controlled using an externally
piloted electrical solenoid valve (Parker Model No: N3658900253P). The valve is
a 3-way, 3-port, 2-position valve and has an exhaust cv of 26.9 and a fill ¢v of
23.3°. The solenoid valve is controlled by a solid-state relay valve (Omega Model
No: SSR240DC10), which in turn is controlled by a function generator (Hewlett
Packard Model No: HP3312A). The solenoid is energized and opens to allow flow
through the valve when it receives AC current from the relay. The relay is a switch
that allows AC current to energize the solenoid valve when it receives a positive
DC control signal from the function generator. The fill and exhaust times of the
hammer chamber are thus controlled simply by adjusting the frequency and sym-
metry of the control signal generated by the function generator. The electrical sys-
tem is capable of operating at frequencies up to 120 Hz.

The solenoid valve was selected because it is one of the fastest high capacity
valves commercially available. The estimated’ time taken by the valve to fill or
exhaust the volume of air required per blow of the hammer is shown in Fig. 6.13.
During the fill cycle, when the solenoid is energized, it moves a short distance to
open the pilot gate. The pilot gate controls a high pressure air supply. When the
pilot gate is opened, the pilot pressure pushes the solenoid valve’s gate all the way
and allows air to flow through the solenoid valve into the hammer. During the ex-
haust cycle, the solenoid is de-energized and the pilot gate closes, which allows air
passing through the valve to shut the solenoid valve, thus preventing the flow of
air to the hammer and exhausting the hammer chamber to the atmosphere. The pi-
lot mechanism was selected because it provides a very fast and consistent
response.

Compressed air that passes through the solenoid valve is divided with a tee into
two separate lines. The first line is a 1-1/4 in. NPT hose that connects directly to
the hammer chamber. The second line is a 3/4 in. NPT hose that connects to the
hammer chamber through a quick exhaust valve (Parker Model #OR75B50) which
is located on the driving assembly. The quick exhaust valve allows air to flow
from the controller to the hammer chamber, but exhausts the air directly to the at-
mosphere during hammer down-strokes. The quick exhaust valve increases the
exhaust capacity of the system by reducing the distance traveled by the air to ex-
haust, thus permitting greater hammer speeds without increasing the size of the
controlling solenoid valve. The quick exhaust valve, which was the largest com-
mercially available valve in the United States at the time, has a fill ¢, of 8.5, and
an exhaust ¢, of 11.1 (Ellenger 1993).

® Exhaust and fill air pass through different orifices in the solenoid valve which results in
different exhaust and fill capacity coefficients.

" Computed from data provided courtesy of Ellenger (1993).
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The air stream was divided into two lines because the Parker OR75B50 quick
exhaust valve, which is a 3/4 in. valve, was considered too small to exhaust all the
air efficiently to the atmosphere. It is not possible to synchronize multiple quick
exhaust valves in parallel, and accordingly only one valve was used to provide
secondary exhaust capacity in addition to the main exhaust capacity through the
solenoid valve. The total system exhaust capacity is equal to the sum of the capac-
ity coefficients, c,, at the solenoid and quick exhaust valves and is equal to 38.

Exhaust air, released to the atmosphere at the quick exhaust valve and at the so-
lenoid valve passes through two mufflers. The mufflers reduced the noise level
from 115 db to 92 db and have a flow capacity of 470 scfm each (Ellenger 1993).

6.7 Performance of the Hammer

The efficiency, operating frequency, valve timing, and the shape of the force-time
record are among the most important criteria considered in determining the
hammer’s performance. Two sets of experiments were performed to study the
hammer’s performance. The first set was used to study the hammer’s raw
performance, including efficiency, operating frequency, and valve timing. The
second set was used to study the performance of the hammer-pile-soil system
during driving.

6.7.1 Raw Performance of the Hammer

Raw performance experiments were performed with the hammer placed on a 1 in.
Neoprene cushion, which allowed prolonged and repetitive testing of the hammer
under identical conditions. The hammer was instrumented with a 30 in. LVDT
(TRANSTECK Model No: 223) and a piezoelectric pressure transducer (Omega
model No: PX181). The LvDT was threaded to the ram, and extended out of the
hammer through one of the exhaust ports in the hammer’s top plate. The dis-
placements measured by the LvDT were differentiated with respect to time in order
to obtain the ram’s velocity. The pressure transducer measured the pressures gen-
erated in the hammer chamber below the ram. The transducer was connected to
the hammer chamber through a hole drilled in the anvil. Ram accelerations were
also measured using an accelerometer (PCB Piezotronics Model No: 305A04)
mounted on an aluminum rod, which was threaded into the ram and extended out-
side the hammer chamber through the top-most exhaust holes. Experimental data
were collected using a Hewlet Packard digital signal analyzer (HP Model No:
3562A). The results of this set of experiments were used to evaluate the hammer’s
efficiency and repeatability, as well as to evaluate the performance of the electro-
pneumatic control system.
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6.7.1.1 Efficiency

The potential energy of a single-acting pile hammer represents the maximum theo-
retical (rated) energy of the hammer. During the hammer down-stroke, potential
energy is converted to kinetic energy, such that the energy delivered to the pile on
impact depends only on the mass of the ram and its impact velocity. If all the
hammer’s potential energy were to be converted to kinetic energy the ram would
impact the anvil with a theoretical velocity, V; given by:

V. =4/2gh (6.11)
where:
Vi theoretical ram impact velocity
g gravitational acceleration
h normal hammer stroke

The actual energy of a single-acting hammer is less than the theoretical energy
due to friction losses and the energy consumed in exhausting the air through the
pneumatic system. The hammer’s efficiency is the ratio between the actual energy
delivered by the hammer to its potential energy. The efficiency of the hammer,
7, can be obtain by comparing the actual impact velocity of the ram, V;, with the
theoretical impact velocity as follows:

v: v
”:v_fzzgh (6.12)
where:
n hammer efficiency
V; actual ram impact velocity

The pressures, displacements and velocities obtained during preliminary testing
of the hammer are shown in Fig. 6.14. Ram lift-off, maximum stroke and impact
are represented on Fig. 6.14, by points A, B, and D, respectively. During down-
strokes, a small back pressure (2.8 psi) formed below the ram which resulted in
the hammer reaching a terminal velocity of 5 ft/sec after a 6 in. stroke (point C).
The backpressure corresponds to the head loss required by the pneumatic system
to exhaust the air through the solenoid and quick exhaust valves. Small exhaust
head losses resulted in a significant reduction in the hammer’s efficiency due to
the hammer’s large diameter-to-length ratio. During preliminary testing, the effi-
ciency corresponding to the measured ram impact velocity was 20%. The maxi-
mum operating frequency during the preliminary tests was 60 bpm (1 Hz).
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A pressure drop of 2 psi was employed in Eq. 6.6 to obtain the required c,, per
Parker (1991) recommendations. In retrospect the design pressure drop was too
high to achieve a higher hammer efficiency.

As a result of the preliminary testing, the hammer design was modified by re-
moving the U-packers from the ram. The U-packers were initially installed to re-
duce the amount of blow-by, thus reducing the air consumption. Removal of the U
packers increased the available exhaust capacity due to blow-by but also increased
the air consumption by an estimated 200%. The results of the final performance
tests are shown in Fig. 6.15%. Points A, B, and C on Fig. 6.15 represent the ram’s
lift-off, maximum stroke and impact, respectively. The ram reached a maximum
velocity of 8.2 ft/sec, which corresponds to an efficiency of 57%. The modifica-
tion resulted in an increase in the operating frequency to 72 bpm (1.2 Hz).

The measured efficiency of the laboratory pile hammer compares favorably
with the efficiency of production pile hammer which were found to range between
25 and 60%. (Chen et al. 1979 and Vines and Amar 1979). The efficiency of the
laboratory hammer is, however, less than the values reported by hammer manufac-
turers for use in wave equation analysis (GRL 1988). The difference may result
from methods used to obtain the ram’s velocity for efficiency computations. In
this study, the ram’s velocity was obtained directly from the displacement record
of the ram, which is considered to be a superior method compared to indirect ve-
locity measurements using radar devices, which are typically used by hammer
manufacturers. However, the efficiencies used in wave equation analysis need not
bear a direct numerical correlation to actual field efficiencies due to the empirical
nature of wave equation parameters.

The energy lost due to build up of a pressure below the ram, during impact,
may be obtained by integrating the work done in cushioning a blow as follows:

Stroke
E = fps- a s ds (6.13)

c
0

where:

5

energy lost due to cushioning

distance traveled by the ram
pressure below the ram at given ram position

hammer’s cross sectional area

Qv

8 The ringing in the DC control signal results from the use of an anti-aliasing filter in the
HP 3562A analyzer. During polarity reversal, the control signals contain energy in the fil-
tered-out high frequency range which appears as ringing (Gibbs Phenomenon). The pres-
sure and displacement records did not contain energy at the filtered-out frequencies and
their records were actually cleaned by the use of a filter.
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Equation 6.13 was used to determine the energy loss due to cushioning for a
number of successive hammer blows. The computation indicates that 43-45% of
the ram’s potential energy is lost due to cushioning. Therefore, considering that
the measured hammer efficiency is about 57%, it is believed that friction results in
negligible energy losses.

6.7.1.2 Performance of the Electro-Pneumatic Control System

The function generator, relay, and solenoid valve provided excellent control of the
air into the hammer chamber. It was possible to control the airflow such that the
ram is energized in up-stroke right after it rebounds from impacting the anvil
(Point A on Fig. 6.15). The airflow was terminated before the hammer reached full
stroke (Point D on Fig 6.15), such that the ram exercised a free ride under its own
inertia, thereby reducing the air consumption and the volume of exhaust air.

Air control during exhaust left much to be desired. The head losses through the
pneumatic components appear to be larger than those reported by the manufac-
turer. The difference may be attributed to the fact that commercial pneumatic
components are designed and tested for continuous flow, and suffer during inter-
mittent flow. The quick exhaust valve provided marginal benefit because most of
the air was exhausted either by blow-by or at the solenoid valve, perhaps due to
the slow frequency response of the quick exhaust valve.

Better control of the exhaust may be achieved if the distance traveled by the
exhaust air is shortened, which could be done by mounting the solenoid valve di-
rectly below the hammer chamber. This was not possible due to the use of a single
length design (Section 6.3.4). The solenoid valve used is not sufficiently robust to
withstand the shock waves generated at the anvil.

6.7.1.3 Repeatability

The hammer performed with outstanding repeatability, which may be judged by
comparing ram impact velocities over a number of successive blows. The mean
ram impact velocity and standard deviation over the twenty successive blows
shown in Fig. 6.16 were 8.2 ft/sec and 0.19 ft/sec, respectively.

Hammer repeatability during pile driving depends on soil conditions. The ram
rebound does not depend on the hammer cushioning, but rather on the soil’s resis-
tance, particularly for short piles (Warrington 1994). As pile driving progresses
and the pile develops additional resistance, the ram rebound velocity increases,
and less air is required to lift the ram in an up-stroke. The ram velocities reported
in this study were measured with the hammer placed on a Neoprene cushion
which provided limited resistance to driving. As a result, the measured ram re-
bound represents a lower bound value. Accordingly, the measured efficiency of
57% 1is also considered a lower bound value.
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6.7.1.4 Ram Acceleration

The ram impacted the anvil with an acceleration reaching 2,000 G and rebounded
with accelerations reaching 1,000 G (Fig. 6.17). The velocity of the ram at impact
was obtained by integrating the acceleration record and was found to be 8.5 ft/sec
(Fig 6.18).
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Fig. 6.17 Ram Acceleration During Impact
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6.8.2 Hammer Performance during Pile Driving

The hammer was used to drive a number of piles in the pressure chamber shown
in Chapter 4. The piles were 3.5 in. in diameter, 33 in. long, and had a 0.12 in.
wall thickness. The pile head was instrumented with an accelerometer (PCB Pie-
zotronics Model No: 3405A04), a 0.5 in. DCDT (TRANSTECK model No: 243), and
an axial strain gage, which were mounted 0.8, 1.9, and 4.5 in. below the pile top,
respectively. The instruments measured accelerations, displacements and forces,
respectively, during each blow. The measured accelerations were integrated with
respect to time to obtain the pile head velocities. Experimental data was collected
using a Hewlet Packard digital signal analyzer (HP model No: 3562A). The results
of this set of experiments was used to study the behavior of the hammer-pile-soil
system.

6.8.2.1 Force-Time Curve

The total energy delivered by the hammer is not the sole criterion for effective pile
driving. The shape of the force-time curve plays an important role in determining
the efficiency of pile driving. A curve with a high peak force and short duration
may have the same energy as a curve with a lower force over a longer time, but
the prolonged force-time curve is more effective in driving piles (Fuller 1983).
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The transmission of the forces from the hammer to the pile can be expressed as
being proportional to the ram’s impact velocity as follows (Goble et al. 1980):

E-A

C
c=\/E=1/B (6.15)
P 4

where:

F force transmitted to the pile

o stress transmitted to the pile

E modulus of elasticity of the pile taken as 28,500 ksi for stainless
steel

Vi impact or particle velocity

c celerity or wave propagation velocity in the pile taken as 16,400
ft/sec for stainless steel

P mass density of the pile material

V4 unit weight of pile material

g gravitational acceleration

The pile head forces and velocities averaged over 200 blows are shown in
Fig. 6.19. The outstanding overlap of force and velocity records up to a length of
2L/c is indicative of the good quality of the data. The force-velocity-time record
may be explained as follows. On impact, a compressive wave propagates through
the pile and is reflected at the pile tip as a tension wave. The force and velocity re-
cords are identical up to a duration equal to 2L/c, when the reflected wave reaches
the pile top. The hammer, which is much heavier than the pile, provides relative
fixity to the pile head and reflects the tension wave downward as a magnified ten-
sion wave. The tension wave cancels compression waves, and a mismatch of force
and velocity is evident at the second velocity peak, which occurs after a duration
equal to 2L/c from the first peak. The tension wave is reflected at the pile tip as a
compressive wave, which is in turn reflected at the hammer as a magnified com-
pressive wave which peaks at a duration equal to 4L/c after the first peak.
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6.8.2.2 Energy Delivered to the Pile

6.8.2.2.1 Energy Delivered According to ASTM D4633

The energy delivered to the pile, which is different from the hammer’s energy, is
given by ASTM (1993) Standard Test Method for Stress Wave Energy Measure-
ments for Dynamic Penetrometer Testing Systems (D4633-86) as:

-K-K,- K,
E = L TFZ(I) dt (6.16)
A E g

where:

energy in the first compression pulse for an infinitely long pile
wave propagation velocity

cross sectional area of the pile

modulus of elasticity

S
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correction factor to account for the energy not recorded by the

strain gages, taken as 1.15
correction factor for short piles, taken as 1.9

correction factor for the wave propagation velocity, taken as 1

compressive force

The energy delivered to the pile is obtained by substituting in Eq. 6.16 and is
found to be 61.2 ft Ib. An alternative estimate of the energy delivered to the pile
of 55.7 ft-1b was obtained by integrating the area below the force displacement
curve for a duration of 2L/c (Fig. 6.20), and applying the corrections K; and Ko

used in Eq. 6.16. These energies correspond to energy ratios ranging between
35-38%. The energy ratio is defined in ASTM (D4633-86) as:

E.
ER =—!
E
where:
ER; energy ratio
E" nominal (Newtonian) kinetic energy at impact
E; energy content of the first compression pulse
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The measured energy ratios are somewhat smaller than the values reported for
Standard Penetration Test (SPT) drop hammers which typically range between
55-60% (Seed et al. 1984). The computations for the energy ratio depend to a
large extent on the corrections used to account for violating the infinitely long pile
assumption of the ASTM standard method. ASTM standards provide the values of
the corrections for the typical dimensions of the SPT. The corrections used in this
study were obtained by extrapolation of the ASTM’s data, which may account for
the reduction in energy ratios.

6.8.2.2.2 Realistic Estimate of Energy Delivered to Pile

The energy transferred into a rod in an axial impact, Ei, is given by Timoshenko
and Goodier (1970):

E = _TF(t) v(t) dt (6.18)

0

where:

F(t) force measured at a point near the edge of the rod
v (t) velocity measured at a point near the edge of the rod

Butler et al. (1998) and Farrar (1998) applied this technique to calculate the ef-
ficiency of SPT hammers. The integrated energy input to the pile is calculated in
Fig. 6.21 and found to be 103 kip-ft.

This energy corresponds to a hammer efficiency of 66%. And is believed to be
a better estimate of the energy delivered to the pile during driving.

6.8.2.3 Ram Dwell Time

The ram’s dwell time is considered equal to the duration of the first compression
pulse on the force—time record. The force—time record of the energy delivered to
the pile (Fig. 6.22) indicates that the duration of the first compression pulse is 0.35
msec, which is equal to 2L/c. An alternative measure of the dwell time is shown in
Fig 6.21d; it was approximately 4 msec. Both estimates are close and are ap-
proximately one order of magnitude larger than that calculated using Eq. 6.1-6.3
for the ram impacting the anvil. The system response was dominated by the soft
response of the pile-soil system. The dynamic stiffness of the soil-pile system var-
ies within three orders of magnitude during impact (Fig. 6.23). An approximate
dynamic stiffness, K;, can be calculated as follows:
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F,.(t) 18 kips

K.= S. (1 0.08 in.

=225 kipsl/in. (6.19)

where:

F . (f) the maximum pile head force measured in Fig. 6.19
Syax (1) the average maximum pile head deformation per blow (not final
set) measured in Fig. 6.24.

The equivalent stiffness of the hammer/cushions is 2 orders of magnitude larger
than that of the pile/soil system, and can thus be neglected when calculating the
soil/pile/cushions/hammer stiffness.

A dwell time of 4.0 msec can be calculated by substituting the mass of the hammer
(145 1b), not the ram, and the dynamic stiffness of the soil/pile/cushions/hammer sys-
tem in Eq. 6.1. Therefore, it is evident that when the ram impacts the anvil, they move
in phase while applying their combined weight to the pile. The length of the dwell time
depends totally on the stiffness of the soil/pile system.
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6.8.2.4 Pile Set

Upon each blow, the pile head undergoes both elastic and plastic deformations
(Fig. 6.24). The plastic deformation that represents the pile set is on the order
of 0.02 in., which is in agreement with the results of wave equation analysis
(Fig 6.8). The magnitude of the elastic deformation exceeds the elastic compres-
sion of the pile material by several orders of magnitude. The measured elastic
deformation is therefore representative of the elastic deformation of the soil,
particularly in end bearing.

6.8.2.5 Wave Equation Analysis

As expected in the preliminary analysis, WEAP underestimated capacity by about
40%. Piles were driven to a resistance of about 1970 bpm (600 bpf) and the corre-
sponding wave equation capacity was approximately 45 kN (10 kips). Static load-
ing tests yielded a capacity of about 63 kN (14 kips).

The properties used in the initial analyses did not lead to a good match between
measured and calculated stresses and pile head velocities. The pile driving process
led to shock waves that emanated out to reflect off the sides of the metal pressure
chamber. The assumption of a pile in a half space was invalidated at an early stage
and consideration was concentrated on the first 2L/c time period (about 0.4 msec).
The best fit was achieved using side and tip quakes of 0.02 inch (the same as the
set), side and tip damping factors of 0.4 sec/ft, and reducing the cushions’ stiffness
by half.

6.9 Conclusions

The methods developed in this study to design a laboratory pile hammer proved to
be successful. The hammer delivers a repeatable rated energy of 156 ft Ib with a
57% efficiency. The maximum impact velocity and operating frequency are 8.2
ft/sec and 1.2 Hz, respectively. There are a number of lessons that have been
learned during the design process:

e The most difficult challenge in the design has been the limited head clearance.
Future designers should make every effort to maximize the available head
clearance.

e For piles driven in a pressure chamber, the capacity estimated using wave equa-
tion appears to represent 60% of the ultimate static capacity measured in load
tests.

e The electro-pneumatic control system provided excellent control during up-
strokes, and adequate control during down-strokes.
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e The capacity coefficient, cy, is a useful tool in designing pneumatic compo-

nents. Use of a smaller head loss across the system in Eq. 6.6 may result in bet-
ter performance.

e Air blow-by the ram provides a dramatic increase in the exhaust capacity of the
system, thereby increasing the hammer efficiency. Blow-by increases air con-
sumption and should be allowed as long as sufficient air is available.

e Most of the energy loss occurred due to the development of a cushioning back
pressure ahead of the ram, despite the fact that every effort was made to reduce
the back pressure during down-strokes. Future hammer designs should attempt
to mount the control valve on the hammer, while isolating it from shock and vi-
bration. Also the recommended 2 psi head drop for determining the exhaust c,
value of pneumatic components results in excessive cushioning of the ram in its
down stroke.

e Use of a mechanical quick exhaust valve provided marginal benefit due to the
large head loss required to exhaust air through it.
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7. Geotechnical Properties of the Testing Sand

Abstract. The sand used in model studies must meet a number of scaling require-
ments. Several types of sand were selected for screening, and one type was chosen
for testing. This chapter presents the factors considered in the selection process,
along with the geotechnical properties of the chosen sand.

7.1 Introduction

The soil used in this study has to meet a number of requirements. First, it must be
finer than offshore sands in order to meet the scaling requirements of model test-
ing (Bolton and Lau 1988). Second, its particle shape must be representative of
sands found in the offshore in order to simulate their behavior, particularly with
respect to arching and liquefaction or cyclic mobility under cyclic loading
(Holubec and D’Appolonia 1973). Third, it must be commercially available in
large quantities and with consistent properties.

This chapter presents the factors considered in the selection process, along with
the geotechnical properties of the chosen sand.

7.2 Preliminary Choices

A number of sands were screened for this study. The screening was limited to
commercially processed sands because of their general availability, consistency in
gradation, and assured quality. The following sands were considered:

e Oklahoma Sand: Oklahoma sand is mined from the Simpson Formation, pri-
marily for sand blasting applications. Oklahoma sand is white, rounded, and
poorly graded (Fig 7.1). It is similar to Ottawa Sand in many respects. The fin-
est commercial grade of Oklahoma sand was considered (Grade 1).

e Texblast: Texblast is mined primarily for sand blasting applications. Texblast
is tan, sub-angular to sub-rounded, and poorly graded (Fig 7.1). The finest
grade of Texblast sand was considered (Grade 1).

e SIL-CO-SIL 250: SIL-CO-SIL is a ground silica powder that is manufactured by
U.S. Silica (formerly Ottawa Silica Company and Pennsylvania Glass Sand
Corporation), primarily as a filler material for paints, adhesives, and ceramics.
It is bright white, angular to sub-angular, and very well-graded (Fig 7.1). Be-
cause of its fine gradation, ground silica has a low permeability, on the order of

M. Iskander: Behavior of Pipe Piles in Sand, SSGG, pp. 177
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10 cm/sec, which is desirable in modeling liquefaction and cyclic mobility
effects.

e Ground Silica Mixture: A mixture of 70% Texblast and 30% SIL-CO-SIL was
also considered for the study. The mixture was easier to handle than pure
ground silica but possessed the same low permeability characteristics of ground
silica.

The properties of Oklahoma sand, Texblast, and SIL-CO-SIL 250 are summarized
in Table 7.1.

7.3 Selection of the Test Sand

Ground silica and ground silica mixtures were eliminated from consideration be-
cause silica powder contains free (air-born) silica dust that was difficult to contain
in the research area and presented a health hazard if breathed, and also threatened
machinery. Additionally, handling and pluviating ground silica was substantially
more cumbersome than fine sands.

Oklahoma sand was chosen because it possessed rounded particles and was
more uniformly graded than Texblast. Rounded and uniform sands have a number
of advantages over angular sands. First, rounded sands are more representative of
the sands found in the offshore environment being modeled. Second, when pluvi-
ated, uniform and rounded sands form more uniform deposits than well-graded
and angular sands. Third, rounded particles are less likely to crush during driving,
which would maintain the gradation and frictional properties. Fourth, rounded
sands are more susceptible to liquefaction than angular sands (Ishibashi 1985).

Table 7.1 Properties of Sands Under Consideration

Texblast SIL-CO-SIL OK Sand

Unified Soil Classification SP SW SP
Mean Particle Diameter 0.19 mm 9.5 umi 0.17 mm
Specific Gravity 2.65 2.65 2.65
Max. Dry Density, pcf 114 99 113
Min. Dry Density, pcf 91.8 63 97
Max. Void Ratio 0.8 1.62 0.70
Min. Void Ratio 0.45 0.67 0.46
Coefticient of Curvature, C, 0.91 1.18 1.15
Coefficient of Uniformity, C, 2.0 18.3 1.5
Friction Angle (Direct Shear), ¢ 43° 45° 41°
Stainless-Sand Interface Friction, ¢ 25° — 27°

' Median Particle Size =45 pm
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Fig. 7.1 Grain Size Distribution of the Three Selected Sands

7.4 Geotechnical Properties of Oklahoma Sand

Oklahoma sand was delivered in 100 1b bags. The sand was recycled and new
sand was added as needed. The geotechnical properties were determined for speci-
mens of new sand.

7.4.1 Physical Properties

Oklahoma sand is rounded to sub-rounded (Fig. 7.2). Grain size analysis was per-
formed in accordance with ASTM (1993) standard D422-63 (Fig 7.1). The sand is
poorly graded with a uniformity coefficient, C,, of 1.5 and a coefficient of curva-
ture, C,, of 1.1.

The maximum and minimum densities of Oklahoma sand were determined in
accordance with ASTM standards D4253 and D4254 respectively. The maximum
density was 113 pcf and the minimum density was 97 pcf, which corresponds to
void ratios of 0.46 and 0.7 respectively.
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Fig. 7.2 Photomicrograph of Oklahoma Sand
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7.4.2 Shear Strength

7.4.2.1 Triaxial Tests

Consolidated-drained triaxial tests were performed per Bishop and Henkel (1969).
The specimens were 3 in. long and 1.5 in. in diameter. Dense specimens were
compacted to an average density of 110 pcf, which is approximately the same
placement density of the sand pluviated in the pressure chamber. Loose specimens
had an average density of 100 pcf. The specimens were tested dry and were
sheared at a deformation rate of 1.5 in./hour. The dense specimens reached their
peak strength at a strain of 5% (Fig 7.3). No strain softening was observed for
loose specimens (Fig. 7.4). Friction angles of 42° and 35° for dense and loose
specimens, respectively, were obtained from the failure envelopes shown in Fig
7.5 and 7.6.
The strength of three saturated specimens matched that of dry specimens.

7.4.2.2 Direct Shear Tests

Direct shear tests were also performed in accordance with ASTM standard D3080-
90 (Table 7.2). The samples were sheared at 0.08-0.1 inches/min. The angle of in-
ternal friction was stress dependent. Friction angles ranged between 37°—41° for
low stress levels and 26°-31° for higher stress levels. Variations of density and
saturation resulted in minor changes in the friction angle.

Malhotra (1991) obtained the angle of interfacial friction between sand and
pile’s material, &, by filling the lower half of the direct shear box with a machined
stainless steel (ASTM Type 304) plug. A O of 26° was obtained for specimens hav-
ing a relative density of 22%.

Triaxial tests are more reliable than direct shear tests, and should therefore be
given more weight in evaluating the shear strength of Oklahoma sand.

7.4.3 Hydraulic Conductivity

The hydraulic conductivity was determined for a number of specimens compacted
at a density of 110 pcf. Both flexible wall and fixed wall permeameters were used.
The measured hydraulic conductivity averaged 1¥10-3-1%104 cm/sec.
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Table 7.2 Results of Direct Shear Tests on Oklahoma Sand

Source Normal Stress  Dry/Wet Density [0}

Malhotra 1990 2-6.5 Dry D=93% 41°
Malhotra 1990 2-6.5 Dry D=35% 38°
Pavlicek 1993 5-48.4 Dry e=0.53 31°
Jones 1994 0.15-4 Dry Dense 37°
Ogilvie 1995 5-30 Dry Loose 26°
Ogilvie 1995 5-30 Saturated Loose 28°
Ogilvie 1995 5-30 Dry Dense 30°
Ogilvie 1995 5-30 Saturated Dense 28°

7.4.4 Changes in Sand Properties Due to Recycling

The sand used in these experiments was recycled between tests. A number of ex-
periments were performed to determine if the recycling process changed the prop-
erties of the test sand. Grain size distribution as well as maximum and minimum
density tests were performed on samples taken from a batch of sand that was recy-
cled and used for approximately 15 times in load tests. No measurable change in
grain size distribution was detected (Fig 7.7). The minimum and maximum densi-
ties of the recycled sand were within 0.5% of new sand.

Grain size distribution tests were also performed on samples recovered from the
soil core (plug) inside the pile and from samples recovered from the soil-pile inter-
face outside the pile. The soil core was retained inside the pile in all load tests that
were performed on saturated sand, and the core was readily available. The sand at
the external soil-pile interface was recovered after pile installation by pushing a
thin walled 4.5-in.-diameter tube around the 3.5-in.-diameter pile. Sand was exca-
vated from outside the recovery tube, and a plastic plate was pushed under the re-
covery tube and pile to cap them. Next the recovery tube was turned side ways
with the pile inside it. The sand recovered from the soil-pile interface appears to
be slightly coarser than new or recycled sand (Fig 7.7). This experimental anom-
aly may be explained as follows. Fine metal “dust” is formed due to the frictional
resistance between the pile and soil. This dust is readily detectable by a discolora-
tion of the sand at the soil-pile interface. This metal dust is mixed with the sand
that was recovered from the soil-pile interface and results in increasing the appar-
ent weight of the sand retained on some sieves. It is therefore believed that there is
no difference in the grain size distribution of new sand and that recovered from the
soil-pile interface.
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8. Similitude between Model and Full Scale Piles

Abstract. This chapter presents an introduction to similitude and the scaling laws
involved in modeling pile driving. The capabilities and limitations of the devel-
oped apparatus in modeling the installation and behavior of pile foundations are
presented.

8.1 Introduction

Model experiments have proven to be useful in studying a wide range of geotech-
nical problems. The primary difficulty in experimental modeling of soil-structure
interaction problems, such as pile driving, is the dependency of the soil strength
on the stress level. This difficulty can be overcomed using a geotechnical centri-
fuge (e.g. Schofield 1980), a hydraulic gradient (e.g. Zelikson 1969), or using a
pressure (calibration) chamber as is done in this research. In all three cases, care-
ful consideration must be given to the scaling relationship between the model and
the prototype in order to guarantee the integrity of experimental data.

A scaled model test is one in which the primary units of time, length, and mass
are properly scaled, and from which scaled engineering data can be obtained
directly. The proportionality between the model and the prototype is known as
Similitude (Huntley 1952). Experiments on small prototypes do not necessarily
satisfy scaling laws. They cannot be used to predict prototype behavior directly,
but nevertheless can be used to verify analytical models.

This chapter presents the capabilities and limitations of the developed apparatus
in modeling the installation and behavior of pile foundations.

8.2 Similitude

A prototype and its model are said to be in similitude if a point to point correspon-
dence exists between the model and prototype (Langhar 1960). In geometrical
terminology, corresponding points on a prototype and its model are referred to as
homologous points. For transient problems, homologous times must also exist.
The concept of similarity extends to many characteristics beside geometry and
time. For example, it may be necessary that the mass distribution in a model be
similar to that of a prototype.

M. Iskander: Behavior of Pipe Piles in Sand, SSGG, pp. 187
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8.3 Scaling Laws

Scaling laws between models and prototypes may be obtained using either dimen-
sional analysis or evaluating differential equations. Dimensional analysis is
preferred to differential equations because it does not presuppose the relationship
between the various variables involved (Cheney and Fragaszy 1984). Langhaar
(1960 p.1) defined dimensional analysis as “a method by which we deduce infor-
mation about a phenomenon from the single premise that the phenomena can be
described by a dimensionally correct equation among certain variables.” As the
number of variables affecting the problem increases, it becomes progressively
more difficult to determine the function which relates the various variables in-
volved. Buckingham n theorem is used to overcome this difficulty by grouping
dependent and independent variables into a smaller number of non-dimensional
products (Murff 1990). These non-dimensional products are referred to as m terms.

Gills (1988) used the variables shown in Table 8.1 to obtain the « terms shown
in Table 8.2 for the variables involved in modeling of pile driving problems.

Scaling laws which satisfy similitude are derived by equating all the dimen-
sionless 7 terms in both the prototype and the model as follows:

(7)) model = (7 ) prototype (8.1

The scaling laws for piles driven in a centrifuge have been obtained by Gills
(1988), Mehle (1989), and Allard (1990), among others, and are shown in
Table 8.3.

8.4 Modeling Capabilities of the Experimental Facilities

The experimental apparatus developed in this study should be considered primar-
ily as a small prototype that is used to study pile behavior. Nevertheless, the scal-
ing relationships given in Tables 8.2-8.3 may be used to identify the modeling
capabilities of the developed apparatus.
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Table 8.1 Variables Used in Dimensional Analyses (Gill 1988)

Variables Symbol Dimensions
Independent

Length L L
Density 1% M/L3
Modulus E M/LT2
Dependent

Stress o M/LT2
Acceleration a L/T2
Impact Energy Ey, ML2/T2
Impulse 1 ML/T
Cohesion c M/LT2
Dynamic Time T T

Wave Speed P L/T
Yield Strength F M/LT?
Displacement D L

Area A L2
Permeability K L/T

Hydrodynamic Time T} T2
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Table 8.2 Non-Dimensional © Terms (Gill 1988)

8. Similitude between Model and Full Scale Piles

Term  Property Symbol  Expression Dimensions
b2 Stress o o? (M /LT*)?
E? (M /LT??
T, Acceleration a 2szz (LIT H22M 113)?
E’ (M /LT ?*)?
75 Impact Energy  Ej E 2 M2 T?
n e —
E2D° M*12THLE
7, Impulse I I& M?I2IT2
pD°E M /L)L M ILT?)
75 Cohesion c C? (M /LT?)?
E’ (M /LT?)?
g Dynamic Time T ET? M/LT 2 T 2)
D’p IHM I1?
7, Wave Speed P pP2 M3 (L2 /T 2)
E M/LT?
7y Yield Strength  F F? M2/T?
E? m* Tt
Ty Displacement D D2 L2
a2 r
7,  Area A A? *
D* r
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Table 8.3 Scaling Relationships

Property Prototype ~ Model
Length n 1
Acceleration 1 n
Energy n’ 1
Impulse n’ 1
Force n’ 1
Static Time 1 1
Dynamic Time n 1
Dissipation Time n’ 1
Density 1 1
Modulus 1 1
Stress 1 1
Strain 1 1
Velocity 1 1

Yield Strength 1 1

8.4.1 Modeling of Earth Stresses in the Pressure Chamber

In situ stresses are scaled in a pressure chamber by application of boundary
stresses that simulate the effective stresses at the depth being modeled. For exam-
ple, referring to Eq. 8.1 and the non-dimensional term n1 (Table 8.2), a layer of
saturated sand 100 ft below the surface, with anisotropic stress conditions
(Kp = 0.5) may be represented by applying vertical and horizontal boundary
stresses of 35 and 17.5 psi, respectively. The sand layer modeled in the pressure
chamber is subject to two limitations. First, only one finite depth (AZ) could be
studied at a time. The pressure chamber does not model the gradual increase in
earth stress with depth, like the centrifuge. Second, although the effective stresses
within the layer are modeled correctly, pore water pressures are not. The centri-
fuge suffers from the same discrepancy which is believed to be inconsequential for
this problem.

The pressure chamber can apply pressures up to 40 psi in both the vertical and
lateral directions. These stresses correspond to the stresses which occur in a soil
layer with isotropic stress conditions (K, = 1) 120 ft below the surface.
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8.4.2 Modeling of Pile Driving Using the Hammer

In modeling the hammer operating speed, a conflict arises in time scaling. Pile
driving is predominantly a dynamic phenomenon in which time is scaled by n, but
the generation and dissipation of pore water pressures due to driving is a diffusive
phenomenon in which time is scaled by n* (Table 8.3). The most practical solution
to this problem is to model the hammer speed dynamically, and alter the rate of
diffusion. The rate of diffusion can be slowed by using finer, less permeable, soils
or a more viscous pore fluid. Each of these phenomena is discussed next.

8.4.2.1 Modeling of Dynamic Phenomena

Referring to Eq. 8.1 and the non-dimensional term 7, similitude between the
model pile hammer and production pile hammer requires that:

o | ET | [ET? <
"~ R ; (3.2)
where:
E modulus of elasticity of pile material
P density of pile material
D pile diameter
T dwell time of contact between the ram and anvil (rise time)
m,p subscripts referring to model and prototype, respectively

The modulus of elasticity, E, and density, p, of the model and prototype piles
are equal. Accordingly, Eq. 8.2 becomes:

. (8.3)

As discussed earlier in Sections 6.5.2 and 6.8.22, the ram’s dwell (rise) time is
approximately 0.35 msec. Typical production hammers have dwell times of ap-
proximately 3—10 msec. Considering the 3.5 in.-diameter model piles tested in the
chamber, the apparatus satisfies the requirement of homologous dynamic time
(time similitude) for 30-100 in.-diameter piles. The dwell time of the ram could
easily be increased, using thicker pile cushions, in order to satisfy similitude for
smaller diameter piles. Commercial pile hammers deliver their energy to the pile
in a duration that is usually shorter than the time taken by the energy wave to tra-
vel down through the pile and reflect back to the top (2L/c). A longer dwell time,
however, would violate the requirements of impulse driving.
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8.4.2.2 Modeling of Diffusive Phenomena

Terzaghi’s (1943) time factor is the non-dimensional term applicable in diffusive
problems (O’Neill 1991 and Poorooshasb 1990). Referring to Eq. 8.1, similitude
between a model and a prototype would require that:

t t
r-(%] (e

m p

2
i=@[D_m] (8.5)

z, (c ,)m D,
where:
C, radial coefficient of consolidation
D pile diameter
R pile radius
t dissipation time
m,p subscripts referring to model and prototype respectively

The coefficient of radial consolidation is given by Terzaghi (1943) as:

¢, = K 8.6
' mV %V ( ' )
where:
K coefficient of hydraulic conductivity
m, coefficient of volume compressibility
Y unit weight of water

For a model and a prototype of equal compressibility (m,) the coefficient of
consolidation (c,) is substituted in Eq. 8.5 such that:

2
K
I _ _f’{&] (8.7)
t K_\D

P m \*“p

The sand used in this study has a hydraulic conductivity which is one to two
orders of magnitude smaller than that of offshore sands. The operating speed of
the model pile hammer is 72 bpm which is equivalent to that of production pile
hammers. Considering the 3.5 in.-diameter model piles used in this study, the de-
veloped apparatus satisfies the requirement of homologous diffusion time for piles
11-35 in. in diameter.
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8.5 Conclusions

The experimental apparatus developed in this study should be considered primarily
as a small prototype which is used to study pile behavior. Scaling relationships were
used, however, to identify the modeling capabilities of the developed apparatus.

The developed apparatus satisfies most, but not all, the requirements of simili-
tude for model tests. The primary inadequacy of the apparatus is its inability to
model the gradual increase in soil stresses with depth, which limits the modeling
capabilities to modeling one layer at a time. The pressure chamber can model the
effective stresses in soil strata up to 120 ft below the mud line. The hammer can
model both dynamic and diffusion times of 35 in.-diameter piles.
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9. Load Tests Using the Double—Wall Pipe Pile
in Sand

Abstract. Typical data obtained using the developed double wall pile, pile ham-
mer, pressure chamber, and loading apparatus is presented in this chapter. The
data illustrates a number of important phenomena including pile plugging, devel-
opment of pore water pressure, and load transfer during jacking (pushing), driving,
and load testing.

9.1 Introduction

Approximately 50 load tests were performed using the developed facilities
(Iskander 1995, Alansari 1999, and Malhotra 2007). The majority of these tests
were performed using uninstrumented piles, mainly to verify the performance of
the equipment, but also to study pile plugging. Tests were performed in both dry
and saturated Oklahoma sand. Piles were installed using two methods; driving and
pushing.

The load tests performed using the instrumented double-walled pile, discussed
in chapter 5, provided far more data than the tests on uninstrumented piles. The
data consisted of measurements of axial and radial stresses, as well as pore pres-
sures, outside and inside the pile. Typical data obtained using the instrumented
pile is presented in this chapter. The conclusions are, however, based on the au-
thor’s experience gained from testing both instrumented and uninstrumented piles.

9.2 Test Procedure

The tests presented in this chapter were all performed on samples of freshly pluvi-
ated sand. For tests in saturated sand, 75% of the confining pressure was applied
after pluviation. Next, deaired water was introduced at the base of the chamber
and allowed to rise slowly, with a gradient not exceeding 0.5. Introduction of
water presumably resulted in reorientation of the sand particles and the chamber
required at least 4 hours to reach equilibrium. Next, the confining pressure was

M. Iskander: Behavior of Pipe Piles in Sand, SSGG, pp. 195
springerlink.com © Springer-Verlag Berlin Heidelberg 2010
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increased to its final value, which initiated a consolidation processl. Consolidation
was complete over night and testing was performed the following day. For tests in
dry sand, all the confining pressure was applied immediately after pluviation, and
testing was performed the following day.

All the tests reported herein were performed in soil samples with isotropic
stresses. The vertical and lateral confining pressures were set to 20 psi for the tests
presented in this chapter. These stresses correspond to the stresses in layers of soil
25 and 50 ft below the surface for dry and saturated sand, respectively.

Piles were installed to a penetration depth of approximately 19 in. below the
surface by either driving or pushing. Driving was performed at a rate of 60 bpm
using the hammer discussed in chapter 6. Pushing was performed at a rate of 2500
Ib/min using the load-controlled MTS feed-back control system discussed in chap-
ter 4. The MTS was set to unload at a rate of 800 1b/min.

Compression load tests were performed immediately after installation by push-
ing. For piles installed by driving, compression load tests were performed ap-
proximately one hour after driving, which allowed any developed excess pore
pressures to dissipate. Piles were loaded using the MTS system at a rate of 2500
Ib/min, and for a distance of approximately 5 in.

Tensile pull-out tests were performed immediately after compression load tests.
Tensile loads were applied at a rate of 2500 1b/min, using the MTS system.

Data was recorded at a rate of 0.5 Hz during installation by pushing, and during
both compression load tests and tension pull-out tests. Each recorded data point
represented the average of 40 measurements. During driving, data was recorded at
arate of 10 Hz, and no averaging was performed.

9.3 Data Presentation

9.3.1 Stresses and Pore Pressures

The instrumented double-wall pile used in this study consists of two concentric
cylinders which are rigidly fixed at the top and are free to strain independent of
one another elsewhere (Chapter 5). The pile is used to delineate the stresses acting
outside the pile from those acting inside the pile, and measure each separately.
Axial and circumferential strains as well as pore water pressures are measured at
the locations indicated in Table 9.1. The measurements define the complete state

! Application of the full confining pressure, in one stage, after the sample is saturated re-
sults in liquefaction of the sand.
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of stress acting against the pile. The pile is 3.5 in. in diameter, 33.25 in. long, and
has a wall thickness of 0.315 in. The pile is designed to have a changeable tip
shape. All the tests presented in this chapter were performed with a flat tip.

Pile installation and loading may results in instability of strain gage readings
which is referred to as zero-shift. Zero-readings were measured before installation
and zero-shifts were measured after pull-out. The data recorded during installation
and compression load tests was reduced using the zero-readings measured before
installation. The data recorded during pull-out tests was reduced using the zero-
shifts measured after pull-out.

In this chapter, the measured total stresses and excess pore water pressures,
which occur during installation and loading are presented. Axial load and skin
friction distributions are also computed and presented.

Table 9.1 Instrumentation of the Double Wall Pile

Level Height Above Transducers

Tip, in.
1 3 Strain and Pore Pressure
2 5 Strain and Pore Pressure
3 10 Strain and Pore Pressure
4 17 Strain and Pore Pressure
5 24 Strain

9.3.2 Plug Measurements

The elevation of the soil core (plug) inside the pile was measured throughout test-
ing. Hvorslev (1949) and Paikowsky (1989), among others, presented measure-
ments of plugging using the specific (incremental) recovery ratio (SRR) and the
plug length ratio (PLR). These ratios are defined as follows:

Incremental Change in Plug Height
Incremental Change in Penetration

SRR = 9.1)

_ Incremental Plug Height
~ Incremental Penetration

PLR 9.2)

Plugging is indicated when the specific recovery ratio approaches zero. A spe-
cific recovery ratio of 100% (or more) indicates that the pile is penetrating in a
coring mode. Plugging is also indicated by a change in the slope of the PLR-
penetration curve.



198 9. Load Tests Using the Double—Wall Pipe Pile in Sand

During pull-out, the soil core may slip or be retained. The specific slip ratio
(SSR) and the plug slip ratio (PSR) are defined by the author as the reverse of the
SRR and PLR ratios, as follows:

Incremental Change in Plug Slip
Incremental Change in Pull-Out Distance

SSR = (9.3)

Incremental Plug Slip
Incremental Pull-Out Distance

PSR = 9.4)

Retention of the plug during pull out is indicated by an SSR approaching zero or
the slope of the PSR-penetration curve becoming horizontal. Complete slippage of
the soil core is indicated by an SSR approaching 100%, or a PSR-penetration curve
having a 45° slope.

9.4 Load Tests on the Pile Pushed (Jacked) in Dry Sand

Typical results during the installation and load test stage of the instrumented pile
pushed in dry sand are presented in Fig. 9.1-9.9. The results of the pull-out tests
are presented in Fig. 9.10-9.13.

9.4.1 Jacking (Pushing) Stage

During the first four diameters of pushing (14 inches), most of the capacity was
due to end bearing, which was transferred to the pile top through the external pile
wall (Fig. 9.1). As the pile penetrated deeper, skin friction developed on the inter-
nal and external surfaces of the pile (Fig. 9.1 and 9.2). Plugging occurred at a pe-
netration of 18.5 in. and was readily identifiable by a sharp increase in the load
transferred through the internal pile wall (Fig. 9.2), accompanied by a sharp de-
crease in the load transferred through the external pile wall (Fig. 9.1).

Plugging is also indicated by the specific recovery ratio (SRR) approaching zero
at a penetration of 18.5 in. (Fig. 9.3). Another indicator of plugging is the change
in the slope of the PLR-penetration curve at a penetration of 18.5 in. (Fig. 9.3).

The elevation of the soil core inside the pile was measured throughout the test
and was used to confirm the formation of a plug (Fig. 9.3). As the pile penetrated
into the ground, the elevation of the soil in the pile increased above the ground
level outside the pile. A maximum elevation 5 in. above the ground level was
reached at 14 in. penetration. The elevation of the soil core remained relatively
constant as it developed skin friction against the pile. The core formed a plug at a
penetration of 18.5 in. After plugging the surface of the plug moved downward at
the same rate of pile penetration.
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When plugging occurred, 80% of the end bearing was transferred to the internal
pile wall in a length equal to one pile diameter (Fig. 9.2). The remaining 20% was
transferred in the next diameter.

Figure 9.4 represents the load transfer obtained using a single wall pile. The
figure was generated by summing corresponding axial loads measured on the in-
ternal and external pile walls. Comparison between Fig. 9.4 and Fig. 9.1-9.2 de-
monstrates the utility of the double-wall concept. Plugging can not be identified
on Fig. 9.4. More importantly, the load transfer obtained using single-walled piles
(Fig. 9.4) projects an apparent increase in skin friction and a decrease in end bear-
ing over their real values. The good fit between the sum of the loads measured in
the top levels of the external and internal pile walls (level 5) and the load meas-
ured at the pile top is indicative of the over all high quality of the collected data.

9.4.2 Load Test

The axial load distributions shown in Fig. 9.5-9.6 were used to compute the unit
skin friction mobilized during the load test stage. Skin frictions were computed as
the difference in the load measured at any two consecutive levels divided by the
surface area of the pile between the two levels. The computed skin frictions were
assumed to act at the mid height between the two levels used in the computation.

Outside the pile, initially large negative skin frictions occurred near the tip,
probably due to residual stresses (Fig. 9.7). The negative skin friction values re-
duced as the applied load increased. Finally, the skin frictions near the tip became
positive as the applied load used in the load test exceeded the maximum value
used during pile pushing. Negative skin frictions have been observed by a number
of researchers in the field, e.g. Al-Shafei (1994), and in the lab, e.g. Vesic (1967).

Inside the pile, large skin frictions developed near the tip. Large positive skin
frictions were also measured near the top, accompanied by large negative skin
frictions in the middle of the pile. The measured skin friction at the middle and top
of the pile appear to be in error and may have resulted from a combination of a
large stress gradient and the large distance between strain gages in the upper por-
tion of the pile.

A better indication of the state of stress inside the pile is the radial stresses
measured inside the pile (Fig. 9.9a). Radial stresses approached 300 psi near the
pile tip and quickly reduced within three pile diameters. These stresses must have
resulted from arching of the sand due to plugging.

Outside the pile, the measured radial stresses decreased from their initial values
near the tip and top, but increased in the middle (Fig. 9.9b).

Before pile installation, the pressure chamber was set to a uniform isotropic
stress of 20 psi. The dense sand used in this study has a friction angle of 42°. A
uniform skin friction distribution of 18 psi is predicted outside the pile, based on
the Mohr-Coulomb failure criteria. The measured skin friction was nevertheless



210 9. Load Tests Using the Double—Wall Pipe Pile in Sand

triangular (instead of uniform) and the average skin friction was less than 10 psi.
The triangular stress distribution may have resulted from the influence of the
chamber’s boundary conditions. Chamber effects, however, do not explain the re-
duced skin friction values. Pile installation may have resulted in a zone of dense
sand encircling a zone of loose sand, around the pile, thus preventing by arching
the development of full earth pressure (Robinsky and Morrison, 1964).

9.4.3 Pull-Out Test

Approximately 15% of the force required to push the pile was required to pull it
out. The small tensile capacity is a result of the small length to diameter ratio of
the test pile (10:1), which was required to accommodate the available head clear-
ance’. The plug continued to slip during pull-out at approximately half of the pull-
out rate (Fig. 9.10).

Pull-out capacity was derived primarily from friction outside the pile
(Fig. 9.11-9.12). The quality of the measurements in tension are lower than those
in compression due to the reduced resolution caused by the smaller loads. It is
however clear that load transfer outside the pile followed the pull-out load
(Fig. 9.11). It is also clear that the plug contained large residual stresses which
were released within 0.1 in. of pull-out displacement (Fig. 9.12). The residual
stresses inside the pile are compressive at the tip and top and tensile at the center,
which tend to support the skin friction distribution measured during the load test
(Fig. 9.8).

The measured radial stress distribution indicates that the arching stresses within
the plug were released as the pile pulled out of the ground (Fig. 9.13). Small
changes in radial stress occurred outside the pile during pull-out.

9.5 Load Tests on the Pile Pushed (Jacked) in Saturated Sand

The results of the load tests on piles pushed in saturated sand were in general
agreement with piles pushed in dry sand. Typical results during the installation
and load test stage of the instrumented pile pushed in saturated sand are presented
in Fig. 9.14-9.23. The results of the pull-out test are presented in Fig. 9.24-9.28.

® Refer to chapters 4 and 5 for additional details.
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9.5.1 Jacking (Pushing) Stage

During the first 13 in. of pushing, the pile developed little skin friction, and less
force was required for pushing than piles in dry sand (Fig. 9.14-9.16). Plugging
occurred, abruptly, at a penetration of 13 in. and was readily identifiable by a
sharp increase in the load transferred through the internal pile wall (Fig. 9.14), ac-
companied by a sharp decrease in the load transferred through the external pile
wall (Fig. 9.15). After plugging, the force required to push the pile was larger than
that in dry sand. Like piles pushed in dry sand, 80% of the end bearing was trans-
ferred to the internal pile wall in a length equal to one pile diameter (Fig. 9.15).
The remaining 20% was transferred in the next diameter.

As the pile penetrated into the ground, the elevation of the soil in the pile in-
creased and reached a maximum elevation 5 in. above the ground level outside the
pile (Fig. 9.17). Plugging is indicated by the specific recovery ratio (SRR) approach-
ing zero at a penetration of 13 in. Another indicator of plugging is the change in the
slope of the PLR-penetration curve at a penetration of 13 in. After plugging the sur-
face of the plug moved downward at the same rate of pile penetration.

9.5.2 Load Test

A plug stick-slip mechanism occurred in the middle of the load test stage and is
indicated on Fig. 9.14-9.15 by sharp oscillations in the strain gage readings at an
applied load in the range of 8—11 kips. This mechanism occurred in a number of
tests in saturated sand, and could by identified during the test by the pile suddenly
moving then stopping. A knocking sound in the hydraulic ram occurred when the
plug developed a sudden increase in resistance, which stopped the ram. It is inter-
esting to note that the sum of the strain gage readings in Fig. 9.16 does not show
any oscillations, which indicates that during the stick-slip mechanism, the pile ca-
pacity cycled between the two pile walls, but the sum of the capacity at any given
time was a constant.

The stick-slip mechanism occurred faster than data was sampled and accord-
ingly applied loads in the range of 8-11 kips were not included in the axial load
distribution curves (Fig. 9.18-9.19). Skin friction distributions were computed
from axial load distributions and are shown in Fig. 9.20-9.21.

Outside the pile, no skin friction was developed in the first three diameters
(Fig. 9.20). At deeper penetrations skin friction increased linearly with depth. The
skin friction distribution is different from piles in dry sands in two ways. First, re-
sidual stresses did not affect the stress distribution, and negative skin friction did
not develop. Second, the developed skin frictions are higher in saturated sand than
in dry sand.



224 9. Load Tests Using the Double—Wall Pipe Pile in Sand

Inside the pile, large skin frictions developed near the tip. Skin frictions, appar-
ently, reached a maximum two diameters up from the tip, and decreased sharply
with further distance away from the tip. Reduction in the skin friction near the tip
may have resulted from relaxation of the end bearing resistance.

High radial stresses were developed inside the pile, near the tip, and decreased
with distance away from the tip (Fig. 9.22a). The stresses approached 270 psi, yet
they were approximately 15% lower than the stresses developed in the pile pushed
in dry sand. As discussed earlier these stresses must have resulted from arching of
the sand due to plugging.

Outside the pile, the measured radial stresses appear to be higher at the center
of the pile than at the tip or top (Fig. 9. 22b).

Pore pressures were measured outside the pile throughout installation and load-
ing. A small build up of pore pressure occurred outside the pile. Excess pore pres-
sures reached a maximum near the tip and reduced with distance away from the tip
(Fig. 9.23). A maximum excess pore pressure of 2 psi was recorded 5 inches away
from the tip.

Pile installation resulted in very large radial stresses, particularly inside the pile.
These stresses caused the filters of some pore pressure transducers to yield under
pressure, and touch the sensing face. Other filters were stripped off the transduc-
ers. The pore pressure transducers were designed to have a pore pressure rating of
25 psi, with a factor of safety of 2. In one case, the transducer which is located in-
side the pile nearest to the tip was subjected to a radial stress in excess of 300 psi
and its filter and sensing face were both fused and yielded together. It was possi-
ble to retrofit the transducers mounted on the outside of the pile with external
filters. The retrofit was successful except for the transducer located nearest to the
tip, which worked intermittently. The transducers located inside the pile were not
accessible. However, the two transducers located 5 and 10 in. away from the tip
continued to work intermittently, depending on the applied radial stress.

9.5.3 Pull-Out Test

The pile’s pull-out capacity represented 20% of the capacity in compression
(Fig. 9.24). The plug was retained inside the pile during pull-out, and essentially
no plug slippage occurred.

The strain gages appear to have experienced large zero shifts, and their absolute
values are not reliable (Fig. 25). However, strain gage readings indicate that the
capacity was developed entirely from friction outside the pile (Fig 9.25-9.26).
Like piles in dry sand, the plug contained large residual stresses which were re-
leased within 0.1 in. of pull-out (Fig. 9.26). The radial stress distribution inside
the pile also indicates that the plug stresses were relieved (reduced) within 0.1 in
of pull-out.(Fig 9.27).
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The pore pressures measured outside the pile during pull-out remained un-
changed (Fig 9.28). Pore pressure measurements inside the pile were unreliable.

9.6 Load Tests on the Pile Driven in Saturated Sand

Measurements taken during driving, load testing, and pull-out of the pile in satu-
rated sand are presented in Fig. 9.29-9.34, Fig 9.35-9.44, and Fig. 9.45-9.49,
respectively.

9.6.1 Driving Stage

Open ended piles in saturated sand typically drove much easier than closed ended
piles in dry sand. The driven pile discussed in this section encountered easy driv-
ing, and approximately 90 blows were required for installation.

As the pile penetrated into the ground, the elevation of the soil core increased at
a rate which was approximately half of that of unplugged pushed piles (Fig. 9.29).
However, unlike pushed piles, a plug did not form at any stage of the driving
process.

The response of the pile-soil system during four consecutive blows in the mid-
dle of driving is shown in Fig. 9.30. The set per blow was approximately 0.15 in.
The frequency response of the position transducer used to monitor plug move-
ments was slower than desired. However, it is clear that the plug continued to in-
crementally rise inside the pile after each blow.

A surge in pore pressure of approximately 0.4 psi was also recorded concurrent
to each blow (Fig 9.30). The rise time of the pore pressure wave was approxi-
mately 0.1 sec. The pressure surge dissipated 0.1 sec later’. Surges of pore pres-
sure resulted in a small build up of pore pressure outside the pile (Fig. 9.31).

Excess pore pressures reached a maximum near the tip and reduced with
distance away from the tip. A maximum excess pore pressure of 1.25 psi was re-
corded 5 inches away from the tip, which represent 6.5% of the initial in situ ef-
fective stress. A build up of pore pressure was also recorded inside the plug
(Fig 9.32). The excess pore pressures inside the plug were uniform throughout in-
stallation. The excess pore pressure in the plug was 1.5 psi, which represents 7.5%
of the initial in situ effective stress.

3 A continuous sampling frequency of 10 Hz was used to record during driving, which
requires that the hammer impact and the recording trigger be synchronized in order to ob-
serve surges of pore pressure. Synchronization was not performed and accordingly the ob-
served behavior could be observed only intermittently on the driving record. It is possible
to use periodic sampling and sample at a higher frequency.
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The sand in the pressure chamber was covered by a freely draining geocompo-
site filter. After driving, excess pore pressures, outside the pile, dissipated in times
which depended on their distance from the top geocomposite drainage filter, with
further distances requiring more time to dissipate (Fig 9.33). All excess pore pres-
sures were dissipated in approximately 20 minutes.

The position transducer used to track the elevation of the soil core inside the
pile provided only partial drainage at the top of the soil core. At the end of driving
when the hammer was removed, it was evident that the pore pressure inside the
plug was higher than the hydrostatic value. A sudden drop in the plug’s pressure
may have resulted from re-attaching the position transducer, which required the
top of the plug to be freely drained for a short period (Fig. 9.34).

9.6.2 Load Test

The pile plugged during load testing, although it did not plug during driving
(Fig 4.35). The surface of the plug moved downward at approximately the same
rate of penetration.

The pile developed less capacity than pushed piles. Relatively, little skin fric-
tion developed outside the pile (Fig 9.36). Inside the pile, end bearing was trans-
ferred to the inner wall in a length equal to two pile diameters (Fig 9.37).

The axial load distributions shown in Fig. 9.38-9.39 were used to compute the
skin friction distributions shown in Fig. 9.40-9.41. Outside the pile, little skin fric-
tion developed in the top half of the pile. Inside the pile, the skin friction distribu-
tion was similar to that of piles pushed in dry sand. As discussed for piles in dry
sand the observed skin friction distribution may have resulted from a combination
of a large stress gradient and the large distance between strain gages in the upper
portion of the pile.

Radial stress distribution was different from pushed piles. Outside the pile the
magnitude of radial stresses increased near the top and decreased near the tip
(Fig. 4.42). Inside the pile, the shape of the stress distribution was similar to that
of pushed piles (Fig 4.43). However, the magnitude of the radial stresses was half
of that observed for pushed piles.

A small build up of excess pore pressures occurred during the load test
(Fig 9.44). Outside the pile, a maximum excess pore pressure of 0.75 psi was re-
corded 5 in. away from the tip. Excess pore pressures decreased with distance
away from the tip. As discussed earlier the filters of the transducers inside the pile
yielded under lateral pressure, and the transducers’ readings were influenced by
earth pressures.
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9.6.3 Pull-Out Test

The pile’s pull-out capacity represented 20% of the capacity in compression
(Fig. 9.45). The plug was retained inside the pile during pull-out, and essentially
no plug slippage occurred.

Strain gage readings indicate that the capacity was developed entirely from fric-
tion outside the pile (Fig 9.46-9.47). The strain gages appear to have experienced
a large zero shift, and their absolute values are not reliable (Fig. 9.46). It is clear
however that, like pushed piles, the plug contained large residual stress which
were released within 0.1 in. of pull-out (Fig. 9.26). The radial pressure distribution
inside the pile also indicates that the plug stresses were released (reduced) within
0.1 in of pull-out (Fig 9.48).

The pore pressures measured outside the pile during pull-out remained rela-
tively unchanged (Fig 9.28). As discussed earlier, pore pressure measurements in-
side the pile were unreliable.

9.7 Observed Behavior of Piles in Sand

The results of the testing program provide a number of important insights into the
behavior of pipe piles during installation and loading, as follows:

9.7.1 Pile Plugging

Piles plug during pushing, but not during driving. Formation of a plug during in-
stallation by pushing did not significantly change the penetration resistance. When
a plug formed, 80% of the end bearing was transferred to the internal surface of
the pile in a length equal to (or less than) one pile diameter from the tip. The re-
maining end bearing is transferred in a the second pile diameter.

Plugging results in the formation of very large radial stresses inside the pile.
These stresses were larger for pushed piles than for driven piles. The stresses were
also larger for piles in dry sand than saturated sand.

During pull-out, very small pile movements were required to release the plug
stresses. The plug is retained in piles installed in saturated sand and slipped in
piles installed in dry sand.
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9.7.2 Buildup of Pore Pressures

Pile driving resulted in a pore pressure surge near the tip. The rise and decay times
of the pressure surge were each approximately 0.1 sec long. The pressure surge re-
sulted in a small build up of pore pressure during driving. The measured pore
pressures were approximately 7.5% of the initial effective stresses. Although it
was not possible to continuously record pore pressure inside the plug, due to
equipment failures, evidence exists that the pore pressure inside the plug was
higher than the hydrostatic value.

The measured increase in excess pore pressure during driving is not sufficient
to significantly influence plugging. Nevertheless, build up of pore pressure due to
cyclic loading depend on the number of loading cycles. Only 90 hammer blows
were required to install the pile. In the field, larger pore pressures may develop
during driving because a much larger number of hammer blows is used.

A small build up of pore pressure was measured during installation by pushing
and during load tests. The measured pore pressure ranged between 4% and 10% of
the initial in situ effective stresses.

Pore pressures dissipated within 20 minutes from installation. According to
theory of radial consolidation, dissipation of pore pressures depends on the pile
diameter and may take a longer duration for production size piles.

9.7.3 Load Transfer

For piles pushed in dry sand, skin friction was greatly influenced by residual
stresses. The effects of residual stresses were prominent until the load used to in-
stall the pile by pushing was exceeded. Residual stresses appear to have lesser ef-
fects on piles installed in saturated sand.

Load transfer outside the pile appeared to increase with depth despite the fact
that the pressure chamber had initial isotropic stresses.

9.8 Conclusions

The results of the load tests performed using the instrumented pile provide con-
vincing evidence of the value of the double-wall concept in pile foundation
research. The pile performed as designed and provided rare data on soil pile inter-
action. The full potential of the double wall concept will be realized when it is im-
plemented in a production-size pile.

The experimental results of this study contribute to a better understanding of
pile behavior, but they also raise additional questions. Research should continue to
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study the various aspects of soil structure interaction. In particular, the following
issues should be examined in detail:

e The effect of residual stresses on the development of negative skin frictions in-
side and outside the pile

e Build-up of pore pressures during installation and subsequent loading, and its
effect on pile behavior.

e The effects of pile plugging (or lack there of) during installation on the mobi-
lized axial capacity during loading.
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10. Summary and Conclusions

Abstract. One of the major difficulties in predicting the axial capacity of pipe
piles in sand has been a lack of understanding of the physical processes which
control the behavior of piles during installation and loading. The objectives of this
research are to develop the experimental facilities necessary to identify these
processes and perform load tests to study the phenomenon of pile plugging. A
summary of the work performed, conclusions, and recommendations for future re-
search are presented in this chapter.

10.1 Background

The research presented in this monograph has been motivated by the challenges
facing the designers of offshore structures. Nevertheless, the research findings ap-
ply equally well to all pile foundations. Most offshore structures are supported on
steel pipe piles which are designed in accord with API Recommended Practice for
Planning, Designing, and Constructing Fixed Offshore Platforms, RP-2A
(API, 1993). The guidelines for calculating the axial capacity of piles in sand have
long been the source of considerable debate due to the geotechnical profession’s
inadequate understanding of pile behavior.

The API method uses a simple theoretical model which is calibrated using em-
pirical load test data. The primary inadequacy of the API method is the data base
used to calibrate the design method. At the present time, the data base has fewer
load tests than the number of degrees of freedom of the pile-soil system, which
precludes determining a unique set of calibration factors. Furthermore, the data
base consists of piles that are generally shorter in length, smaller in diameter, and
have less capacity than the piles being designed for offshore structures.

Analytical methods, alone, can not resolve the uncertainties in axial capacity
predictions due to the complex nature of pile behavior. Experimental research on
the physical processes that control the behavior of piles during installation and
loading is required in order to resolve the issues involved. Considering the large
number of variables involved in axial pile capacity development, as well as the
high cost of load tests on full-scale instrumented piles, it is unlikely that a suffi-
cient number of full-scale load tests can be performed to resolve the problem.
Furthermore, the test conditions of full-scale load tests, generally, can not be con-
trolled satisfactorily to isolate independent variables. Experimental research on
model piles under controlled conditions can, however, be used to resolve some of
the important design uncertainties.

M. Iskander: Behavior of Pipe Piles in Sand, SSGG, pp. 245
springerlink.com © Springer-Verlag Berlin Heidelberg 20T0
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One of the objectives of this study is to develop a body of knowledge which
will aid the designers of both offshore and terrestrial piles to obtain more precise
capacity predictions.

10.2 Summary

Analysis of known case histories, in chapter two, indicates that a large scatter be-
tween measured and predicted pile capacities exists. Variations between measured
and predicted pile capacities arise due to a number of factors such as severe
changes in soil fabric and state of stress caused by pile driving, difficulties in mea-
suring field soil properties, particularly in the marine environment, variations in
loading details and pile installation procedures, behavior of the soil core (plug)
during driving and subsequent loading, and soil structure interaction.

A close examination of the effects of the installation process on the capacity of
piles, in chapter three, revealed that pile plugging has a considerable effect on ax-
ial pile capacity. An experimental program to study the relationship of plugging,
generation of pore pressures, and redistribution of stresses during installation and
loading was therefore initiated.

The experimental facility described in chapters four, five, and six was built to
study the behavior of pipe piles in sand. This study is different from previous ex-
perimental studies in a number of ways. First, a double walled pile was used to
isolate the frictional stresses acting against the external and internal surfaces of the
pile wall. Second, a fast, automatic laboratory pile hammer capable of represent-
ing the phenomena which occur during pile driving was developed and used.
Third, a data acquisition system capable of collecting data at a large scale was
built. Fourth, this study is the first to provide continuous measurements of the ele-
vation of the soil inside the pile during installation and loading. Fifth, a pressure
chamber, feedback control system, loading frame, sand handling, pluviating, satu-
rating, and drying apparatus have been integrated to allow convenient load testing
of piles under simulated field conditions.

A review of the modeling capabilities of the developed facilities, in chapter 8§,
demonstrates that driving of typical offshore piles can be adequately represented
using the developed facilities.

A testing program to investigate plugging of piles during installation and load-
ing is presented in chapter 9. The results of the testing program validate the con-
cepts used to design the test facility and provide important insights into soil
behavior which are summarized next.
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10.3 Conclusions

A number of conclusions may be drawn regarding the design and performance of
the developed apparatus as well as regarding the behavior of piles in sand.

10.3.1 Conclusions Regarding Experimental Apparatus

10.3.1.1 The Double-Wall Pile

The results of the load tests performed using the instrumented pile provide con-
vincing evidence of the value of the double wall concept in pile foundation re-
search. The pile performed as designed, and provided data that has never been
measured in the past. The full potential of the double-wall concept will be realized
when it is implemented in a production-size pile.

The methods presented in chapter five were successful in protecting the pile in-
strumentation from failure during pile driving. The radial stresses acting inside the
pile were approximately one order of magnitude larger than the free field stresses,
which resulted in failure of the transducer filters. An improved housing design for
miniature pore pressure transducers is required.

10.3.1.2 The Pile Hammer

The methods developed in this study to design a laboratory pile hammer were suc-
cessful. The electro-pneumatic control system provided excellent control of the
hammer. The hammer delivered a repeatable rated energy of 156 ft-1b with a 57%
efficiency. The maximum impact velocity and operating frequency were 8.2 ft/sec
and 1.2 Hz, respectively. Energy was delivered in a manner consistent with pile
driving in the field.

Most of the energy losses in the hammer occurred due to the development of a
cushioning back pressure ahead of the ram. Future hammer designs should attempt
to increase hammer efficiency by mounting the control valve on the hammer,
while isolating it from shock and vibration. Additionally, air blow-by was found
to be highly beneficial, and should be allowed as long as sufficient air supply is
available.

10.3.1.3 The Pressure Chamber System

An experimental facility for performing foundations research under controlled
laboratory conditions has been developed. The facility has been used, successfully,
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in research on pipe piles and suction piles. The facility is designed to facilitate re-
search on other types of foundations, such as shallow foundations.

10.3.1.4 Modeling Capabilities of the Developed Apparatus

The experimental apparatus developed in this study should be considered primar-
ily as a small prototype which is used to study pile behavior. The developed appa-
ratus satisfies most, but not all, the requirements of similitude for model test
requirements. The primary inadequacy of the apparatus is its inability to model the
gradual increase in soil stresses with depth, which limits the modeling capabilities
to modeling a pile-soil element at a given depth. The pressure chamber can model
the effective stresses in soil strata up to 120 ft. below the mud line. The hammer
can model both dynamic and diffusion times of typical piles.

10.3.2 Conclusions Regarding the Behavior of Piles in Sand

The results of the testing program provide a number of important insights into the
behavior of pipe piles during installation and loading, as follows:

10.3.2.1 Pile Plugging

Piles plugged during load tests and during installation by pushing, but not during
driving. Formation of the plug during installation by pushing did not significantly
change the penetration resistance. Furthermore, although the plug formed sud-
denly there was no sudden change in penetration resistance. When a plug formed,
80% of the end bearing was transferred to the internal surface of the pile in a
length equal (or less than) one pile diameter from the tip. The remaining 20% of
the end bearing was transferred to the pile in the second pile diameter.

Plugging results in the formation of very large radial stresses inside the pile.
These stresses were larger for pushed piles than for driven piles. The radial
stresses were also larger for piles in dry sand than saturated sand.

During pull-out, very small pile movements were required to release the plug
stresses. The plug was retained in piles installed in saturated sand but it slipped in
piles installed in dry sand.

10.3.2.2 Buildup of Pore Pressures during Installation and Loading

Pile driving resulted in a pore-pressure surge near the tip. The rise and decay times
of the pressure surge were each approximately 0.1 sec long. The pressure surge re-
sulted in a small build up of ambient pore pressure during driving. The measured
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pore pressures were approximately 7.5% of the initial in situ effective stresses.
Evidence also exists that the pore-pressure inside the plug was higher than the hy-
drostatic value.

A small build up of pore-pressure was measured during installation by pushing
and during load tests. The measured pore pressures ranged between 4% and 10%
of the initial in situ effective stresses. Excess pore pressures dissipated within 20
minutes from installation.

10.3.2.3 Load Transfer

For piles pushed in dry sand, skin friction was greatly influenced by residual
stresses. The effects of residual stresses were prominent until the load used to in-
stall the pile by pushing was exceeded. Residual stresses appear to have lesser ef-
fects on piles installed in saturated sand.

Load transfer outside the pile appeared to increase with depth despite the fact
that the pressure chamber had initial isotropic stresses.

10.4 Recommendations for Future Research

The experimental results of this research contribute to a better understanding of
pile behavior, but they also raise additional questions. Future experimental re-
search on pile foundations should continue to use the techniques developed in this
study, particularly fast electro-pneumatic hammers and the double-wall piles.

The author sincerely hopes that the apparatus designs presented in this mono-
graph would be beneficial to foundation engineering researchers. In the short term,
the presented designs should be used by researchers to identify the physical
mechanisms which control the behavior of piles during installation and loading. In
the long term the measured phenomena should provide a framework for develop-
ing a theoretically sound model to predict the capacity of piles.
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Abrasion, 96

Acceleration, 44, 71, 130, 148, 152, 153,
159, 164, 166

Accelerometer, 158, 165

Accuracy, 1, 8, 14, 16, 19, 70, 93, 107,
139

Acid, 96

Acrylic, 115

Actuator, 36, 62, 63

Addition Cure, 114

Adhesive, 97, 114, 115, 116, 177

Aging, 3, 59

Air, 40, 44, 51, 55, 107, 115, 128, 132,
133, 138, 152-155, 158-160,
163, 174, 247

Alignment, 82, 121, 133, 138

Alkaline, 96

Aluminum, 63, 133, 138, 149, 158

Amines, 114, 116

Amplification, 68, 70, 71

Amplitude, 64

Analog, 65, 68

Analyzer, 158, 160, 165

Anisotropic, 191

Annular, 76,79, 82, 92, 103, 104, 114, 115,
116, 117

Anvil, 132, 133, 138, 139, 141, 143, 145,
148, 149, 152, 158, 159, 163,
164, 169, 172, 192

APIL, 1, 2, 6-23, 128, 245

Arching, 3, 18, 27, 29, 30, 81, 177, 209,
210, 224

Area Ratio, 82

B

Backpressure, 153, 159
Bearing, 2, 3,4, 5,9, 11, 18, 19, 20, 25, 26,
27,29,76,79, 81, 121, 123, 173,
198, 209, 223, 224, 240, 241, 248
Capacity, 2, 3, 11, 18, 19, 20, 25, 26, 27,
29,76, 79,81, 121, 123, 173
Stress, 4
Factor, 9
Ball Bearing, 44
Bending, 88, 89, 93, 110
Blow by, 138, 153, 160, 163, 174, 247
Bonding, 40, 97, 104, 116
Brass, 71, 107
Bridge, 64, 70, 71, 107, 110, 111, 113, 122
Quarter, 107, 112
Butyl, 40, 114

C

Cable, 71, 82,92, 110

Calcareous, 3, 27

Calibration, 1, 2, 7, 25, 36, 51, 70, 73, 88,
90, 117, 120, 121, 122, 123, 127,
129, 132, 139, 141, 187, 245

Capacity Coefficient, 151, 152, 155, 158,
160, 174

Cavitation, 51

Centrifuge, 35, 128, 130, 188, 191

Ceramic, 177

Clearance, 60, 129-133, 173, 210

Clock, 40, 68

Cohesion, 7, 189, 190

Cohesionless, 7, 8, 14, 21

Compliance, 51, 103

Compressibility, 3, 7, 18, 27, 150, 152, 193
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Conductivity, 181, 193

Constantan, 96

Corrosion, 103, 116

Creep, 3, 59

Cushion, 114, 132, 138, 139, 141, 143, 148,
149, 152, 153, 158, 160, 163, 172,
173, 174, 192, 247

Cyclic, 3, 18, 20, 27, 28, 29, 62, 120, 127,
177, 178, 242

Cyclic Mobility, 18, 29, 177, 178

D

Damping, 60, 114, 139, 141, 173

Data Acquisition, 4, 35, 36, 64-70, 73, 113, 246

Database, 1, 7, 10-14, 17, 20

De-aired, 36, 40, 44, 51-54, 55, 107, 195

Degreaser, 96

Demodulate, 68, 70

Density, 3, 10, 11, 13, 16, 17, 29, 30, 44,
45,49, 50, 73, 166, 178, 179, 181,
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Deposition, 44, 45, 59, 178
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Diaphragm, 70, 104, 107

Dielectric, 114

Diesel, 129, 132

Diffusers, 44, 45, 47

Diffusion, 128, 192, 193, 194, 248

Digital, 65, 68, 71, 158, 165

Dilatation, 3, 29

Dimensionless, 9, 151

Dimensional Analysis, see similitude

Dissipation, 18, 28, 95, 128, 191, 192, 193,
196, 225, 229, 240, 242, 249

Double Acting, 129, 130

Double Wall, 4, 30, 67, 71, 75-125, 195,
197, 209, 247, 249

Drag, 30, 44

Drainage, 3, 20, 27, 40, 55, 59, 240

Drift, 70

Dry, 36, 44, 45, 51, 55, 103, 178

Drying, 4, 30, 35, 36, 55, 56, 57, 246

Ductile, 116

Dwell Time, 139, 148, 149, 150, 169, 172, 192

Dynamic, 2, 7, 18, 25, 26, 28, 59, 60, 68,
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111,117, 119, 120, 121, 139, 149,
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Electromagnetic, 130

Electro-pneumatic, 127, 133, 150, 154, 158,
173, 247, 249

Elongation, 103, 115, 123

Encapsulant, 96, 107, 114, 115, 116, 117, 119,
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Encoder, 71

Energize, 155, 163

Energy, 8, 29, 60, 88, 127, 129, 130, 143, 148,
149, 159, 160, 163, 165, 167, 168,
169, 170, 171, 173, 174, 189, 190,
191, 192, 247

Epoxy, 97, 116

Exhaust, 132, 138, 152, 153, 155, 157, 158,
159, 160, 163, 174

F

Fabric, 25, 29, 246
Feedback, 4, 30, 35, 36, 60, 62, 64, 70, 196,
246
Filter, 40, 55, 68, 104, 154, 160, 222, 224,
240, 247
Flexible, 96, 97, 114, 116, 133, 181
Foil, 93, 95, 96, 104, 107
Force, 26, 27, 40, 44, 63, 64, 68, 71, 97, 104,
116, 127, 128, 130, 153, 165, 166,
168, 169, 172, 191, 210, 223
Time, 148, 158, 169, 171
Velocity, 166
Displacement, 168
Frequency, 65, 68, 103, 130, 138, 139, 155,
158, 159, 160, 163, 173, 225, 247
Friction, 2, 3, 4,9, 14, 16, 18, 19, 20, 25, 26,
27,29, 30, 75, 76, 107, 123, 138,
159, 163, 178, 181, 185, 197, 198,
204, 209, 210, 216, 223, 224, 233,
240, 241, 242, 246, 249

G

Gain, 64, 67

Gasket, 51

Gel, 114, 115,116, 117, 119, 120
Glue, 121
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Glued, 40, 93, 104
Gradient, 40, 95, 187, 195, 209, 240
Grit, 96

H

Hammer, 2, 3, 14, 26, 30, 68, 116, 127-176,
192-196, 225, 240, 242, 246-249
Guide, 129, 130, 131, 133, 138, 141
Lift Off, 130, 159, 160
Rated Energy, 103, 127, 143, 159, 173,
247
Single Acting, 127, 128, 129, 130, 159
Steam, 128, 132
Cushion, 114, 132, 138, 139, 141, 143,
148-150, 152, 153, 158, 160, 163,
172,173, 174
Hardened, 133
HDPE, 138
Height, 18, 27, 40, 44, 45, 60, 67, 97, 128,
129, 132, 197, 209, 226
Hinge, 44
Hoist, 45, 138
Hole, 40, 44, 80, 81, 87, 104, 123, 133, 138,
158
Hollow, 14
Homologous, 187, 192, 193
Housing, 51, 104, 107, 130, 153, 247
Hydraulic, 36, 62, 63, 70, 129, 181, 187,
193, 223
Hydrofluoric Acid, 96
Hysteresis, 121

I

Impact, 130, 132, 133, 139, 148, 152, 153,
159, 160, 163, 164, 165, 166, 168,
169, 171, 172, 173, 189, 190, 225,
247

Impeller, 51

Impulse, 139, 189, 190, 191, 192

Inertia, 2, 4, 26, 89, 90, 128, 133, 163

Inhibitor, 114, 116

Inter Bedded, 28

Interface, 19, 20, 27, 64, 65, 68, 77, 78, 103,
119, 120, 185, 186

Isotropic, 191, 196, 209, 242, 249

J

Jacking, 3, 198, 223, see pushing
Jetting, 3, 26
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K

Kinetic, 159, 168
Knocking, 223

L

Layer, 2, 9, 19, 20, 40, 55, 103, 116, 191,
194, 196
Leaders, 133, 138
Leadwire, 92,97, 104, 111, 113, 114, 116, 117
Leakage, 114
Length, 1, 3, 9-18, 55, 76, 87, 88, 89, 90,
92,93,95, 104, 114, 129-133,
139, 148, 163, 166, 172, 187, 189,
191, 197, 201, 209, 210, 223, 240,
241, 245, 248
gage length, 95
length to diameter, 132, 159, 210
Line Tamer, 154
Liquefaction, 29, 51, 177, 178, 196
LVDT, 65, 68, 69, 70, 158

M

Magnetic, 130

Membrane, 40, 97

Miniature, 4, 30, 75, 103, 104, 247

Modulus, 11, 29, 40, 55, 89-92, 104, 111,
119-121, 141, 149, 166, 167, 189,
191, 192

Motor, 51, 115

Mount, 44, 51, 80, 83, 93, 95, 97, 103, 104,
107, 115, 123, 133, 138, 158, 163,
165, 174, 224, 247

Mud Line, 3, 26, 194, 248

Muffler, 158

Multiplexer, 65, 68

Mylar, 97, 103

N

Nitryl, 97, 116
Non Dimensional, 188, 190, 191, 192, 193
Nylon, 97, 138, 143, 149

(0}

Open-Ended, 2,7, 8,9, 10, 18, 19, 25, 26,
27,76, 225

Orifice, 155

Oscillator, 68, 70

Oscilloscope, 68

Oven, 97, 115

Oxygen, 51, 54
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P

Packer, 138, 160
Penetration, 2, 7, 11, 15, 16, 18, 25, 26, 36,
59, 115, 128, 169, 196, 197, 198,
199-205, 211-218, 223, 225,
226-228, 230-235, 237, 240, 241,
248
Permeability, 29, 177, 178, 189
Pilot, 154
Piston, 63, 132
Plasticizers, 114
Plugging, 2, 18, 25, 26, 27, 29, 76, 82, 123,
195, 197, 198, 209, 223, 224, 225,
240, 241, 242, 243, 245, 246, 248
Pluviation, 4, 30, 35, 36, 44-48, 55, 63,
178, 181, 195, 246
Pneumatic, 127-130, 132, 133, 138,
150-156, 159, 163, 174
Polarity, 63, 160
Polyimide, 96
Polyurethane, 103
Pore Water Pressure, 3, 4, 28-30, 80, 81,
103, 104-107, 123, 128, 191-192,
197, 227-229, 235, 239, 241, 242,
249
Porous, 107
Position Transducer, 65, 67, 69, 71
Potting, 114, 121
Powder, 177, 178
Precision, 107, 109, 139
Pressure, 9, 10, 11, 16, 29, 30, 82, 91, 93,
117, 119, 127, 129, 133, 224, 225,
240, 241, 242, 246, 247, 248, 249
Wata pressure see pore wata pressure
Pressure Chamber, 35, 36, 40, 44-51, 55,
58-60, 139, 141, 165, 187, 191,
195, 209
Pressure pump 63
Pressure transducer, see Transducer
Air Pressure supply, 151-155
Human Efficiency, see efficiency
Propagation, 148, 149, 166, 167, 168
Prototype, 187, 188, 191, 192, 193, 194, 248
Pulley, 82, 83
Pullout, 19, 36, 70, 71, 196-198, 206208,
210, 219-222, 224, 236-239, 241,
248
Pulse, 167, 168, 169
Pump, 36, 51, 62, 63, 65
Pushed See Jacked, 30, 75, 127, 155, 185,
198-225, 240, 241, 242, 248, 249

Index

Q
Quake, 139, 141, 173

R

Raining, 44

Ram, 62, 63, 70, 128, 129, 130, 131, 132, 133,
138, 139, 141, 143, 148, 149, 152,
153, 154, 158, 159, 160, 163, 164,
165, 166, 169, 172, 174, 192, 223,
247

Rebound, 163, 164

Refusal, 2, 26

Resolution, 16, 64, 65, 68, 70, 71, 113, 210

RTV, 103, 107, 114, 115, 124

Rubber, 40, 51, 97, 103, 114, 115, 116

S

Sand
Angular, 177, 178
Sub-Angular, 177
Sub-Rounded, 177, 179
Rounded, 177-179
Saturation, 35, 44, 51, 107, 108, 181
Seal, 40, 51, 76, 79, 83, 103, 107, 138
Sealant, 103
Sensitivity, 93, 96, 113, 116
Sensor, 36, 65, 68, 123, see Transducer, 70
Servovalve, 62, 63, 64
Settlement, 3, 11, 16, 18, 19, 27, 30, 199-202,
211-213,231
Shoe, 60, 76, 79, 80, 81, 83, 86, 87,91, 115,
121
Shunt, 113
Signal Conditioning, 64, 65, 68-71, 104, 110
Silicone, 103, 114, 115, 116, 121
Similitude, 130, 187, 188, 192, 193, 194, 248
Solder, 103, 104, 107, 113, 116
Solenoid, 36, 133, 139, 154, 155, 157, 158,
159, 163
Solvent, 97, 103, 116
Stainless, 83, 95, 96, 116, 133, 148, 166, 178,
181
Stick-Slip, 223
Stiffness, 54, 59, 91, 148, 149, 169, 171, 172,
173
Strain Gage, 64, 65, 69, 70, 71, 76, 77, 80, 92,
93, 95, 96, 97, 99, 100, 103, 104,
107,110, 111, 112, 113, 114, 116,
117, 120, 121, 165, 168, 197, 209,
223,224, 240, 241
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Stroke, 63, 128-133, 138, 139, 143, 151, 152,
153, 154, 155, 159, 160, 163, 173,
174

Styrene, 103, 116

Surge, 154, 225, 242, 249

Switch, 64, 68, 155

Sylgard, 115

Synchronize, 65, 158, 225

T

Teflon, 97

Temperature, 44, 55, 93, 109, 111, 151,
152

Self temperature Compensation, 95, 96

Tensile, 9, 20, 36, 63, 103, 115, 196, 210

Thick, 3, 26, 40, 45, 51, 55, 58,77, 91, 92,
83,103, 104, 119, 143

Thin, 88, 90, 93, 103, 104, 113, 185

Threaded, 158

Tolerance, 18, 133

Transducer, 4, 30, 64, 65, 67, 69,70, 71, 75,
77, 80, 81, 82, 92, 93, 103, 104,
108, 113, 121, 123, 158, 197, 224,
225, 240, 247

Triaxial, 181

Trigger, 68, 225

U
Uplift, 130
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v

Vacuum, 51, 54, 107, 115

Valve, 36, 40, 51, 55, 62-64, 129-133, 138,
151, 154, 155, 157, 158, 159, 163,
174, 247

Vapor, 55

Velocity, 44, 51, 127, 131, 148, 149,
158-160, 163-170, 173, 191, 247

Vibration, 60, 129, 132, 133, 247

Vibratory, 129, 130

Viscosity, 97, 103, 115

Voltage, 64, 68, 71, 93,96, 110, 111,
113,121, 123

w

Wave, 27, 60, 68, 116, 132, 139, 141, 148,
149, 160, 163, 166, 167, 168, 173,
189, 192, 225

WEAP, 139, 141, 173

Wheatstone, 71, 107, 110, 111, 113

Y

Yield, 21, 89, 90, 104, 107, 141, 173,
189-191, 218, 222, 224, 235, 240

V/
Zero-shift, 121, 197, 224, 241
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