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A B S T R A C T

Axially loaded piles in liquefiable soils can undergo severe settlement due to an earthquake event. During 
shaking, the settlement is caused by the decreased shaft and tip capacity from excess pore pressures (ue) 
generated around the pile. Post shaking, soil settlement from the reconsolidation of liquefied soil surrounding the 
pile results in the development of additional load (known as drag load), causing downdrag settlement of the pile. 
Estimating the axial load distribution and pile settlement is essential for designing and evaluating the perfor-
mance of axially loaded piles in liquefiable soils. In practice, a simplified neutral plane solution method is used, 
where the liquefied soils are modeled as a consolidating layer without considering the effect of ue generation/ 
dissipation. A TzQzLiq analysis models the load and settlement response of axially loaded piles in liquefiable soils 
by accounting for the effect of excess pore pressure (ue) generation/dissipation on the shaft and tip capacity. This 
paper presents the deficiencies of the simplified neutral plane method in predicting the drag load as well as the 
downdrag settlement by comparing it with the TzQzLiq analysis validated with hypergravity model tests. The 
results show that the drag load and the downdrag settlement predicted by the neutral plane method might be 
over- or under-estimated depending on the pile load, the rate of ue dissipation, and the soil settlement. For the 
cases studied, it was found that most of the pile settlement occurs during shaking due to the decrease in the pile’s 
tip resistance from the development of ue in the soil surrounding it. While large drag loads develop during 
reconsolidation, the resulting downdrag settlement is small. While the neutral plane method generally predicted 
a downdrag settlement comparable to that of the TzQzLiq analysis, it overpredicted drag load and could not 
predict co-seismic settlement. Finally, the study advocates for the development and use of a displacement-based 
procedure (accounting for all the mechanisms occurring during and after an earthquake event) such as based on 
TzQzLiq analysis in accurately evaluating the performance of the pile (i.e., the pile settlement and the maximum 
load), thus providing an overall safe, efficient, and optimized design.

1. Introduction

Axially loaded piles in liquefiable soils can undergo severe settle-
ment due to an earthquake-shaking event. Generally, a pile supports a 
superstructure load (Qdead) by mobilizing positive skin friction and tip 
resistance (Qtip) (Fig. 1a). The positive skin friction is developed by the 
relative movement of the pile with respect to the surrounding soil. 
During shaking (i.e., coseismic), excess pore pressures ue in the soil 
surrounding the pile can decrease the shaft resistance resulting in the 
transfer of load to the pile’s tip. In turn, the pile tip then carries an 
increased load while its capacity can also be potentially decreased due to 
ue developed around it. Combined, these effects lead to the coseismic 

settlement of the pile until sufficient resistance is mobilized to balance 
the load at the tip (Fig. 1b). During reconsolidation, the soil settles 
relative to the pile and downdrag shear stresses (negative skin friction) 
at the interface may cause further settlement (Fig. 1b). The depth at 
which the skin friction changes from positive to negative has been 
termed the “neutral plane” [1] (Fig. 1b). The location of the neutral 
plane shown in Fig. 1b is for illustration and should not be considered to 
be always within the liquefiable layer. It should be noted that the 
location of the neutral plane is not constant; but is likely to migrate 
during liquefaction and reconsolidation; depending upon the relative 
settlement of the soil and the pile. The corresponding axial load distri-
butions in the pile are shown in Fig. 1c. The negative skin friction adds 
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load to the pile, resulting in maximum load (Qmax) at the neutral plane 
(Fig. 1c). The additional load on the pile, developed because of the 
negative skin friction, is known as drag load (Qdrag = Qmax – Qdead) 
(Fig. 1c). This causes an increased load potentially causing further set-
tlement (also known as the downdrag settlement) (Fig. 1b). Thus, the 
total settlement of a pile from a shaking event is comprised of the 
coseismic settlement and the post-seismic (or post-shaking) downdrag 
settlement (Fig. 1c). Evaluation of the total settlement, relative settle-
ment, and the maximum axial load on the pile are typically the basis for 
design. The phenomena affecting the response of axially loaded piles in 
liquefiable soils have been more extensively summarized and described 
by Sinha et al. [2] and Sinha et al. [3]. The phenomenon of 
liquefaction-induced downdrag has also been studied from a broad 
range of perspectives and approaches by various researchers ([4–8,
8–19]; e [21,22]; to name a few) and Sinha [23] provide an overview 
thereof.

Existing procedures for designing piles in liquefiable soils do not 
fully account for the mechanisms that occur during shaking and recon-
solidation [3]. This can lead to conservative or unconservative designs. 
Specifically, the rate and timing of ue generation/dissipation and soil 
reconsolidation as well as their effect on the shaft and tip capacities are 
typically ignored in existing procedures. The state of the practice, e.g., 
AASHTO [24], uses a force-based approach for designing piles, where 
the total load acting on the pile is checked against the total resistance 
with appropriate load and resistance factors. The force-based approach 
only focuses on internal forces within the pile and ignore its deformation 
and movement. Whereas, in the displacement-based design approach, 
the focus is on the actual deformation and movement of the pile. 
AASHTO [24] recommends a neutral plane method using TzQz analysis 
to estimate drag loads. The TzQz analysis is a displacement-based 

method that uses load transfer curves (t-z for the shaft and q-z for the 
tip) to model the pile’s response. The neutral plane method considers the 
liquefiable layer to be analogous to a consolidating clay layer. As a 
result, in a TzQz analysis, the load transfer t-z and q-z curves are 
assumed to be unaffected by ue changes in the soil surrounding the pile. 
AASHTO [24] neither provides any method nor recommends calculating 
the settlement of the pile. Using the force-based method, without ac-
counting for the effect of ue and evaluating the pile settlement may result 
in over- or under-designing piles [3]. The findings presented in this 
paper are also intended to reinforce and strongly advocate the use of 
displacement-based design procedures using the TzQzLiq analysis, as 
developed by Sinha et al. [3], by analyzing the response of axially loaded 
model piles used in hypergravity tests.

Results from several hypergravity tests (e.g., Ref. [25]; Madabhushi 
et al., 2010; [7,8,19]) have shown that ue in the soil generated during 
shaking can significantly decrease the shaft and tip capacity and cause 
significant settlement of the pile. Sinha et al. [2] observed that the 
sequencing and pattern of ue dissipation and soil reconsolidation can 
affect the development of drag load and downdrag settlement. Finally, 
in all the above hypergravity tests, most of the pile settlement was 
observed to be coseismic. The post-seismic settlement was less than 2 % 
of the pile’s diameter despite large drag loads developed.

Enabled and validated against hypergravity model tests, Sinha et al. 
[26] developed a TzQzLiq analysis methodology for modeling the 
response of piles in liquefiable soils. This methodology accounted for 
changes in the pile’s shaft and tip capacity as free field ue devel-
oped/dissipated in the soil [35]surrounding the pile. This was achieved 
by formulating the stiffness and the capacity of the t-z and q-z curves as a 
function of the excess pore pressure ratio (ru). Results showed that the 
TzQzLiq analysis reasonably predicts the time histories of axial load 

Fig. 1. Schematic illustration of response of axially loaded piles in liquefiable soils: (a) pre-earthquake shaking distribution of pile shaft interface shear stresses and 
tip load, and (b) during earthquake shaking and reconsolidation: coseismic settlement, development of negative shear stress, soil settlement, downdrag settlement, 
and neutral plane, and (c) after complete reconsolidation: pile’s axial load distribution showing development of drag load and increased load at the tip.
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distribution and settlement of axially loaded piles in liquefiable soils 
both during and post shaking.

This paper presents the deficiencies of the neutral plane method 
(TzQz analysis) recommended by AASHTO [24] in predicting the drag 
load as well as the downdrag settlement by comparing them with the 
TzQzLiq analysis [26] validated with hypergravity model tests. It also 
studies the ue changes around the tip and their effect on the pile’s 
response in terms of the axial load distribution and settlement. Results of 
coseismic settlement, neutral plane depth, downdrag settlement, and 
drag load are compared such that the pros and cons of the two methods 
can be clearly established.

2. Description of numerical model

A common method to model the soil–structure interaction is using 
the Winkler method [27], where the pile is idealized into discrete ele-
ments attached to non-linear (t-z and q-z) springs for modeling the load 
transfer between the soil and the pile [Fig. 2a]. A finite element analysis 
can be carried out with the pile modeled as a beam element connected 
with displacement-based load transfer springs (t-z and q-z) with 
zero-length interface elements to model the pile’s response during the 
shaking event [26]. The load transfer (t-z and q-z) springs model the 
pile’s shaft and tip response, respectively. Depending on whether the 
load transfer curves account for or ignore the excess pore pressure ratio 
(ru) in the soil surrounding the pile, the numerical analysis can be 
categorized as a TzQzLiq or TzQz analysis, respectively [see Fig. 2b] as 
described below.

2.1. TzQzLiq analysis: models ru effect

In the TzQzLiq analysis, the shaft capacity (tult) and tip capacity (qult) 
are each modeled as a function of the excess pore pressure ratio (ru) 
around the pile’s shaft and near the tip, respectively, as defined in the 
equations below: 

tult = to
ult(1 − ru)

qult = qo
ult(1 − ru)

αt

αt =
3 − sin ϕʹ

3(1 + sin ϕʹ)

(1) 

where toult and qo
t,ult are the ultimate tip and shaft capacities, respectively, 

when ru = 0. The impact of the excess pore pressure is naturally a 
detrimental one. The parameters toult and qo

ult can be obtained empirically 
using correlations provided in AASHTO [24] or can be directly measured 
from pile load tests. The parameter αt is a constant that, according to 
Knappett and Madabhushi [25], depends on the effective friction angle 
(ϕʹ) of the soil around the tip.

The base and shaft capacity (tult and qult) both decrease “during 
shaking” because of the increased ru in the soil surrounding the pile (see 
Equation (1)). Whereas “during reconsolidation”, the dissipation of ue 
decreases ru resulting in the regain of the lost shaft and base capacity. 
After complete reconsolidation (i.e., ru = 0) the shaft and tip capacity 
become equal to their initial value “before shaking” (i.e., tult = to

ult and 
qult = qo

ult).
The stiffnesses of the load transfer (t-z and q-z) curves are also scaled 

proportionally to their respective shaft and tip capacities as defined in 
Equation 1. [26] describe the selection of the stiffness parameter z50 (i. 
e., the displacement corresponding to mobilization of 50 % of ultimate 
capacity) for the t-z and q-z material models in OpenSees [28]. The 
stiffness parameter of the t-z material can be estimated, assuming that a 
displacement in the order of 3 % of the pile diameter can mobilize the 
ultimate shaft capacity [26]. The stiffness parameter for the q-z material 
needs, ideally, to be calibrated from site-specific pile load tests. How-
ever, if pile load tests are not available, it is recommended to adopt an 
empirical pile load test curve or assume that a tip settlement equal to a 
small fraction of the pile diameter (e.g., 5 % or 10 %) is required to 
mobilize the ultimate tip capacity [3,26].

Fig. 2. Conceptual schematic of the approach for simulating the response of axially loaded piles in liquefiable soils with (a) the zero thickness interface elements and 
load transfer (t-z and q-z) curves using a conventional neutral plane solution method (referred to as TzQz analysis) and a more realistic approach accounting for the 
effects of excess pore pressures changes on the pile’s shaft and tip resistance (referred to as TzQzLiq analysis). Model input parameters include properties of the pile, 
(b) load transfer (t-z and q-z) curves material properties, (c) isochrones of excess pore pressure ratio (ru), and (d) soil settlement profiles. Model results include time 
histories of (e) axial load distribution and (f) pile settlement.
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2.2. TzQz analysis: ignores ru effect

The TzQz analysis can be considered as a special case of the TzQzLiq 
analysis, where ru = 0. As a result, the shaft and tip capacities remain 
constant as defined in the equations below: 

tult = to
ult

qult = qo
ult

(2) 

Similarly, the stiffness also remains constant throughout the analysis.

2.3. Analysis procedure

The overall analysis procedure is illustrated in Fig. 2. A dynamic 
time-history analysis is performed using isochrones of excess pore 
pressure ratio, ru(z, t) [Fig. 2c], and soil settlement, s(z, t) [Fig. 2 (d)] 
profiles to simulate the response of the pile. The results of the model 
include time histories of axial load distribution [Fig. 2e] and settlement 
of the pile [Fig. 2f]. The isochrones of ru(z, t) and s(z, t) can be measured 
directly from an instrumented model test or can be obtained numerically 
through a 1-D or 2-D site response analysis.

The analysis is performed in two stages. Stage 1 establishes the initial 
(at t = 0) axial load distribution with the applied dead loads (Qdead) 
[Fig. 2e]. It is also quite possible that negative skin friction initially 
exists in a pile due to post-installation consolidation or from a previous 
seismic event. In Stage 2, a time-history analysis is performed [Fig. 2] 

stepping through the isochrones of ru (z, t) and s (z, t). The time-history 
analysis performed in Stage 2 predicts settlements, skin friction, and tip 
loads during the shaking and reconsolidation phase [Fig. 2e]. The results 
obtained from Stage 2 can be sub-categorized into “during shaking” and 
“during reconsolidation”. The duration corresponding to the simulated 
earthquake when ue develops is referred to as “during shaking” whereas 
the duration during the dissipation of ue is referred to as “during 
reconsolidation”. For example in Fig. 2e, the results obtained from the 
analysis starting at t = 0 to the end of shaking are referred to as “during 
shaking" while the results obtained following that are referred to as 
“during reconsolidation”.

3. Numerical analysis of piles used in hypergravity model tests

Numerical analyses were performed on single piles with embedment 
depths of 0D, 3D, and 5D in the dense sand layer and with varying pile 
head loads leading to static factors of safety ranging from 1.6 to 12.4. 
These piles were tested in hypergravity model tests and were subjected 
to sequences of shaking events as described below.

3.1. Description of hypergravity model tests

Two series of hypergravity model tests SKS02 [19] and SKS03 [20] 
were performed on the 9 m-radius centrifuge at the Center for 
Geotechnical Modeling (CGM) at the University of California Davis at a 
centrifugal acceleration of 40 g. All the units reported here are in the 

Fig. 3. A view of hypergravity model tests SKS02 [19] and SKS03 [20].
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prototype scale following the hypergravity scaling laws by Garnier et al. 
[29]. A view of hypergravity model tests SKS02 and SKS03 is shown in 
Fig. 3. The tests modeled 21 m of soil with an undrained rigid boundary 
condition underneath. Fig. 4 shows the soil profile, the piles, and applied 
earthquake motions EQM3 and EQM4 in the model tests SKS02 and 
SKS03, respectively.

The model tests SKS02 and SKS03 consisted of uniformly and inter-
bedded layered soil deposits, respectively [Fig. 4a,b]. Table 1 summa-
rizes the layered soil properties. In SKS02, the soil profile included a 1 
m-thick Monterey sand layer with relative density (DR) of 95 %, a 4 m- 
thick over-consolidated clay layer with an undrained shear strength (su) 
of 20 kPa, a 9 m-thick liquefiable loose sand layer (DR ≈ 43 %), and a 
dense sand layer (DR ≈ 85 %) beneath. The SKS03 model had a more 
complex soil profile, including 1 m of Monterey sand layer, 2 m of clay 
crust (su ≈ 28–35 kPa), 4.7 m of a loose liquefiable sand layer (DR ≈ 40 
%), 1.3 m of a clayey silt layer (20 % clay and 80 % silt), 4 m of a me-
dium dense sand layer (DR ≈ 60 %), and a dense sand layer (DR ≈ 83 %) 
beneath. The water table was at the ground surface of both models.

The models used densely instrumented aluminum pipe piles with 
prototype dimensions of outer diameter (D) of 635 mm and a thickness 
of 35 mm [Fig. 4a,b]. In what follows, the annotations 0D, 3D, and 5D in 
the name of the piles indicate their embedment depth, i.e., the 3DPile 
had its tip embedded 3 diameters into the dense sand layer. The SKS02 
model featured two piles, 0DPile and 5DPile [Fig. 4a]. Both the 0DPile 
and 5DPile were loaded with Qdead = 500 kN, resulting in a static factor 
of safety of 5.4 and 12.4, respectively. The SKS03 model consisted of 
three piles (3DPileS, 3DPileM, and 3DPileL), with all their tips 

embedded up to 3D in the dense sand layer. The annotations S, M, and L, 
whenever appearing, correspond to small (500 kN), medium (1500 kN), 
and large (2400 kN) dead loads applied to the piles. Consequently, the 
3DPileS, 3DPileM, and 3DPileL had static factors of safety of 8, 2.6, and 
1.6, respectively.

The models were shaken with multiple scaled Santa Cruz earthquake 
motions from the Loma Prieta 1989 earthquake of Mw = 6.9. Fig. 4
shows the applied shaking motions EQM3 and EQM4 and their 

Fig. 4. Cross-sectional view of the hypergravity model tests (a) SKS02 and (b) SKS03; and the (c) applied shaking motions EQM3 and EQM4 and their 
response spectrum.

Table 1 
Soil layer properties in the two hypergravity model tests SKS02 and SKS03 [8,
19] (Fig. 5).

Hypergravity 
Model Tests

Layer Relative 
Density DR 

(%)

Thickness 
(m)

Saturated 
Density (kg/ 
m3)

SKS02 Monterey 
Sand

95 1 2,054

Clay – 2 1,700
Loose Sand 43 4.7 1,971
Dense Sand 85 1.3 2,000

SKS03 Monterey 
Sand

95 1 2,054

Clay – 2 1,700
Loose Sand 40 4.7 1,971
Clayey Silt – 1.3 2,000
Medium- 
Dense Sand

60 4 1,019

Dense Sand 86 8 2,051
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corresponding acceleration response spectra. Shaking event EQM3 was 
the third shaking event in sequence applied to the model SKS02 with a 
peak base acceleration (PBA) of 0.24 g. Shaking event EQM4 was the 
fourth shaking event in sequence applied to the model SKS03. It was a 
long-duration modified Santa Cruz motion [30] consisting of one large 
pulse followed by five small pulses, scaled to produce a PBA of 0.45 g. 
The duration of the shaking was about 30 s.

The models were heavily instrumented with accelerometers, strain 
gages inside the piles, pore pressure transducers, distributed settlement 
sensors e.g., line lasers [31], and 3D stereophotogrammetry cameras 
[32], to measure and track the state of the model during each of the 
shaking events. The recorded responses of the soil (accelerations, pore 
pressures, settlements) and piles (accelerations, axial load distribution, 
settlements) for all shaking events are described in detail by Sinha et al. 
[19,20]. Fig. 5a,b and Fig. 6a,b show the isochrones of free-field ru and 
soil settlement profiles for the shaking events EQM4 and EQM3, 
respectively. Free field ru profiles were obtained from ue measured by 

the pore pressure transducers. The soil settlement profiles were obtained 
through an inverse analysis of measured ue profiles constrained by 
measured surface settlements [26]. Results show that some amount of 
soil reconsolidation occurs during shaking [Fig. 5b and 6b]. The figures 
also show the axial load distribution profiles (isochrones) and the time 
history of pile settlement, of 3DPileS [Fig. 5c,d] for shaking event EQM4 
and 0DPile [Fig. 6c,d] for shaking event EQM3, respectively. The axial 
load distribution of the piles was obtained from strain gages attached to 
the pile [see Fig. 4a,b]. The time history of pile settlement was obtained 
through the processing of camera images, line laser projections, and 
measurements from linear variable differential transformers (LVDTs) 
([8,19,31–33] e). The axial load distribution and settlement of the rest of 
the piles during the selected shaking events are described in detail by 
Sinha [23].

Hypergravity pile load tests were conducted at the beginning as well 
as at the end of shaking events to determine the shaft and tip capacity of 
the piles. Sinha et al. [2] describe the pile load tests and their 

Fig. 5. Validation of TzQzLiq analysis of 5DPile for shaking event EQM3 in hypergravity test SKS02: Isochrones of (a) effective stress; (b) soil settlement; (c) axial 
load distribution profiles at selected times during and reconsolidation; and (d) complete time history of pile settlement.
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interpretation for obtaining the shaft and tip capacities of the piles. The 
limit load curves for the piles, which are defined as the axial load dis-
tribution assuming maximum drag load development [2], used in model 
tests SKS02 and SKS03, are shown in Fig. 5c and 6c, respectively. The 
limit load curve is obtained from the summation of the pile head load 
and the cumulative integration of the pile’s interface shear strength with 
depth, assuming the pile mobilizes negative skin friction equal to its 
interface shear strength.

3.2. Numerical analysis

The numerical analysis was performed in OpenSees [28] with a mesh 
discretization of 0.1 m long elements. Displacement-based load transfer 
t-z and q-z springs with zero-length elements were used to model the 
pile’s response. The materials used for the interfaces t-z and q-z were the 
TzLiq [34] and QzLiq [26] material models, respectively. The functional 

dependence and behavior of the backbone curves for the TzLiq and 
QzLiq material is similar to the p-y material described by Boulanger 
et al. [34]. The load-path of the TzLiq and QzLiq as an effect of excess 
pore pressure is provided in the examples of OpenSees documentation 
(https://opensees.github.io/OpenSeesDocumentation) and also 
included in Boulanger et al. [34] and Sinha et al. [26]. Table 2 sum-
marizes the interface material properties used in the analysis, which 
were validated through the result of the hypergravity pile load test [26]. 
The TzLiq and QzLiq materials implemented in OpenSees [28] can 
model both types of interface behavior: one considering the effect of ru 
(referred to as TzQzLiq analysis) and the other ignoring ru (referred to as 
TzQz analysis). The material model has a parameter “updateMaterial-
Stage” that can be used to switch between the TzQz (updateMaterial-
Stage = 0) and TzQzLiq (updateMaterialStage = 1) analysis [26].

The complete analysis was performed in two stages. Stage 1 estab-
lished the initial (at t = 0) axial load distribution with the applied dead 

Fig. 6. Validation of TzQzLiq analysis of 3DPileM for shaking event EQM4 in hypergravity test SKS03: Isochrones of (a) effective stress; (b) soil settlement; (c) axial 
load distribution profiles at selected times during and reconsolidation; and (d) complete time history of pile settlement.
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loads (Qdead) (Fig. 5c and 6c). For the selected shaking events EQM3 and 
EQM4, the piles had an initial drag load. As a result, many iterations 
were performed to determine the required soil settlement profile that 
could result in the shear stress development leading to the initial axial 
load distribution. Fig. 5c and 6c show a very good agreement of the 
initial axial load distribution (i.e., at t = 0) obtained from the numerical 
analysis with the hypergravity tests. Stage 2 performed a dynamic time 
history analysis by stepping through the isochrones of ru (z, t) and s (z, t) 
profiles.

3.3. Validation

The numerical analysis procedure was validated with dynamic 
TzQzliq analyses performed on a selected pile for each of the hyper-
gravity model tests, i.e., 5DPile from the model test SKS02 and 3DPileS 
from the model test SKS03. The comparison of the isochrones of axial 
load distribution Q (z, t) and time history of pile settlement for 5DPile 
(for shaking events EQM3) and 3DPile (for shaking event EQM4) ob-
tained from the TzQzLiq analysis with hypergravity test results are 
shown in Fig. 5c,d and Fig. 6c,d, respectively. Table 3 compares the pile 
settlement and drag load obtained from the TzQzLiq analysis with the 
hypergravity test. During shaking, the ue in the liquefiable (and later 
liquefied) layer reduced the negative skin friction, decreasing the drag 
loads, and ultimately diminishing it to zero at full liquefaction (ru ≈ 1) 
[Fig. 5b,c and Fig. 6b,c]. However, as pore pressures later on dissipated, 
the drag loads again increased, approaching or surpassing the drag load 
that existed before shaking [Fig. 5c and 6c]. During shaking, while drag 
loads decreased, the loss of the shaft friction and especially the tip ca-
pacity (with now more load transferred to the pile’s tip), resulted in a 
significant settlement of the piles [Fig. 5d and 6d]. For 3DPileL, the loss 
of tip capacity was so much that the pile plunged into the soil (i.e., 
suffered coseismic settlement of >10 % D) [Table 3]. During reconso-
lidation, while large drag loads developed, the resulting settlement was 
small (<2 % D) [Table 3]. It should be noted that the hypergravity model 
tests used for validation cover a wide range of piles i.e., lightly to heavily 
loaded piles with their tip embedded shallow as well as deep in the dense 
sand layer [see Table 3]. Similarly, the consequences from the lique-
faction of the soil in terms of pile settlement cover a wide range: small 
settlements (in the cases of the 3DPileS and 0DPile) to plunging of pile 
(in case of 3DPileL). It can be observed in Fig. 5c and 6c that the axial 
load distribution of the pile (during shaking and reconsolidation) ob-
tained through the TzQzLiq analysis reasonably matched the hyper-
gravity test results. Similarly, the time history of pile settlement was in 
good agreement with the hypergravity test results [Fig. 5d and 6d]. It 
can also be observed from Table 3 that the results from the TzQzLiq 
analysis show very good agreement on the pile settlement (coseismic, 
downdrag, and total) and drag load with hypergravity tests for all the 5 
piles (0DPile, 5DPile, 3DPileS, 3DPileM, and 3DPileL) modeled. Overall, 
the results from the numerical analysis matched quite well with the 
hypergravity test, thus validating the TzQzLiq analysis in capturing the 
complete response of axially loaded piles in liquefiable soils during a 

shaking event.

4. Comparison of TzQzLiq and TzQz analysis

TzQzLiq and TzQz analyses were performed on piles (0DPile, 5DPile, 
3DPileS, 3DpileM, and 3DPileL) for the selected shaking events, and 
their results on load transfer curves, drag load, pile settlement, and the 
neutral plane were compared. Both types of analysis used the same input 
parameters for the t-z and q-z material properties [Table 2], free-field ru 
(z,t), and soil settlement s (z,t) profiles [Fig. 5c,d and Fig. 6c,d]. The only 
difference between the TzQzLiq and the TzQz analysis was setting the 
state of the “updateMaterialStage” parameter for the interface materials. 
In the TzQzLiq analysis, the “updateMaterialStage” was set to 1 whereas 
for the TzQz analysis, it was set to 0. The subsections below compare the 
response of the pile obtained from the TzQzLiq analysis with the TzQz 
analysis. Fig. 7 compares the load-displacement response of the pile’s 
interface. Figs. 8–12 compare the pile axial load distribution before 
shaking and after complete reconsolidation, pile settlement, drag load, 
depth of the neutral plane, and load-displacement behavior of the pile’s 
tip. It should be noted that since the TzQz analysis does not account for 
ru changes in the soil, the pile’s response is only affected by the soil 
settlement that occurs from the shaking event. As a result, for the TzQz 
analysis, the response is not categorized into coseismic and post-shaking 
downdrag settlement as it is done for the TzQzLiq analysis [see Fig. 8b,c, 
d,e to Fig. 12b,c,d,e]. Table 3 summarizes the pile settlement and the 
drag load obtained from the hypergravity tests and compares it with the 
TzQzLiq and TzQz analysis.

Table 2 
Material properties used in the numerical (TzQzLiq and TzQz) analyses of 0DPile 
and 5DPile for shaking event EQM3 in hypergravity model test SKS02, and the 
3DPiles (3DPileS, 3DPileM, and 3DPileL) for shaking event EQM4 in hyper-
gravity model test SKS03.

Soil Layers t-z Properties Piles q-z Properties

z50 (% 
D)

toult (kN) z50 (% 
D)

qo
ult 

(kN)

Clay and Silt Layers 0.31 Limit load 
curvea

0DPile 7 2,745
Loose, Medium 

Dense Sand
0.31 5DPile 7 7,137

Dense Sand 0.15 3DPiles 9 4,576

a for 0DPile and 5DPile is shown in Fig. 4, and for 3DPiles is shown in Fig. 5.

Table 3 
Comparison of pile settlement and drag load results obtained from the TzQzLiq 
analyses of 0DPile, 5DPile, and the 3DPiles (3DPileS, 3DPileM, and 3DPileL) for 
shaking event EQM3 in model test SKS02 and shaking event EQM4 in model test 
SKS03 respectively, against the measurements recorded in the hypergravity 
tests.

Pile Methods Pile Settlement (%D) Drag Load 
(kN)

Coseismic Downdrag Total

0DPile Hypergravity 
Test

1.7 % 1.4 % 3.10 % 498

TzQzLiq 
Analysisa

1.3 % 1.7 % 3.00 % 440

TzQz Analysisb – 1.9 % 1.90 % 550

5DPile Hypergravity 
Test

0.0 % 0.8 % 0.80 % 1,068

TzQzLiq 
Analysisa

0.0 % 0.9 % 0.90 % 850

TzQz Analysisb – 0.9 % 0.90 % 1080

3DPileS Hypergravity 
Test

0.3 % 0.6 % 0.90 % 600

TzQzLiq 
Analysisa

0.4 % 0.8 % 1.20 % 700

TzQz Analysisb – 0.8 % 0.80 % 800

3DPileM Hypergravity 
Test

4.4 % 0.9 % 5.30 % 620

TzQzLiq 
Analysisa

4.4 % 1.1 % 5.50 % 600

TzQz Analysisb – 0.9 % 0.90 % 750

3DPileL Hypergravity 
Test

31.5 % 1.1 % 32.60 
%

–

TzQzLiq 
Analysisa

19.3 % 1.2 % 20.50 
%

686

TzQz Analysisb – 2.5 % 2.50 % 640

a Effect of the change in ru in the soil surrounding the pile is accounted for in 
the pile’s interface load-transfer curves.

b Changes in ru around the pile are not accounted for in the pile’s interface 
load-transfer curves.
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4.1. Load-displacement response

The response of the pile depends on the interface behavior i.e., the 
load transfer t-z and q-z curves. The pile’s skin friction and tip resistance 
are mobilized through the settlement of its tip. During a shaking event, 
the pile always undergoes settlement, either due to the seismic load and 
the increase in ue, or the development of drag load. Depending on the 
rate of excess pore pressure generation/dissipation and the initial po-
sition on the load curve, the interface can have a normal, softening, or 
hardening response compared to the case when the effects of ru are 
neglected. Fig. 7 shows an illustration of the comparison of the interface 
load-displacement response during a shaking event obtained from 
TzQzLiq analysis with TzQz analysis. Fig. 7 also shows the decrease in 
capacity and stiffness of load transfer curves with increasing ru. In the 
illustration, a given displacement (Δz) is applied to the initial state of the 
interface, which is assumed at A0.6 (with ru = 0.6) in the TzQzLiq 
analysis and Ao (with ru = 0) in the TzQz analysis [Fig. 7]. Please note 

that both of the initial states A0.6 and Ao represent the same load but 
have different initial displacements (and hence stiffness) because of the 
different load-transfer curves [Fig. 7].

During shaking, the development of ue can significantly decrease the 
pile’s tip capacity and stiffness resulting in large settlements. Fig. 7a 
compares the response from the TzQzLiq with the TzQz analysis. In the 
TzQz analysis, since changes in ru are not accounted for, the response 
path will be A0→B0. On the other hand, in the TzQzLiq analysis, 
depending on the changes in ru, the response path can either have a 
normal behavior A0.6→B0.6 (assuming no change in ru) or a softening 
behavior A0.6→B0.8 (assuming ru increased from 0.6 to 0.8). It can be 
observed that for both of the paths (A0.6→B0.6, A0.6→B0.8) since the 
stiffness and mobilized capacity are much lower than the load curve 
with ru = 0, the pile undergoes significant settlement in the TzQzLiq 
analysis as compared to the TzQz analysis. Furthermore, it is also 
observed that since the increase of ru results in a softening behavior, it 
results in causing even more settlement of the pile. Fig. 8b compared to 

Fig. 7. Illustration of the comparison in the mechanism of pile’s (shaft and tip) load-displacement response Ax→Bx (for a given displacement (Δz)) from an initial 
state A0 in the TzQzLiq (where the effect of ru is considered and ru = 0.6) with the initial state A0 from the TzQz (where the effect of ru is neglected i.e., ru = 0) 
analysis. (a) During shaking, the increase in ru results in a softening response in the TzQzLiq analysis leading to more settlement than in the TzQz analysis. (b) During 
reconsolidation, the decrease in ru results in a hardening response in the TzQzLiq analysis which can mobilize even larger resistance compared to the TzQz analysis 
considering the rate of reconsolidation (i.e., Δru) is high.

Fig. 8. Comparison of results from TzQzLiq with TzQz analysis for 0DPile for shaking event EQM3 in the hypergravity model test SKS02: (a) initial and final (after 
complete reconsolidation) axial load distribution profiles; time histories of (b) pile settlement, (c) drag load, (d) neutral plane depth; and (e) load-displacement 
response of pile’s tip.
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Fig. 12d shows that the pile, during shaking, can undergo significant 
settlement due to the effect of increased ru around it. Fig. 13 shows that 
with the increase in ru at the pile’s tip, the settlement of the pile 

increases. For very high ru, the settlements approached values equal to 
the full diameter of the pile.

During reconsolidation, the soil settlement increased the drag load, 

Fig. 9. Comparison of results from TzQzLiq with TzQz analysis for 5DPile for shaking event EQM3 in the hypergravity model test SKS02: (a) initial and final (after 
complete reconsolidation) axial load distribution profiles; time histories of (b) pile settlement, (c) drag load, (d) neutral plane depth; and (e) load-displacement 
response of pile’s tip.

Fig. 10. Comparison of results from TzQzLiq with TzQz analysis for 3DPileS for shaking event EQM4 in the hypergravity model test SKS03: (a) initial and final (after 
complete reconsolidation) axial load distribution profiles; time histories of (b) pile settlement, (c) drag load, (d) neutral plane depth; and (e) load-displacement 
response of pile’s tip.

Fig. 11. Comparison of results from TzQzLiq with TzQz analysis for 3DPileM for shaking event EQM4 in hypergravity model test SKS03: (a) initial and final (after 
complete reconsolidation) axial load distribution profiles; time histories of (b) pile settlement, (c) drag load, (d) neutral plane depth; and (e) load-displacement 
response of pile’s tip.
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while at the same time the decrease in ue increased the pile’s tip capacity 
and stiffness. The magnitude of pile settlement would thus depend on 
the rate of decrease in ru and the mobilized load. Fig. 7b compares the 
response from the TzQzLiq with the TzQz analysis. In the TzQz analysis, 
the response path will be A0→B0. On the other hand, in the TzQzLiq 
analysis, depending on the changes in ru, the response path can either 
have a normal behavior A0.6→B0.6 (assuming no change in ru) or a 
hardening behavior A0.6→B0 (assuming ru decreased from 0.6 to 0). It 
can be observed that for a slower ue dissipation (for example, the path 
A0.6→B0.6), the increase in stiffness and mobilized capacity in the 
TzQzLiq analysis would still be lower than the TzQz analysis and thus 
would result in a comparatively larger downdrag settlement (and 
correspondingly smaller drag load). On the other hand, for a faster rate 
of ue dissipation (i.e., the path of A0.6→B0), the increase in stiffness and 
mobilized capacity can be much higher than the one with the load curve 
with ru = 0, resulting in a smaller settlement (and correspondingly larger 

drag load) in the TzQzLiq analysis than the TzQz analysis. Table 3 shows 
that for most cases the downdrag settlement for both types of analysis is 
similar. However, due to the lowering of stiffness as an effect of ru, the 
drag load is smaller in the TzQzLiq analysis compared to the TzQz 
analysis. As can be observed in Fig. 8e–11e, the slope of the pile’s tip 
load-displacement curve during reconsolidation is steeper for the TzQz 
analysis than the TzQzLiq analysis. In contrast to the common obser-
vation, for the case of the heavily loaded 3DPileL [Table 3], a larger 
downdrag settlement (correspondingly smaller drag load) is observed in 
the TzQz analysis compared to the TzQzLiq analysis. This can be again 
explained through the steeper slope of the 3DPileL’s tip load- 
displacement curve for the TzQzLiq analysis than the TzQz analysis 
[Fig. 12e].

4.2. Drag load

In the TzQzLiq analysis, the drag load first decreased and then 
increased. During shaking, the increase in ue caused a decrease in drag 
load and a shallower neutral plane [Fig. 8c,d to Fig. 12c,d]. During 
reconsolidation, as ue dissipated and the soil settled, the drag load 
increased again, and the neutral plane deepened [Fig. 8c,d to Fig. 12c, 
d]. The heavily loaded piles (3DPileM and 3DPileL) and shallowly 
embedded piles (0DPile) experienced a complete reduction in drag load, 
causing the neutral plane to reach the ground surface. In contrast, the 
changes in neutral plane depth for 5DPile and 3DPileS were minimal. 
Shortly after shaking (within a few minutes, approximately 2–3 min), 
the neutral plane returned close to its initial depth before shaking, with 
only a slight increase in drag load. The observed soil settlement during 
reconsolidation, about 10–20 mm, indicates that even a small amount of 
soil settlement is sufficient to restore the neutral plane to its pre-shaking 
depth [Fig. 8d–12d].

In the TzQz analysis, the soil settlement during shaking and recon-
solidation caused an increase in the drag loads throughout the shaking 
event [Fig. 8c–12c]. Similarly, the neutral plane depth also increased 
throughout the shaking event. However, for cases where the pile had a 
deeper initial neutral plane and the negative skin friction was not fully 
mobilized (such as 3DPileS and 3DPileM), the initial soil settlement 
during shaking first caused a decrease in the neutral plane depth [see 
Fig. 10d and 11d]. For both the TzQzLiq and TzQz analyses, the final 
drag load (i.e., after complete reconsolidation) was higher than the 
initial drag load. The piles with a deep embedment and light loads 
resulted in larger drag loads and a deeper neutral plane depth compared 
to heavily loaded piles.

The drag load predicted by the TzQz analysis was generally higher 
than that predicted by the TzQzLiq analysis, especially for the piles with 

Fig. 12. Comparison of results from TzQzLiq with TzQz analysis for 3DPileL for shaking event EQM4 in the hypergravity model test SKS03: (a) initial and final (after 
complete reconsolidation) axial load distribution profiles; time histories of (b) pile settlement, (c) drag load, (d) neutral plane depth; and (e) load-displacement 
response of pile’s tip.

Fig. 13. Summary of coseismic and downdrag settlement of the piles (with 
small, medium, and large loads with the static factor of safety (FS) > 5, 2.5 <
FS < 5, and FS < 2.5, respectively) used in hypergravity model tests SKS02 and 
SKS03 as a function of the peak excess pore pressure ratio (ru) near the pile’s 
tip. (data from Sinha [23]).
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small and medium pile head loads (i.e., 3DPileS, 3DPileM, 0DPile, 
5DPile) [see Table 3]. The magnitude of the final drag load depends on 
the stiffness of the pile’s tip response during the reconsolidation phase. 
The reason for the smaller drag load in the TzQzLiq analysis compared to 
the TzQz analysis is the lower stiffness of the pile’s tip accounting for the 
effect of ru in soil [Fig. 8a,c,e to Fig. 11b,c,e]. However, for heavily 
loaded piles, where the initial mobilized tip load is already close to its 
capacity (resulting in a smaller tip stiffness), the hardening arising from 
the dissipation of ru can result in a much stiffer tip response (compared 
to the TzQz analysis), overall leading to the development of large drag 
loads [see Table 3]. This is observed in the case of 3DPileL [Fig. 12b,c,e], 
where the TzQzLiq analysis resulted in larger drag loads than the TzQz 
analysis. Since the piles are generally designed with a factor of safety of 
2 or higher, the results demonstrate that the prediction of drag load from 
the neutral plane method (i.e., in the TzQz analysis) is overly conser-
vative. For such cases where large drag loads are a concern, the piles are 
usually designed to be longer for their additional resistance and stabil-
ity, however, this increases the project’s operational challenges and the 
associated cost.

4.3. Pile settlement

The coseismic settlement was only predicted by the TzQzLiq anal-
ysis. Results show that for the cases where the pile settlements were 
larger, coseismic settlement had the largest contribution [Table 3, 
Fig. 13]. While the drag loads decreased during shaking, the decrease in 
the pile’s tip capacity and stiffness was so profound that it caused sig-
nificant settlement of piles [Fig. 8b,c,e to Fig. 12b,c,e]. The piles that 
had smaller static factors of safety (3DPileM and 3DPileL) suffered sig-
nificant coseismic settlements. 3DPileL, which had a static factor of 
safety of 1.6 plunged in the soil (i.e. coseismic settlement >20%D) 
[Fig. 12]. Sinha [33] observed an increase in coseismic settlement as the 
ru near the pile’s tip increased [Fig. 13]. Piles loaded with smaller head 
loads (3DPileS and 0DPile) or deeper embedments (5DPile) suffered 
smaller coseismic settlements [Table 3, Fig. 13].

The downdrag settlement was predicted by both the TzQzLiq and 
TzQz analyses, and its magnitude was found to be very similar [Table 3]. 
The rate of downdrag settlement is observed to be non-linear with time, 
similar to soil reconsolidation. It is significantly faster at the beginning 
and then decreases as the soil fully reconsolidates. Although large drag 
loads developed, the resulting downdrag settlement was limited to <2 % 
D [Table 3, Fig. 13].

5. Conclusions

This paper compared the results of a TzQzLiq analysis with the 
neutral plane method ignoring the effect of excess pore pressures 
(referred to as TzQz analysis) and presented its implication on pile 
design. The results presented were for single piles where axial behavior 
governs the pile design. The TzQzLiq analysis was shown to accurately 
model the response of axially loaded piles in liquefiable soils in hyper-
gravity model tests. The hypergravity model tests used for validation 
covered a wide range of piles i.e., lightly to heavily loaded piles with 
their tip embedded shallow as well as deep in the dense sand layer. 
Results of pile settlement (including coseismic and downdrag) and drag 
load from the TzQzLiq analysis matched quite well with the model tests. 
On the other hand, the neutral plane analysis could only predict 
downdrag settlement and drag load. Analysis results clearly showed that 
while the neutral plane analysis predicts a similar downdrag settlement 
(compared to the TzQzLiq analysis), it usually overpredicts drag loads. 
Since the current state of practice (such as AASHTO [24]), uses a 
force-based design, the overpredicted drag loads may result in longer 
design lengths of piles, ultimately leading to increased project costs and 
operational challenges.

Pile settlement and drag load development are primarily influenced 
by the behavior at the pile tip. During shaking, the generation of excess 

pore pressures at the pile tip leads to a softening response, resulting in 
significant coseismic settlement. As a result, the most substantial pile 
settlement occurred during shaking. During reconsolidation, the rate of 
the excess pore pressure dissipation and the initial load on the pile 
influenced drag load development. For lightly and moderately loaded 
piles (with a static factor of safety >2.5), the overall tip stiffness in the 
TzQzLiq analysis was lower than in the TzQz analysis, leading to smaller 
drag loads. In contrast, for heavily loaded piles (where the mobilized tip 
load was much farther along the load curve resulting in lower stiffness), 
the hardening effect from excess pore pressure dissipation caused a 
much stiffer response in the TzQzLiq analysis compared to the TzQz 
analysis, ultimately resulting in larger drag loads. Although 
reconsolidation-induced soil settlement generated significant drag 
loads, the resulting downdrag settlement remained minimal, typically 
less than 2 % of the pile diameter.

A displacement-based approach that evaluates pile performance (i.e., 
the pile settlement and the maximum load) and accounts for all the 
mechanisms observed during a shaking event, should be used for 
designing piles in liquefiable deposits. Relying solely on a force-based 
design approach, which neglects pile settlement, may lead to under- 
or over-design, resulting in either unsafe or uneconomical outcomes. 
The findings in this paper support the need for a displacement-based 
design procedure using the TzQzLiq analysis. Sinha et al. [3] intro-
duced a simplified TzQzLiq analysis to establish a displacement-based 
design procedure for axially loaded piles in liquefiable soils. The pro-
cedure offers a design curve relating pile settlement and maximum load 
across varying pile lengths, enabling designers to select an appropriate 
pile length depending based on the serviceability criteria and structural 
strength requirements.

The hypergravity test data used in this study are made available 
through the DesignSafe project PRJ-2828 [19,20].
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