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Undrainedelasticbehavior of drilledshaft foundations incohesive soils
Comportement non-drainé élastique de fondationssur pieuxforésdansdessolscohérents
A.G.Cushing &F.H.Kulhawy- Cornell University, Ithaca, NewYork, USA

ABSTRACT: The undrained elastic (small-strain) behavior of drilled shafts in cohesive soils is addressed herein. A database of load
tests is evaluated using the L|-L2 method, in which L| is the elastic limit, defined at a specific load (Ql i ) and corresponding displace
ment (pLI). Values of undrained elastic soil modulus (EJ are back-calculated from QL] and pu in the load tests and subsequently are
normalized by the undrained shear strength (sj, unit side resistance (f = a s j and cone tip resistance (qc). All three normalized Eu
ratios are similar in that the coefficient of variation (COV) values on their means range from 60 to 70% in uplift to about 80 to 90% in
compression. These COVs are, in general, somewhat larger than those for pL]. The results demonstrate that elastic behavior can be
quantified using either normalized pL] or Eu values, but large COVs are inherent in subsequent displacement predictions.
RÉSUMÉ: On décrit le comportement non-drainé élastique (petites déformations) de fondations sur pieux forés dans des sols cohé
rents. Des données d’essais de chargement sont étudiées avec la méthode L]-!^, dont Li est la limite élastique, definie à une certaine
charge (Qu) et déplacement (pu). Des valeurs du module de déformation élastique du sol (Eu) sont calculés inversivement de QL1 et
pLI obtenus dans les essais de chargement; en suite elles sont normalisées avec la résistance à la rupture au cisaillement sous condi
tions non drainées (sj, le frottement spécifique sur les côtes (f = a s j, et la résistance de la pointe du cône (qc). Les trois rapports
normaux Eu sont semblables puisque leurs coefficients de variation (COV) se trouvent dans une intervalle entre 60 et 70% sous des
conditions de sous-pression, et entre 80 et 90% sous des contitions de compression. Ces valeurs de COV sont généralement un peu
plus grandes que celles de pu . Les résultats démontrent que le comportement élastique peut être quantifié par des valeurs normales
de pu ou de Eu; mais on peut toujours s’attendre à des grandes valeurs de COV das ses prédictions.

1 INTRODUCTION

2.2 Displacements at Elastic Limit (L¡)

A database of axial load tests was used to examine the undrained
elastic (small-strain) behavior of drilled shaft foundations in
cohesive soils. The slenderness ratio [depth (D) / diameter (B)]
for the shafts ranged from 1.6 to 64, with most less than 25, and
the diameters ranged from 76 mm to 1.62 m, with most between
0.15 and 1.0 m. Mean undrained shear strength (su) values ranged
from 12 to 265 kN/m2, with most less than 150 kN/m2. Database
details are given by Cushing (2001).
This paper consists of two parts: (a) an assessment of the LiL2 interpretation method for drilled shafts and (b) an evaluation
of back-calculated undrained elastic soil modulus (EJ values
from this method and subsequent normalization by s„, unit side
resistance (f = ocsu), and cone tip resistance (qc).

For the shafts in undrained axial uplift, the mean displacement
(Pli) = 0.37% B (n = 31, COV = 141%), as shown in Figure 2.
However, for shafts with B > 0.15 m, the mean pu = 0.19% B (n
= 25, COV = 43%), which is about half the Hirany & Kulhawy
(1988) approximation. Visual inspection of these data indicates
that these revised statistics are more representative of the overall
undrained axial uplift database. These expanded and revised
statistics also are in closer agreement with values for drilled
shafts in drained axial uplift (Cushing, 2001). The mean
absolute pu = 1.41 mm (n = 31, COV = 63%), as shown in
Figure 3. For com-parison, the 0.4% B approximation gives a
mean p 0.4%B = 2.62 mm for all 31 shafts in undrained uplift,
which exceeds the mean observed value by 1.2 mm.
For the shafts in undrained axial compression, the mean pL)
= 0.55% B (n = 56, COV = 78%), as shown in Figure 4. This

2 ASSESSMENT OF L,-Lj METHOD
2.1 Background
Hirany & Kulhawy (1988, 1989a,b) proposed quantitative guide
lines for load test data interpretation. They noted that loaddisplacement curves generally can be described by three distinct
regions: initial linear, transition, and final linear. The end of the
initial linear region is the elastic limit (L|), while the beginning
of the final linear region is the failure threshold (L2), as shown in
Figure 1. Both of these values are determined graphically. Based
on available case history data for shafts in axial compression, L|
occurred at a mean displacement equal to 0.4% B, while L2 was
at a mean displacement of 4% B. For shafts in uplift, L2 occurred
at a mean displacement of 13 mm (0.5 inch). It was implied that
uplift and compression behavior in the elastic region would be
similar, so it was inferred that L| in uplift would occur at about
0.4% B.
Using an expanded database, the L|-L2 interpretation method
is re-evaluated herein. The uncertainties in this methodology are
quantified by the coefficient of variation (COV), which is the
standard deviation divided by the mean.

Displacement
F igure 1. R egions o f L o ad-D isplacem ent C urve
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Figure 5. pu (mm) for Shafts in Undrained Compression.
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Table I. Summary of Load and Displacement Data.
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UndrainedCompression:
Mean=0.549%B
COV=0.777
n=56

Compression
Parameter
Uplift
COV
COV
Mean
n
Mean
N
(Units)
0.78
56
0.43*
25‘
0.55
0.19*
pu (% B)
56
3.57
0.80
1.41
0.63
31
pu (mm)
0.47
0.64
56
2.62
31
2.81
Po.<sa (mm)
0.05
31
0.99
Qo.5indi/Ql_2
0.14
55b
1.00
Q4Wb/Q[_2
0.19
55"
0.17
31
0.53
0.56
Q l i/Q l z
a - Revised statistics for B > 0.15 meter
b - One load test was terminated prematurely, so Q u was not determined
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Figure 4. pL, (% B) for Shafts in Undrained Compression.

value is a bit higher than the 0.4% B approximation, and it is
slightly less than three times the mean value for undrained axial
uplift (with B > 0.15 m). This comparison is consistent because
all of the undrained compression shafts have B > 0.15 m. The
mean absolute pL) = 3.57 mm (n = 56, COV = 80%), as shown in
Figure 5. Therefore, the mean absolute difference between the
undrained uplift and compression displacements at L, is about
2 mm. The larger L] displacements for undrained compression
result from the tip load transfer at the elastic limit. The 0.4% B
approximation yields a mean p0.4%B = 2.81 mm, which is about
1 mm less than the mean observed value. Clearly, large COVs
are inherent in these elastic limit displacement predictions. How
ever, these displacements, on average, are quite small.
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The Hirany & Kulhawy (1988) approximations for the interpre
tation of the load at the failure threshold (QL2) were validated for
drilled shafts in undrained axial loading. As shown in Table 1,
the mean Q0.s lnch / Ql2 for uplift = 0.99, while the mean Q4%B /
Ql2 = 1.00. The COVs on these values = 5% for uplift and 14%
for compression.
The analyses also showed that the mean load ratios (Ql i/Q u )
were equal to 0.56 in uplift (COV = 17%) and 0.53 in compres
sion (COV = 19%). These results indicate that, on average, for
design factors of safety greater than 1.8 or 1.9, the shaft-soil
behavior will be essentially elastic, and the displacements will be
very small. It should be noted that the uncertainties associated
with the mean 1^ displacements are significantly greater than
those for the corresponding loads. A summary of the load and
displacement data is given in Table 1.

3 UNDRAINED SOIL MODULUS
3.1 Back-calculation P rocedu re
Undrained soil modulus values (Eu) were back-calculated from
the load tests in axial compression using the Poulos & Davis
(1980) method, as given by:

i------1-----

UndrainedUplift
Mean=1.41 mm
COV=0.626
n=31

Eu = Ql i Ip / B pL|
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in which Ip - I0 Rk, I. = settlement influence factor for a
single, straight-sided, incompressible shaft embedded in a
homogeneous, isotropic, linear-elastic soil with v, = 0.5, and
Rk = correction factor for shaft compressibility.
Values ofE„ were back-calculated from the load tests in axial
uplift using a modified version of Equation 1 given by Withiam
& Kulhawy (1981):
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Figure 2. pu (% B) for Shafts in Undrained Uplift.
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Figure 3. p u (mm) for Shafts in Undrained Uplift.
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B pu

(2)

in which W = foundation weight. With these equations, only one
value of Eu can be obtained from a single load test at a particular
stress level, which assumes the soil to be homogeneous and iso
tropic for back-calculating Eu. In addition, the shafts in axial
compression were assumed to be floating instead of end-bearing.

Eu / a su

By definition, Qu is the load at elastic limit, or the largest load
at which nominal elastic load-displacement response occurs.
Therefore, the “elastic” undrained soil modulus is defined using
Q L i and pLi- The resulting Eu values represent the average secant
modulus of the strained soil along the shaft and near the tip at the
observed L| load level.
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The values of Eu were normalized by the mean undrained shear
strength (su) along the shaft and the unit side resistance (f = as„),
in which a = dimensionless adhesion factor. The values of s„
were determined either from direct simple shear (DSS) tests or
they were converted to equivalent DSS values from another test
type using the relationships given by Kulhawy & Mayne (1990).
For consistency, the a value should be calibrated to the strength
test conducted so that asu is independent of the test type, as
given below:
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Figure 7. E„ / a suvs. D / B for Shafts in Undrained Loading.
Table 2. Summary of Normalized Elastic Soil Modulus Data.

(3)

Normalized
Modulus
E^SufDSS)
Eu/as,,
E^qc

In this study, the semi-log relationships for a css given by
Chen & Kulhawy (1994) were used, as given below:

Mean
1100
1250
12.7

Uplift
COV
0.64
0.62
0.67

n
31
31
14

Mean
1150
1430
25.3

Compression
COV
0.89
0.84
0.86

n
56
56
20

Undrained Uplift:
otoss = 0.63 - 1.12 log [Su(DSS) / pB]

(4)

Undrained Compression:
o <d s s

= 0.72 -0.79 log [Su(DSS) / p„]

(5)

in which pa = atmospheric pressure in the desired stress units. An
upper limit of otoss = 10 was adopted, in accordance with typical
geotechnical practice.
The resulting Eu/su(DSS) and E^ocs^, are plotted versus D/B
in Figures 6 and 7, respectively. Mean and COV values of
Eu/SuiDSS) and E„/cksu for these load tests, considering uplift and
compression separately, are given in Table 2. These statistics,
and examination of Figures 6 and 7, indicate similar results for
normalizing by either s^DSS) or as». Typical upper and lower
bounds to Eu/s„(DSS) and Eu/(xsu, excluding obvious outliers, are
provided in the figures. The lower bound of 200 proposed by
Callanan & Kulhawy (1985) is valid for EJa Su, but a value of
100 appears to be more appropriate for E„/su(DSS). The upper
bounds range from a high of about 5000 for shafts with small
D/B to 2000 or less for shafts with high D/B values.

Qcn
Figure 8. E„ / qc vs. qc„ for Shafts in Undrained Loading.

the N-qc relationship proposed by Kulhawy & Mayne (1990), as
given below:
(qc/p .) /N = 5.44(D50)0-26

Soil Moduli Normalized by qc

3.3

The elastic modulus of cohesive soils also has been correlated
with in-situ test results. Recognizing this, the back-calculated
values of from the load tests were normalized by the cone tip
resistance (qQ). Of the 87 shafts in which values of E„ were backcalculated, in-situ penetration testing results [either cone penetra
tion test (CPT) or standard penetration test (SPT)] were available
for 34 cases, with 14 uplift and 20 compression. The SPT Nvalue profiles were converted to equivalent CPT qc profiles using

(6)

in which Djo = mean grain size (mm). The resulting qc values
were averaged over the shaft depth (D) and were used to norma
lize Eu, the results of which are given in Table 2.
An analysis of these data indicates that all three normalized
E„ ratios [Eu/s^DSS), E^aSu, and E^qJ have COVs on their
means ranging from about 60 to 70% in uplift to about 80 to
90% in compression. The increased uncertainty for the compres
sion test data is most likely a consequence of complications in
troduced in modeling the behavior at the shaft tip.
In addition, the E„/qc data are plotted in Figure 8 versus a
normalized, dimensionless cone tip resistance defined as follows:

E„ / su(DSS)
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in which o vm= mean vertical effective stress over the shaft
depth (D). The usefulness of the mean trendline in the figure was
evaluated for predicting pLI. The overall results, considering data
over the entire range of qa, encountered, in uplift and com
pression separately, yielded overall COVs on the mean predicted
to measured elastic limit displacements that were comparable to,
if not greater than, the other values for the normalized Eu data in
Table 2.
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Figure 6. E„ / s„ (DSS) vs. D / B for Shafts in Undrained Loading.

4 SUMMARY AND CONCLUSIONS
Using an expanded database, the L,-L2 interpretation method
was re-examined for the axial behavior of drilled shafts in cohe-
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sive soils. The focus was on Lb the elastic limit. The results
showed that the interpretation procedure for the loads (QL| and
Qu) was satisfactory, and that the mean ratio Qli/Ql2 = 0.53 in
compression and 0.56 in uplift. The original Hirany & Kulhawy
(1988) study suggested Qli/Qu “ 0-5- For displacements, the
original study indicated pLi «= 0.4% B for compression and pro
bably similar for uplift, although it was not evaluated specifical
ly. For the expanded database, the mean pu in compression =
0.55% B = 3.6 mm, and the mean pL) in uplift = 0.19% B =
1.4 mm. The differences between the original and expanded
studies are relatively small, on the order of 0.1 to 0.2% B or 1 to
1.5 mm.
The elastic limit load (Qu) and displacement (pL|) then were
used to evaluate the secant undrained soil modulus (Eu). Data
analyses showed that three normalized Eu ratios [E^SuCDSS),
Eu/aSu, and E^qJ have COVs on their means ranging from about
60 to 70% in uplift to about 80 to 90% in compression. These
values are, in general, somewhat larger than the COVs for the
mean values of pu presented in Table 1, expressed either as an
absolute displacement (mm) or as a percentage of B. These data
indicate that use of correlations representing E„ as a single multi
ple of either s„(DSS), ocs,,, or qc for predicting the elastic limit
displacement are no better than direct estimates of pLI as a single
absolute value or percentage of B. Therefore, while the elastic
limit displacement can be estimated using mean normalized Eu
values with available elastic solutions, it may be more appropri
ate to focus on the failure threshold load (Ql2). Employing de
sign factors of safety greater than 1.8 or 1.9 on
are likely to
maintain the shaft-soil behavior in the elastic range. The subse
quent elastic limit displacement then can be estimated using the
Pli values in Table 1. Clearly, large COVs are inherent in such
elastic limit displacement predictions. Fortunately, the displace
ments typically are quite small.
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