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ABSTRACT: New sets of shear stiffness reduction curves are developed from the back-analyses of 299 static axial pile load tests from 61 
sites towards the implementation of a non-linear load-displacement (Q-w) response method for pile foundations. The initial shear modulus 
(Gmax) is derived from the measured shear wave velocity (Vs) profiles at the pile sites, usually obtained from seismic cone penetration tests 
(SCPT). A Randolph-type closed-form elastic continuum solution for axial compression loading is used, modified for additional applications 
involving axial tension loading cases. The back-analysis of shear moduli at various load levels results in derivations of new shear modulus 
reduction curves, specifically normalized shear stiffness (G/Gmax) vs. logarithm of pseudo-strain: p = wt/d, where wt = pile top displacement 
and d = pile diameter. These curves incorporate the effects of pile type and installation method, and also show the influence of soil plasticity. 
A complete step-by-step methodology is presented for use and application of these new stiffness reduction curves within the extended system 
of closed-form elastic continuum solutions. In a companion paper, these solutions are further extended towards their application to a stacked 
pile model, representing certain practical field situations of non-homogeneous and non-Gibson type soil profiles, and accounting for the 
concept of progressive failure with depth. 
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1. INTRODUCTION 

The nonlinear response of geomaterials to loading has been widely 
researched and documented towards use in geotechnical engineering 
applications (Burland 1989). The mechanical non-linearity is 
exhibited in the form of soil stiffness that begins at the small-strain 
shear modulus (Gmax) and softens when shear strains (s) exceed the 
linear threshold value, resulting in marked reductions for small, 
intermediate, and large strains until the shear strength is reached 
(Tatsuoka and Shibuya 1992). Many algorithms have been 
developed to describe this stiffness reduction for soils, including: 
hyperbolic stress-strain relationships, power law expressions, spline 
functions, and periodic logarithmic functions, as well as constitutive 
soil models based on elasto-plasticity (Mayne 2005). It becomes 
difficult to strike a compromise between simplicity, without regard 
for imprecise description of rather complicated stiffness reduction 
trends, and improved accuracy which is attained at the cost of highly 
complex algorithms.  

The operative soil shear stiffness (G) is the most important 
parameter affecting the response of deep foundations in terms of 
displacements resulting from the applied loads, starting from an 
initial value and leading up to the ultimate pile capacity under 
working conditions (Cooke et al. 1979). The nonlinear axial pile 
load vs. displacement (Q-w) analysis can be performed via several 
approaches, including: (a) elastic continuum solutions; (b) spring 
models (e.g., -z curves and q-z curves), (c) numerical simulations 
(e.g., finite elements, finite differences), or (d) empirical 
approaches. The evaluation of the initial shear modulus (Gmax) in the 
range of strains less than the linear threshold becomes paramount. 
Elhakim (2005) showed that the in-situ seismic tests provide much 
more definitive and reliable means of assessing Gmax compared to 
that obtained from laboratory tests. This fundamental stiffness can 
be conveniently obtained from in-situ measurements of shear wave 
velocity (Vs) during seismic cone penetration tests (SCPT or 
SCPTu):  Gmax = t Vs

2, where t = soil mass density.  
For over 4 decades, the resonant column (RC) device has 

provided modulus reduction data for dynamically-loaded soils (e.g., 
Hardin and Drnevich 1972; Ishibashi-Zhang 1993; Santos and 
Correia 2001). The emphasis of measurement was to define Gmax 
and the associated normalized operative shear stiffness (G/Gmax) 
reduction curves at small to intermediate strains, as well as damping 
values (e.g., Vucetic and Dobry 1991). It is important to note that 

the rates of loading are quite high for RC tests, thus these G/Gmax 
schemes are not directly appropriate to static monotonic load testing 
of pile foundations.  

Vucetic and Dobry (1991) identified plasticity index (PI) as a 
major factor affecting the G/Gmax reduction curves for a wide variety 
of geomaterials. Consequently, design charts showing modulus 
reduction curves as function of PI were developed. Their use, 
however, is more appropriate to seismic site amplification studies 
and cyclic behavioral concerns (Elhakim 2005). Moreover, the 
trends were not expressed mathematically for convenient use of the 
G/Gmax vs. logarithm of s relationships.  

Berardi and Bovolenta (2005) proposed a semi-empirical 
approach of matching field measurements via back-analysis of pile 
load tests using analytical elastic solutions. This procedure enables 
the derivation of G/Gmax as a function of the pseudo-strain (p), 
which can be defined as the ratio of pile top displacement to its 
diameter (wt/d). Thus, they generated stiffness reduction curves 
based on actual field measurements from a limited database of 
similar pile situations (pile type, geometry, soil conditions, etc.) for 
loading in axial compression. The G values obtained from these 
curves can thus be used in the same elastic solutions to forecast the 
nonlinear load-displacement (Q-w) response of piles falling within 
the range of the database considered.  

Recently, using laboratory experimental data from resonant 
column, triaxial, simple shear, and torsional shear tests on 21 clays 
and silts, Vardanega and Bolton (2011; 2013) presented a new 
scheme for estimating G for clays and silts, defined via G/Gmax vs. 
/ref. Here ref refers to the value of  where Gmax reduces to one-half 
of its initial maximum value. They characterized their dataset by 
fitting a modified hyperbola via the following transformed system: 

log10[(Gmax/G) – 1] =  log10(/ref)            (1) 

where the curvature parameter  = 0.763 for static loading, and                  
 = 0.943 for dynamic loading. To explore the robustness of their 
relationship to ref, regression analyses were performed on 
individual soil properties, thereby tying ref to the PI of the soil via 
the following relationship: 

ref = J (PI/1000)              (2) 
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2.2 Modification for Tension Loading 

To extend this model to top-applied tension (or uplift) loading cases, 
the following observations need consideration: 
 A test pile which is loaded in uplift has the load applied to the 

pile shaft by a system pulling upward at the top, thus placing the 
foundation into tension. 

 The Poisson's ratio effect due to elastic deformation of the pile 
material for tension case tends to reduce the lateral stress at the 
pile-geomaterial interface, whereas the opposite occurs for the 
case where the shaft is loaded in compression. 

 Previous research studies concluded that the reported range of 
tensile to compressive shaft capacity ratio [t/c = Qs(t)/Qs(c)] spans 
between 0.50 and 0.90, with an overall average value of 0.70. 
The results of a recent research effort by the authors on a 
database of 153 pile load tests from 52 sites in 17 different 
countries of the world indicate that the ratio t/c averages 0.763 
(Niazi and Mayne 2013). 

 In tension loading, shaft resistance (Qs) is the primary 
component of axial pile capacity. It implies that the base 
resistance component (Qb) may not activate in case of tension 
loading. This could be true for the drained loading case where 
the pile foundation is embedded in coarse grained soils. 
However, for piles installed in silts and clays, undrained 
conditions exist, whereby suction effects at the pile tip may 
generate a small component of Qb in downward direction.  
McManus and Kulhawy (1994) reported from test measurements 
during cyclic axial loading of a drilled shaft in "Cornell clay" 
that excess pore water pressures (u) up to one atmosphere                     
(atm = 100 kPa) may be generated at the pile tip. 

To account for the above factors, following modifications are 
proposed to the Randolph closed form pile solutions for the case of 
tension loading (also see Figure 2). 
 
2.2.1 Piles Embedded in Sand 

The tension load applied at the pile top (Qt) is resisted by two 
components: (1) a reduced shaft resistance in tension [Qs(t)] along 
the pile length; and (2) the pile buoyant weight (W). Accordingly, 
the mathematical expression for tension load in case of piles 
embedded in sand reduces to the following form: 

Qt = Qs(t) + W = t/c · Qs(c) + W = t/c · (fp(c) · 2  ro · L) + W        (3) 

where, t/c is the ratio of tensile to compressive pile shaft capacity 
averaged at 0.763, Qs(t) = shaft capacity in tension, Qs(c) = shaft  
 

capacity in compression, fp(c) = unit shaft resistance in compression, 
ro = shaft radius, W = pile buoyant weight, L = pile length. As seen, 
the term for pile base resistance (Qb) has been neglected. Similarly, 
omitting the applicable terms, i.e., 4/[(1 – s)], in the numerator 
and denominator terms that relate to the base contribution, the 
elastic solution reduces to the form shown below: 

w୲ =  
Q౪  ሺµLሻ

ଶE GL ୲ୟ୬୦ሺµLሻL 
             (4) 

Various terms in the above equation have been defined 
previously in Figure 1 and are reproduced in Figure 2 for 
completeness. 

 
2.2.2 Piles Embedded in Clay and/or Silt 

In case of piles installed in fine-grained soils, the tension load 
applied at the pile top (Qt) is resisted by 3 components: (1) a 
reduced shaft resistance [Qs(t)] along the pile length; (2) pile buoyant 
weight (W); and (3) a nominal resistance at the pile base (Qb) 
because of possible suction effects from the change in pore water 
pressure generated beneath the pile tip. This is mathematically 
expressed as: 

Qt = Qs(t) + W + Qb = t/c · Qs(c) + W + Qb 
     = t/c · (fp(c) · 2  ro · L) + W + qb · Ab 
     = t/c · (fp(c) · 2  ro · L) + W + u · rb

2           (5) 

where, Qs(t) = shaft capacity in tension, Qs(c) = shaft capacity in 
compression, fp(c) = unit shaft resistance in compression, ro = shaft 
radius, W = pile buoyant weight, L = pile length, qb = unit base 
resistance, Ab = cross-sectional area of pile tip, u = measured 
change in pore water pressure (ranging between zero and atm = 100 
kPa, depending on the drainage characteristics of the soil at the pile 
tip), and rb = pile base radius. Since certain base resistance 
component forms part of the total resistance in the case of fine-
grained soils, the original expression of the closed form elastic 
solution with terms for the base resistance is still applicable: 
 

w୲ =  
Q౪ቂଵା 

రಏ ౪ሺµLሻL
ಘಓሺభషಝೞሻಖ ሺµLሻ ౨

ቃ

 GL ୰ ቂ
రಏ

ሺభషಝ౩ሻಖ
 ା 

మಘಙE ౪ሺµLሻL
ಎ ሺµLሻ ౨

ቃ
            (6) 

All terms in the above equation have been defined previously in 
Figure 1 and are also reproduced here in Figure 2.   
 

 

 
 

Figure 2 Elastic pile solution for estimating upward displacements for axial tension loading. 
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3. BACK-ANALYSIS OF SHEAR MODULI FROM PILE 

LOAD TESTS 

3.1 Database of Pile Load Tests 

A database of 299 pile load tests at 61 sites from different parts of 
the world was compiled that provide Q-w data as well as the Vs 
readings. 

The load tests include the conventional compression (C) type: 
203, and tension type (T): 96 arrangements, conducted on a wide 
variety of piles: drilled shafts (DS), square- and circular- concrete 
piles (Sq-C, Cir-C), open- and close-ended steel pipe piles (OE-S, 
CE-S), augered piles (A), H-section piles (HP), and wooden piles 
(Teak), installed in variety of geomaterials, ranging in 
overconsolidation ratio (OCR) from 1 to 40, and non-plastic (NP) 
soils (i.e., sands) as well as low to highly plastic soils (i.e., silts and 
clays) with PI values ranging from 5 to 105. The piles in the 
databank vary greatly in diameter (or width) as well as length. More 
than 85% of the piles have diameters within the range of 0.04 m to 
0.915 m, with an overall mean of 0.56 m. Similarly, about 88% of 
piles have lengths ranging between 2.15 m and 35.0 m, with overall 
mean of 15.5 m. For non-circular piles (Sq-C and HP), equivalent 
shaft diameters were calculated from their outer perimeters, based 
on the recommendations by Seo et al. (2009). A concise summary of 
the case records, presenting information on the site names and 
locations, soil profiles, pile types/materials, pile installation 
methods, pile loading modes, and number of load tests at each site, 
is provided as a supplemental data in electronic form. 

For predominant majority of these sites (54 sites), the Vs reading 
were acquired from SCPT or SCPTu. For some (4 sites), Vs data 
were available from alternative investigation methods [e.g., seismic 
dilatometer test (SDMT), spectral analysis of surface waves 
(SASW), and/or conventional downhole test (DHT)], while well-
established correlations were used for the remaining 3 sites, where 
the pile load test data were very well documented. 

 
3.2 Back-analysis Methodology 

A scheme of back-analyses of operational shear stiffnesses was 
formulated similar to the approach adopted by Berardi and 
Bovolenta (2005).  Accordingly, eqs. (4) and (6) were rearranged to 
the following forms: 

GL =  
Q౪  ሺµLሻ

ଶE ୵౪ ୲ୟ୬୦ሺµLሻL 
             (7) 

GL =  
Q౪ቂଵା 

రಏ ౪ሺµLሻL
ಘಓሺభషಝೞሻಖ ሺµLሻ ౨

ቃ

 ୵౪ ୰ ቂ
రಏ

ሺభషಝ౩ሻಖ
 ା 

మಘಙE ౪ሺµLሻL
ಎ ሺµLሻ ౨

ቃ
            (8) 

Further specifics on the methodology of the current retro-
investigation are detailed below: 
 Equation (7) applies to the cases of tension load tests in sand, 

while eq. (8) was used for the cases of compression load tests as 
well as those of tension load tests in clays and silts. 

 The applied loads (Qt) and their corresponding measured 
displacements (wt) from each load test were used in the above 
equations, duly incorporating expressions (3) and (5) on case-to-
case basis. 

 The remaining input parameters required for these solutions 
were adopted from the information obtained from their 
respective data sources at these sites. Accordingly, the pile 
moduli (Ep), required for calculating the pile-soil stiffness ratios 
( = Ep/GL) and the measure of pile compressibility (L) were 
implemented. For other situations, where this information was 
not available, appropriate values from similar pile types were 
assumed. 

 The Gmax profiles and the related E factors obtained via Vs 
measurements mostly indicated either relatively uniform 
conditions or general Gibson soil types. 

 For the soil Poisson's ratio (s) values, the following 
assumptions were made: drained conditions for predominantly 
sandy soils (s = 0.20), while undrained conditions for 
predominantly clayey soil layers (s = 0.50). However, where 
this information was explicitly given in the original data source, 
the reported values were adopted. 

 Inherent in this framework of back-analysis are the following 
two assumptions that are reasonably acceptable from an 
engineering point of view: (1) the stiffness is linearly dependent 
on the depth, although some real situations may portray a 
different trend, and (2) the back-analyzed field stiffness can be 
obtained keeping E constant, i.e., G along the shaft and at the 
base decrease at the same rate, although the shaft resistance is 
expected to mobilize prior to the end bearing. 

 Hidden in the parameters on the right hand sides of eqs. (7) and 
(8) is the input of GL. A trial and error method (or a computer 
program capable of running the required iterations) can be used 
to match the values of GL on both sides of the equation. 
The operative shear stiffness (G) values so obtained and 

normalized via G/Gmax as a function of p = wt/d (%) provided the 
desired stiffness reduction trends. 
 
3.3 Cumulative Results of Back-Analysis 

The respective stiffness reduction curves from 299 pile load tests 
obtained via the selected back-analysis methodology were 
combined, as presented in Figure 3. As shown here, the pseudo-
strain (p) axis has also been normalized with respect to a reference 
pseudo-strain (p-ref), taken as wt/d = 0.01.  This low value of p-ref 
has been adopted to match closely with the previous definitions of 
reference strain (ref) found in the literature. 

As clearly evident, the data points present a wide scatter. The 
database used herein is characterized by a wide variety of differing 
soil conditions, pile foundation types, and pile installation methods.  
Logically, such variability is not likely to derive consistent results in 
a combined plot, thus hampering its utilization in the development 
of modulus reduction algorithms which are suitable for future pile 
Q-w predictions. To facilitate some consistency towards 
development of modulus reduction algorithms, the results are shown 
in Figure 3 to have been sorted into groups based on pile typology 
and installation method. This sorting points to a certain hierarchical 
order in which the stiffness reduction trends may be ranked. In 
general, the drilled shafts which are installed using bored cast in-situ 
methods tend to present the most rapid reduction of the soil's 
operative shear modulus from its initial value of Gmax in the range of 
percent p (and even the normalized p/p-ref) < 0.1, beyond which the 
reduction becomes more gradual. On the other extreme, steel piles 
as well as precast concrete piles, installed using driven and jacked 
methods largely display the most gradual reduction of shear stiffness 
in the initial range of percent p (< 0.1), becoming steeper for higher 
values. The auger piles fall in the intermediate category.  

Despite these general observations, significant scatter still exists 
within each category, which may be attributed to additional 
characteristics of the soil deposits in the database. With PI-based 
trends of G/Gmax vs. s having already been established (e.g., 
Vucetic and Dobry, 1991; Vardanega and Bolton, 2011; 2013), it 
was considered reasonable to tap into the potential of exploring the 
effects of PI on this latest framework of G/Gmax vs. p/p-ref, and then 
apply this approach to the pile response database in an analogous 
manner. Non-plastic soils (i.e., sands) were assigned a PI of zero, 
while cases involving fine-grained soils without plasticity 
information were omitted. 
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Figure 3 Sorted normalized operative shear stiffness vs. normalized 

pseudo-strain per the pile typology and installation methods. 
 
3.4 Fitting a Model 

It is evident from Figure 3 that the relationship between the 
predictor variable (p/p-ref) and the response variable (G/Gmax) is 
nonlinear for different categories of pile type and installation. For 
such a relationship, it is advisable to work with alternative models 
where the variables are expressed after transformation. In order to 
linearly characterize the relationship for simple regression purposes, 
a modified hyperbolic model of the type similar to Vardanega and 
Bolton (2011, 2013) was fitted to the dataset of each pile category 
after transforming the response variable to the form (Gmax/G – 1), 
and taking common logarithms of both predictor variable and the 
transformed response variable. The resulting plot is shown in           
Figure 4. A simple regression through the data points yields the 
following generalized and categorical correlations: 

All Piles:  
G

Gౣ౮
 =  

ଵ

ଵାଷ.ଷቆ
ಋ౦

ಋ౦ష౨
ቇ

బ.వర

൩

           (9) 

Driven Piles:  
G

Gౣ౮
 =  

ଵ

ଵାଷ.ସቆ
ಋ౦

ಋ౦ష౨
ቇ

భ.బభ

൩

         (10) 

Jacked Piles:  
G

Gౣ౮
 =  

ଵ

ଵାଶ.ଷቆ
ಋ౦

ಋ౦ష౨
ቇ

భ.భఴ

൩

         (11) 

Auger Piles:  
G

Gౣ౮
 =  

ଵ

ଵାସ.ଶ଼ቆ
ಋ౦

ಋ౦ష౨
ቇ

బ.వల

൩

         (12) 

Bored Piles:  
G

Gౣ౮
 =  

ଵ

ଵା.ଽହቆ
ಋ౦

ಋ౦ష౨
ቇ

బ.వమ

൩

         (13) 

To simplify the model, the following unified correlation is 
proposed to embrace the entire dataset on one end and to account for 
the pile installation method on the other end: 

G

Gౣ౮
 =  

ଵ

ଵାଷ.ଷଵቆ
ಋ౦

ಋ౦ష౨
ቇ

బ.వరಊభ

൩

           (14) 

where the values of coefficient 1 and exponent 1 are parameters 
that, identify with the pile typology and installation methods, as 
presented in Table 1. 
 

Table 1 Coefficients and exponents for G/Gmax vs. p/p-ref 
formulation (Eq. 14). 

Pile classification 
(type/installation method) 

1 1 

 Driven 0.84 1.07 

 Jacked 0.65 1.25 
 Auger 1.18 1.01 
 Bored Cast In-situ 1.91 0.97 

 

 
 

Figure 4 Modified hyperbola fitted to the transformed predictor and response variables of G/Gmax vs. p/p-ref formulation: (a) driven piles 
data; (b) jacked piles data; (c) auger piles data; (d) bored cast in-situ piles data. 
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To mitigate the scatter within each category of piles in an effort 
of further refinement of the model, it was considered prudent to 
incorporate the influence of PI in the new design formulation. 
Therefore, the data were additionally sorted based on the soil 
plasticity information. Accordingly, the slopes and intercepts from 
linear regressions of the transformed predictor and response 
variables were obtained for different PI values within each category 
of piles. The reverse transformation of these linear regression fitting 
models resulted in additional sets of coefficients and exponents (2 
and 2) that present the effect of PI. Equation (14) thus takes the 
following form: 
 

G

Gౣ౮
 =  

ଵ

ଵାଷ.ଷ ଵ ଶ ቆ
ಋ౦

ಋ౦ష౨
ቇ

బ.వర ಊభ ಊమ

൩

          (15) 

 
Subsequently, separate graphs were plotted for each pile 

category with percent PI values on the abscissa axis while 2 and 2 
on the ordinate axis. Different fitting functions were explored to 
define the trends, followed by superimposing the outcome of these 
functions on the original datasets. The hyperbolic tangent function 
delivered better results of this superimposition. The plots of these 
functions are shown in Figure 5. The use of hyperbolic tangent 
function offers an added advantage of limiting the upper and lower 
values of the curve fitting coefficient 2 and exponent 2, 
restraining the predicted values from being non-representative near 
the outer bounds of the dataset, and thereby providing improved 
fitting. 

In summary, the two sets of coefficients (1 and 2) and 
exponents (1 and 2) of eq. (15), identifying the effects of pile 
typology/installation methods, as well as the influence of PI on 
G/Gmax vs. p/p-ref formulation for the two proposed hyperbolic 
tangent fitting function are presented in Table 2. 

 
4. NEW DESIGN CHARTS 

For convenience and ease in application, it is considered reasonable 
to present these new design formulations in graphical form. 
Moreover, the abscissa axis can be simplified to percent pseudo-
strain [i.e., p (%)] instead of normalized pseudo-strain (p/p-ref), as 
the numerical values of both are same because of the selected 
reference strain [p-ref (%) = 1.0]. Accordingly, a set of design charts 
have been prepared for the four categories of piles (see Figure 6). 
These charts also show their respective design equations pertaining 
to the pile type and those for estimating their respective coefficients 
2 and exponents 2 which integrate the influence of PI on shear 
modulus reduction. 

The general trends appear consistent with both the earlier 
Vucetic and Dobry (1991) charts and the recent Vardanega and 
Bolton (2011; 2013) design charts and equations. A direct simple 
apple-to-apple comparison is, however, not possible for the fact that 
the strain values taken in the current analysis have been defined on 
the basis of relative pile displacements (wt/d), termed here as 
pseudo-strains (p), in contrast to the classical strain definitions 
given for laboratory shear tests. The reference strain at wt/d = 0.01 
(used for normalization, i.e., p/p-ref) is also different from the one 
assumed by Vardanega and Bolton (2011; 2013), as well as other 
previous research works. 

 
Figure 5 Correlations of coefficient 2 and exponent 2 with 

plasticity index: hyperbolic tangent fitting function. 
 
5. ASSESSMENT OF NEW DESIGN FORMULATION 

In order to test the performance of the newly-derived empirical 
functions, the predicted values of the normalized shear stiffness 
[G/Gmax(predicted)] were plotted against their back-figured values 
[G/Gmax(back-figured)] for the proposed function, as applied to the entire 
dataset. The underlying assumption of the following analysis is the 
conjecture that the back-figured values of shear modulus are 
representative of the field values, since these were derived from the 
actual load tests. 

The results are presented in Figure 7, while Table 3 shows a 
summary of the basic statistics of the model. Simple linear 
regression analyses were conducted on the results to obtain the best 
fit line of the ratios of predicted to back-figured normalized shear 
stiffness, [G/Gmax(predicted)]/[G/Gmax(back-figured)]. The corresponding R2 
of these ratios were then calculated. Inspection of Figure 7 shows 
that the proposed function yields its trend line that ties near perfectly 
to the best fit line with an R2 value of 0.975. As evident, more than 
90% of the data fall within the +30% bounds. In Figure 7, some 
seemingly greater scatter for the G/Gmax values < 0.25 pertain to the 
range of loading beyond commonly accepted pile capacity 
definitions. This scatter is consistent with the loss of accuracy at low 
G/Gmax reported by Vardanega and Bolton (2013). 

Following the comparative approach used by Jardine et al. 
(2005), Lehane et al. (2013), and Van Dijk and Kolk (2011), the 
mean value () and the coefficients of variation (COV) of the ratios 
of [G/Gmax(predicted)]/[G/Gmax(back-figured)] for the predictions made via 
the proposed formulation are discussed below: 

 
Table 2 Coefficient and exponent values for G/Gmax vs. p/p-ref formulation via hyperbolic tangent fitting function (Eq. 15). 

Pile type 1 1 2 2 

 Driven 0.84 1.07 2.1 – 1.8 ·tanh[0.03·PI (%) – 0.01] 1.1 + 0.3·tanh[0.03·PI (%) – 0.95] 

 Jacked 0.65 1.25 1.4 – 1.3·tanh[0.015·PI (%) – 0.2] 1.1 + 0.2·tanh[0.03·PI (%) – 1.2] 

 Auger 1.18 1.01 1.8 – 1.5·tanh[0.03·PI (%) – 0.23] 1.1 + 0.2·tanh[0.04·PI (%) – 1.5] 

 Bored cast in-situ 1.91 0.97 1.4 – 1.3·tanh[0.02·PI (%) – 0.07] 1.2 + 0.3·tanh[0.03·PI (%) – 1.0] 
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Figure 6 Design charts for shear stiffness reduction for application in the pile foundation analysis. 

 

 
Figure 7 Predicted [G/Gmax(predicted)] vs. back-figured [G/Gmax(back-

figured)] normalized shear stiffness. 
 
 [G/Gmax(predicted)]/[G/Gmax(back-figured)] values display an 

approximately normal distribution, with  = 0.944 and                
COV = 0.239. These value falls within a reasonable range for 
reliable predictions, and suggest an improved stiffness reduction 
model for a wide variety of piles and soils. 

 With the assumption of a normal distribution for 
[G/Gmax(predicted)]/[G/Gmax(back-figured)], the  value and COV of the 
new design formulation suggest a probability of 99.32% that the 
predicted normalized shear modulus [G/Gmax(predicted)] will be less 
than 1.5 times the back-figured normalized shear modulus 
[G/Gmax(back-figured)]. 

 To further evaluate the suitability and reliability of this model, it 
was subjected to additional assessments. Accordingly, the 
[G/Gmax(predicted)]/[G/Gmax(back-figured)] ratios were segmented into 5 
zones of G/Gmax values, namely, zone 1: 0 to 0.2, zone 2: 0.2 to 
0.4, zone 3: 0.4 to 0.6, zone 4: 0.6 to 0.8, and zone 5: 0.8 to 1.0, 
followed by separate supplementary statistical analyses for each 
zone. The results are presented in Table 4. The moment statistics 
of the model (mean, standard deviation, minimum, maximum, 
range, variance, skewness, kurtosis) point to the following: (1) 
the distributions are narrow in zones 2 to 5 (i.e., the data points 
tend to be close to mean expected values), (2) the distributions 
are skewed slightly left of the mean values for zones 2 to 5, (3) 
the data in zone 1 present right skewed wide distributions.  
Accordingly, the accuracy is maximum in zones 3, 4, and 5, 
decreasing in zone 2, and least in zone 1. Despite this observed 
trend, the probability in zone 1 that the G/Gmax(predicted) will be 
less than 1.25 times the G/Gmax(back-figured) is 88.10%. This 
probability indicates increasing trends for zones 2, 3, and 4, with 
100% for zone 5. 

 
6. APPLICATION OF DESIGN CHARTS FOR PILE 

LOAD-DISPLACEMENT EVALUATIONS 

The new sets of G/Gmax vs. p design charts can be used within the 
elastic continuum framework to predict loads (Qt) for different 
values of displacements (wt), so as to derive their complete non-
linear Q-w curves. The methodology is summarized in the flow 
chart shown in Figure 8, and further detailed below: 
 Collect information on pile dimensions (length, L and diameter, 

d) and pile modulus (Ep). 
 Acquire downhole shear wave velocity (Vs) profile at the site.  

Here, downhole Vs has been preferred over alternative methods, 
since the stiffness reduction curves were developed using Gmax 
values calculated from Vs readings obtained predominantly via 
downhole methods (mostly SCPT).  



Geotechnical Engineering Journal of the SEAGS & AGSSEA Vol. 46 No.2 June 2015 ISSN 0046-5828 
 

 

8 
 

 
Table 3 Statistics of the hyperbolic tangent function model for G/Gmax vs. p. 

Model Summary 

R R Square Adjusted R Square Std. Error of the Estimate 

0.988 0.975 0.975 0.036 

ANOVA 

  Sum of Squares df Mean Square F Sig. 

Regression 107.21 1.00 107.207 80847.34 0.000 

Residual 2.62 1966.00 0.001 -  -  

Total 109.82 1967.00  -  -  - 

Coefficients 

  
Unstandardized Coefficients Standardized Coefficients t Sig. 

B Std. Error Beta 

Measured 1.003 0.004 0.988 284.337 0.000 

(Constant) -0.011 0.001 - -9.282 0.000 

 

Table 4 Statistics, G/Gmax vs. p (%) model for G/Gmax values in Zones 1 to 5. 

Statistics Zone 1: 0 to 0.2 Zone 2: 0.2 to 0.4 Zone 3: 0.4 to 0.6 Zone 4: 0.6 to 0.8 Zone 5: 0.8 to 1.0 

N 515 540 339 366 208 

Mean 0.9342 0.9193 0.9861 1.0071 0.9923 

Std. Error of Mean 0.0078 0.0087 0.0082 0.0059 0.0037 

Median 0.9210 0.9295 1.0010 1.0160 0.9970 

Mode 0.9120 0.9810 1.0460 1.0830 0.9770 

Std. Deviation 0.2676 0.1723 0.1191 0.0689 0.0301 

Variance 0.0716 0.0297 0.0142 0.0048 0.0009 

Skewness 1.2085 -0.2575 -0.9034 -0.6711 0.0142 

Kurtosis 6.8667 0.4496 2.2492 -0.0883 -0.0995 

Range 2.818 1.000 0.824 0.303 0.140 

Minimum 0.269 0.451 0.497 0.822 0.922 

Maximum 3.087 1.451 1.321 1.125 1.062 

Z-value at 1.25 1.180 1.919 2.217 3.524 8.548 

P[G/Gmax(predicted) < 
1.25 G/Gmax(back-figured)] 

88.10% 97.26% 98.67% 99.99% 100.00% 

 
 

 From the Vs profile, determine the initial shear stiffness modulus 
profile (Gmax = ·Vs

2) with depth. 
 From the Gmax profile, obtain modulus values at mid-depth, at 

base of the pile, and below the base [GM(max), GL(max), and Gb(max) 
respectively], and determine the stiffness variation factor [E = 
GM(max)/GL(max)]. 

 Select a value of displacement (wt) and calculate the 
corresponding pseudo-strain [p = (wt/d)·100] as a percentage. 

 Based on the pile type and installation method select the 
appropriate G/Gmax vs. p design charts. Using this chart, and 

from the average representative PI (%) of the soil along the pile 
length, calculate the coefficient 2 and exponent 2. 

 Using the same chart, calculate GL/GL(max) from the applicable 
algorithm given in that chart, and thus obtain GL value 
corresponding to the selected wt. 

 From the accepted assumption of this analysis, keeping E 
constant, i.e., G along the shaft and at the base decrease at the 
same rate, estimate the values of applicable GM and Gb for the 
selected wt. 

 From Ep and GL, calculate the pile-soil stiffness ratio ( = Ep/GL). 
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Figure 8 Flowchart detailing steps for estimating pairs of load-
displacement values from the G/Gmax vs. percent p type design 

charts. 
 
 Calculate  factor (= GL/Gb) in case of end-bearing pile. 
 From the soil Poisson's ratio (s) and modulus rate parameter 

(E), calculate the maximum radius of influence {rm = L [0.25 + 
 (2.5 E (1 – s) – 0.25)]} and the measure of influence radius 
[ = ln(rm/ro)], where ro is the shaft radius. In case of non-
availability of s information, use the previously noted 
assumptions: drained conditions for predominantly sandy soils 
(s = 0.20), and undrained conditions for predominantly clayey 
soil layers (s = 0.50). 

 Calculate the pile compressibility {L = 2[2/()]0.5 (L/d)}. 
 Depending upon the direction of loading and soil type at the site, 

use the following equations for estimating the load (Qt) for the 
selected wt: eq. (6) for the cases of compression loading as well 
as tension loading in clays and silts, and eq. (4) for tension 
loading in sands. 

 Select different values of expected wt and estimate their 
corresponding Qt using the methodology described above. 

 Draw complete Q-w curve for the selected pile and soil types. 
From the details of this methodology, the solutions may seem to be 
relatively complicated. However, the solution presents a convenient 
set of equations that can be implemented into a spreadsheet with a 
minimal number of geotechnical input parameters (primarily soil 
stiffness profiles) to estimate the complete Q-w response of piles 
under axial compression and tension type of loadings. 
 
6.1 Sample Calculations for a Case Study 

In order to further elaborate on the specific procedural steps 
involved, sample calculations are presented for a 0.457-mm 
diameter, 32-m long close-ended driven steel pile, load-tested at the 
Wakota River Bridge site on I-494 Mississippi River Crossing in 
2003.  
 

This replacement bridge was required to be constructed as a portion 
of the 6-year, 4-stage Minnesota Department of Transportation 
(MNDOT) I-494 and US 10/US 61 interchange reconstruction 
project.  

The details of the project site, the related geotechnical 
information and the load testing program were obtained from 
Dasenbrock (2006). Only selected information is presented here, as 
related to its application in the proposed methodology. The site 
investigations initiated in year 2000 included SASW for acquisition 
of Vs data, and piezocone tests (CPTu) besides other field in-situ 
and laboratory testing to characterize the soil profile at the site. The 
subsurface conditions consist of layers of granular materials 
underlain by deposits of silty-clay over fine sand over clayey soils 
over dense sand over silty-loam spanning a total depth of 57 m. The 
Vs profile shown in Figure 9(a) was utilized to develop the small-
strain (or fundamental) shear stiffness (Gmax) profile of Figure 9(b). 
In order to define the variation of Gmax as a function of depth, it is 
prudent to plot depth along abscissa and Gmax along the ordinate (as 
presented in Fig. 9). The best-fit line forced through the data clearly 
indicates pure Gibson-type soil. Here, the soil unit weight, required 
for the calculations of Gmax was estimated from the applicable 
correlations of CPTu from the literature. An overall average PI 
value from the available data was adopted at 25% for the pile length. 
A Poisson's ratio of 0.3 was assumed considering partially drained 
conditions for the overall soil profile. 
 
 

 
 

Figure 9 Shear wave velocity and shear stiffness profiles at Wakota 
River Bridge site on I-494 Mississippi River Crossing. 

 
The pile elastic modulus was calculated while considering the 

pile wall thickness and adopting 200 GPa of approximate Young's 
Modulus for the steel material. The remaining parameters were all 
conveniently obtained and used in the spreadsheet calculations, as 
shown in Table 5. Here, eq. (15) in conjunction with Table 2 were 
used for calculating the operational shear stiffness (GL) for selected 
top settlements (wt), while eq. (6) in its rearranged form enable 
estimation of the corresponding loads at the pile top (Qt). The 
predicted results of load-displacement response, as plotted against 
those of the measured from the load test in Figure 10 indicate a very 
good comparison. 
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Table 5 Sample calculations for the prediction of loads vs. selected settlements for a 32-m long, 0.457-m diameter closed-ended steel pipe 
pile from the proposed stiffness reduction model and elastic continuum framework. 

 

 

 
 

Figure 10 Predicted vs. measured load-displacement response. 
 
8. CONCLUSIONS 

A new set of shear stiffness reduction curves are developed from the 
back-analysis of a dataset of 299 full-scale pile load tests. In this 
framework of back-analysis, the following two simple assumptions, 
acceptable from an engineering point of view, are adopted for the 
back-analysis: (1) linearity of stiffness with depth, may contradict 
some real field situations, and (2) rate of modulus reduction is 
constant along the pile length, in disparity to the observed 
phenomenon of prior mobilization of the shaft resistance than the 
end bearing. Fitting functions formats are developed in terms of 
hyperbolic tangent expressions. The charts also account for the 
plasticity characteristics of the soil deposit at the site. Simple 
assessments of the design formulations present encouraging results 
for improved predictions. It is likely possible to further refine the 
methodology by including additional test results from different 
categories of pile types, by treating the sand sites separately, and 
further analyzing these on the basis of relative density information, 
and/or other geotechnical site characteristics. 

While these charts offer convenience in the axial Q-w analysis 
of different categories of pile foundation within the framework of 
elastic continuum solutions by Randolph (2007), and present 
modifications to account for the case for uplift (or tension) loading, 
additional efforts have been made in a companion paper to mitigate 

the issues related to oversimplification of soil profiles and to 
incorporate the concept of progressive failure and mobilization of 
side shear with depth. 
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Table 1 Summary of the database of sites and pile load tests. 

Site Name and Location  Soil Type  Pile Type  Installation 
method 

Load 
test type 

No. of pile 
load tests 

Reference 

Asian Institute of Technology Test 
Site, Rangsit, near Bangkok, 
Thailand 

Soft clay over stiff clay  8 Teak piles 
and 1 DS 

D  C  9  Brand et al. (1972); 
Balasubramaniam et al. 
(2004); Shibuya and 
Tamrakar (2003) 

Baghdad University near River 
Tigris, Iraq 

Clayey silty sand over 
uniform sand 

Sq‐C  D  C and T  3  Altaee et al. (1992) 

Blessington, Ireland  Heavily overconsolidated 
glacially derived very dense 
fine sand 

CE‐S  D and J  C  2  Gavin and O’Kelly (2007)  

Boom Clay Site, Sint‐Kathelijne‐
Waver, Belgium 

Stiff fissured clay  11 Screw 
piles and 1 
Sq‐C 

D and A  C  12  Mengé (2001); Huybrechts 
(2001); Maertens and 
Huybrechts (2003) 

Bothkennar clay site, Scotland  Post glacial soft silty clay  CE‐S  J  C and T  7  Lehane (1992) 

Brent Cross, Hendon, UK  Weathered London clay  CE‐S  J  C and T  6  Cooke et al. (1979) 

Canadian Geotechnical Test Site, 
South Gloucester, ON, Canada 

Soft sensitive (Champlain 
Sea) clay 

DS  B‐CIS  C and T  3  Radhakrishna et al. (1986) 

Canons Park, North London, UK  Weathered London clay  1 DS and 3 
CE‐S 

J, D and B‐CIS  C  4  Powell and Lunne (2005); 
Price and Wardle (1982); 
Bond and Jardine (1991); 
Jardine et al. (1992) 

Canon Plant, Newport News, VA, 
USA 

Stiff sandy gravelly clay   Sq‐C  D  C  2  Patton II and Barnhill 
(1988) 

Cowden, Northeast England, UK  Stiff stony clay till  ICP  J  C and T  6  Powell and Butcher (2003); 
Lehane (1992); Lehane and 
Jardine (1994) 

Dunkirk, Northern Coast of 
France 

Dense to very dense sand  10 OE‐S and 
12 CE‐S 

J and D  C and T  22  Chow (1996) 

EURIPIDES 1, Eemshaven, 
Netherlands 

Medium dense silty sand 
over very dense sand 

OE‐S  D  C and T  8  Baaijens and Kolk (2004) 

EURIPIDES 2, Eemshaven, 
Netherlands 

Medium dense silty sand 
over very dense sand 

OE‐S  D  C and T  5  Baaijens and Kolk (2004) 

Factory building site, Jiangsu 
Province, China 

Marine silty clay  DS  B‐CIS  C  1  Miao et al. (2011) 

Fittja Straits Bridge, Vårby, near 
Stockholm, Sweden 

Layers of sand, silty sand, 
and gravelly sand 

Sq‐C  D  C  1  Axelsson (2000) 

Flanders clay site, Merville, 
France 

Silt over stiff homogeneous 
clay 

1 DS, 2 OE‐S 
and 2 HP 

D, J and B‐CIS  C  5  Ali (2010); Ferber and 
Abraham (2002); Rocher‐
Lacoste et al. (2004); 
Rocher‐Lacoste (2008) 

Georgia Tech Campus, Sixth 
Street (west), Atlanta, GA, USA 

Piedmont residual silty sand 
to partially weathered rock 

DS  B‐CIS  C  2  Mayne and Harris (1993) 

Golden Ears Bridge (GEB) site: (N. 
Bank), Maple Ridge, BC, Canada  

Soft thick deltaic silty clay of 
Fraser River 

PTC  D  C  1  Amini et al. (2008); 
Naesgaard et al. (2008) 

Golden Ears Bridge (GEB) site: (S. 
Bank), Langley, BC, Canada  

Gravelly sand over soft to 
firm silty clay 

DS  B‐CIS  C  1  Amini et al. (2008); 
Naesgaard et al. (2008) 

Grimsby Research Site, Waltham, 
UK 

Very stiff gravelly clay till  DS B‐CIS  C  1  Brown (2004); Brown et al. 
(2006) 

Notes: DS: drilled shaft; CFA: continuous flight auger pile; CE-S: closed-ended steel pipe pile; OE-S: open-ended steel pipe pile; OE-SC: open ended concrete 
filled steel pipe pile; ICP: closed-ended Imperial College Pile; HP: H-section steel pile; PTC: pre-stressed concrete thin-wall caisson; PHC: Pre-stressed 
concrete high-strength; Sq-C: square precast concrete pile; C-C: circular precast concrete pile; C: top-down compression loading mode; T: top-up tension (or 
uplift) loading mode; A: augered piles; D: driven piles; J: jacked piles; B-CIS: bored cast in-situ piles. 

   



Geotechnical Engineering Journal of the SEAGS & AGSSEA Vol. 46 No.2 June 2015 ISSN 0046-5828 
 

 

14 
 

Table 1 Continued. 

Site Name and Location  Soil Type  Pile Type  Installation 
method 

Load 
test type 

No. of pile 
load tests 

Reference 

Guanabara Bay, Rio‐de‐Janeiro, 
Brazil 

Very soft clay  CE‐S  D  C  1  Alves et al. (2009) 

Hamilton Air Force Base, San 
Francisco, California, USA 

Soft silty clay (San Francisco 
Bay Mud) 

OE‐S  J  C  1  Heydinger and O'Neill 
(1986); Robertson (2009) 

High Prairie Health Complex, 
Northern Alberta, Canada 

Soft to stiff silty clay  CFA  A  C  2  Padros and Papanicola 
(2008); Cruz et al. (2008) 

Holmen sand, Drammen, Norway  Loose medium to coarse 
river sand 

C‐C  D  C and T  11  Gregersen et al. (1973); 
Lunne et al. (2003) 

Interactive marine and terrestrial 
deposit soils, China 

Marine silty‐clayey sand  PHC  J  C  1  Miao et al. (2011) 

Interstate Highway I‐85 Bridge, 
Newnan, Coweta County, GA, 
USA 

Silty sand to sandy silt 
overlying partially 
weathered gneissic granite 
bedrock 

DS  B‐CIS  C  1  Mayne and Schneider 
(2001); O'Neill (1998) 

Jackson County Electrical Power 
Facility, Center, GA, USA 

Silty sand to sandy silt of 
Piedmont residuum over 
partially weathered schist 

CE‐S  D  C  2  Mayne and Elhakim (2002) 

Kinnegar site near Belfast Lough 
in Northern Ireland 

Soft clayey silt (“sleech”)  7 Sq‐C, 1 OE‐
S and 2 CE‐S 

D  C and T  10  McCabe and Lehane 
(2006); Doherty and Gavin 
(2011a, b); Lehane et al. 
(2000) 

Klang clay site, western shoreline, 
Malaysia 

Soft marine clay  PTC  J  C  4  Liew and Kowng (2005) 

Kunshan town, eastern Jiangsu 
province, China 

Silty clay  PTC  J  C  1  Cao et al. (2012) 

Labenne sand, Bayonne, SW 
France 

Fine‐medium uniform sand  ICP  J  C and T  3  Lehane et al. (1993); 
Lehane (1992); Chow 
(1996) 

Limelette test site, Brussels, 
Belgium 

Silty/sandy clay over clayey 
sand 

10 Screw 
piles and 2 
Sq‐C 

D and A  C  12  Alboom and Whenham 
(2003); Huybrechts and 
Whenham (2003); 
Maertens and Huybrechts 
(2003) 

LNG storage site, Delaware River, 
Gloucester county, NJ, USA 

Varved clayey silt over 
dense gravelly sand over 
dense residual clayey sand 

OE‐S  D  C  2  Tan and Lin (2013) 

Lock and Dam 26 Project, 
Mississippi River, IL, USA 

Glacial gravelly sand  6 HP and 14 
CE‐S 

D  C and T  20  Tucker and Briaud (1988) 

Lulu Island, University of British 
Columbia Pile Research Site (UBC 
PRS), BC, Canada 

Soft silty clay over medium 
dense sand over clayey silty 
sand 

1 OE‐S and 4 
CE‐S 

D  C  5  Davies (1987)  

Ministry of Transportation & 
Highways Pile Research Site 
(MOTH PRS), Alex Fraser Bridge, 
BC, Canada 

Soft silty clay over medium 
dense sand over clayey silty 
sand 

OE‐S  D  C  3  Davies (1987)  

New Museums, Gault clay, 
Central Cambridge, UK 

Gravelly fill over stiff 
fissured clay 

DS  B‐CIS  C  1  Butcher and Lord (1993); 
Powell et al. (1988) 

Notes: DS: drilled shaft; CFA: continuous flight auger pile; CE-S: closed-ended steel pipe pile; OE-S: open-ended steel pipe pile; OE-SC: open ended concrete 
filled steel pipe pile; ICP: closed-ended Imperial College Pile; HP: H-section steel pile; PTC: pre-stressed concrete thin-wall caisson; PHC: Pre-stressed 
concrete high-strength; Sq-C: square precast concrete pile; C-C: circular precast concrete pile; C: top-down compression loading mode; T: top-up tension (or 
uplift) loading mode; A: augered piles; D: driven piles; J: jacked piles; B-CIS: bored cast in-situ piles. 
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Table 1 Continued. 

Site Name and Location  Soil Type  Pile Type  Installation 
method 

Load 
test type 

No. of pile 
load tests 

Reference 

Northwestern University NGES, 
Evanston, IL, USA 

Sand fill over soft‐firm clay  2 DS, 1 HP 
and 1 OE‐S 

D and B‐CIS  C  4  Finno (1989); Finno et al. 
(1989) 

Noetsu Bridges No. 3 and 4, Noto 
Peninsula, Japan 

Diatomaceous mudstone  OE‐S  D  C and T  3  Matsumoto et al. (1995) 

Old San Juan site, Puerto Rico  Interbedded sand and clay  DS  B‐CIS  C  1  Pando et al. (2004)  

Onsøy clay site, south‐eastern 
Norway 

Soft clay with shell 
fragments 

1 OE‐S and 5 
CE‐S 

D  T  6  Karlsrud (1988); Lunne et 
al. (2003) 

Pentre silt, Shropshire, UK  Soft clayey silt  1 OE‐S and 
19 CE‐S 

D and J  C and T  20  Chow (1996) 

Pitt River Bridge, Vancouver 
South, BC, Canada 

Interbedded silt, clay, and 
sand over thick layer of silty 
clay over glacial till 

OE‐SC  D  C  2  Tara (2012) 

Saint Alban, QC, Canada  Soft silty marine clay  CE‐S  J  C  5  Heydinger (1982); Konrad 
and Roy (1987); Lefebvre 
et al. (1995) 

Sandpoint, along the shores of 
Lake Pend Oreille, Northern ID, 
USA 

Silty clayey sand over soft 
thick silty clay 

CE‐S  D  C  1  Fellenius et al. (2003) 

San Francisco Bay Mud, I‐280 
Caltrans Load Tests, CA, USA 

Uniform soft silty clay over 
dense sand 

9 OE‐SC, 8 
Screw piles, 
4 OE‐S, 8 Sq‐
C and 3 HP 

D and A  C and T  32  Brittsan and Speer (1993) 

Shenton Park, Perth, Western 
Australia 

Siliceous sand  9 OE‐S and 2 
CE‐S 

D  T  11  Schneider (2007)  

Shirasu soil, lanima, Southern 
Kyushu, Japan 

Clean sand over silty sand 
over silty clay 

DS  B‐CIS  C  1  Takesue et al. (1996) 

South Temple test site on I‐15, 
Salt Lake City, Utah, USA 

Silty sandy clay over 
sensitive clay 

CE‐S  D  C  7  Garner (2007) 

Spring Villa, Opelika  NGES, AL, 
USA 

Clayey‐silty sand  10 DS and 1 
CFA pile 

B‐CIS  C  10  Brown (2002) 

State Road 49, Jasper County, 
Indiana, USA 

Silt dominated multilayered 
soil 

1 HP and 1 
CE‐S 

D  C  2  Seo et al. (2009); Kim et al. 
(2009) 

Texas A&M University (TAMU) 
NGES clay site, College Station, 
TX, USA 

Very stiff Pleistocene clay  DS B‐CIS  C  1  Briaud et al. (2000)  

Texas A&M University (TAMU) 
NGES sand site, College Station, 
TX, USA 

Medium dense sand over 
stiff clay 

DS B‐CIS  C  1  Briaud et al. (2000); O'Neill 
et al. (2002)  

Trunk Hwy 212 Bridge No. 10038 
near Minneapolis, MN, USA 

Stiff clay loam glacial till 
over dense sand 

CE‐SC  D  C  2  Reuter (2010) 

Trunk Hwy 52 Lafayette Bridge 
over the Mississippi River, St. 
Paul, MN, USA 

Fine to coarse gravelly sand  1 CE‐SC and 
1 CE‐S 

D  C  2  Komurka and Grauvogl‐
Graham (2010) 

Notes: DS: drilled shaft; CFA: continuous flight auger pile; CE-S: closed-ended steel pipe pile; OE-S: open-ended steel pipe pile; OE-SC: open ended concrete 
filled steel pipe pile; ICP: closed-ended Imperial College Pile; HP: H-section steel pile; PTC: pre-stressed concrete thin-wall caisson; PHC: Pre-stressed 
concrete high-strength; Sq-C: square precast concrete pile; C-C: circular precast concrete pile; C: top-down compression loading mode; T: top-up tension (or 
uplift) loading mode; A: augered piles; D: driven piles; J: jacked piles; B-CIS: bored cast in-situ piles. 
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Table 1 Continued. 

Site Name and Location  Soil Type  Pile Type  Installation 
method 

Load 
test type 

No. of pile 
load tests 

Reference 

University of Massachusetts‐
Amherst NGES, Amherst, MA, 
USA 

Silty clay crust over soft 
varved clay 

DS  B‐CIS  C  2  Iskander et al. (2003) 

University of Porto, Portugal 
(FEUP), ISC‐2 experimental site 

Residual silty sand  1 DS, 1 CFA 
pile and 1 
Sq‐C 

B‐CIS, A and D  C  3  Viana da Fonseca et al. 
(2006); Fellenius et al. 
(2007) 

Varina‐Enon Bridge, I‐295 over 
James River, Richmond, VA, USA 

Alluvial sands, silts, and 
clays overlying dense sands 
and gravels 

Sq‐C  D  C  1  Mayne (2002) 

W. R. Bennett Bridge, Okanagan 
Lake at Kelowna, BC, Canada 

Loose to medium dense 
lacustrine silts and sandy silt 
overlying sand 

CE‐S  D  C  1  Naesgaard et al. (2006) 

Wakota River Bridge site (I‐494 
Mississippi River Bridge), MN, 
USA 

Sand with intermittent 
layers of silt and clay 

2 OE‐S and 2 
CE‐S 

D  C and T  4  Dasenbrock (2006) 

Notes: DS: drilled shaft; CFA: continuous flight auger pile; CE-S: closed-ended steel pipe pile; OE-S: open-ended steel pipe pile; OE-SC: open ended concrete 
filled steel pipe pile; ICP: closed-ended Imperial College Pile; HP: H-section steel pile; PTC: pre-stressed concrete thin-wall caisson; PHC: Pre-stressed 
concrete high-strength; Sq-C: square precast concrete pile; C-C: circular precast concrete pile; C: top-down compression loading mode; T: top-up tension (or 
uplift) loading mode; A: augered piles; D: driven piles; J: jacked piles; B-CIS: bored cast in-situ piles. 
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