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ABSTRACT

Pile group foundations are commonly utilized in bridge engineering. The earthquake-induced damage or nonlinear behavior of
piles has been reported in previous earthquake events. Therefore, the accurate seismic demand prediction for pile group-
supported bridges considering the soil pile interaction is crucial in the phase of seismic design and performance assessment for
the pile-supported bridges. For the pile group foundations, the pile group effect modeling is a critical issue in finite element
modeling. However, the existing pile group efficiency method cannot describe the lateral resistance difference among different
pile rows when the pile group-supported bridge is subjected to earthquake loadings, resulting in an inaccurate estimation of the
nonlinear behavior. To this end, this study introduces a practical pile-group effect modeling method for the pile group when
they are subjected to earthquake loadings. Furthermore, the influence of different pile group effect modeling methods on the
seismic behavior of pile-supported bridges is investigated in this study. The results show that the pile group effect modeling
method proposed in this study can better predict the nonlinear seismic behavior of pile group-supported bridges. The commonly
used pile group efficiency method could underestimate the seismic demand or fragility of the pile head. The pile group effect
modeling methods slightly affect the global seismic response of the pile group supported bridges, including the pier curvature
and bearing displacement demand.
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INTRODUCTION

Pile group foundations are commonly utilized in bridge engineering. Previous studies found that the scour makes the pile
foundation more prone to earthquake-induced damage. Therefore, the nonlinear behavior of pile foundations under the
combined effects of scour and earthquake is drawing increasing attention from the engineering and academic communities.
Zhou et al.[1], Liu et al. [2] and Wang et al. [3] carried out a series of quasi-static tests to investigate the seismic failure
mechanism of pile group foundations with socur effects. These experiments reported that the leading pile carried the most
proportion of lateral loads. As a result, the leading pile is more prone to earthquake-induced damage. When a pile group is
subjected to earthquake shakings, the pile in the loading directions could repeatedly change from a leading pile to a trailing
pile. However, how to accurately model the pile group effect, especially for closely spaced piles, has not been addressed in
previous studies, in which they usually adopted a constant reduction factor (i.e., pile group efficiency) to discount the ultimate
capacity of the p-y spring for a single pile [4,5]. Such treatment cannot describe the lateral resistance difference among different
pile rows when the pile group supported bridge is subjected to cyclic loads such as earthquake loadings, resulting in an
inaccurate estimation of the pile curvature.

This study introduces a practical modeling method for pile group foundations under seismic loads. After that, we investigated
the sensitivity of the soil element mesh on the seismic behavior of a soil-bridge system. Finally, the influence of pile group
effect modeling methods on the seismic behavior of the soil pile-bridge system are discussed.
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PILE GROUP EFFECT MODELING METHODS

The pile group effect is a crucial issue in the finite element modeling for the pile group supported bridges considering soil pile
interaction. The soil resistance of a single pile without pile group effect is described as follows [6,7]:

p:A-pU-tanh(,:“"t:-yj 1)
P, =min(pPy, Pug) )
P, =(C,-h+C,-D)-7-h 3)
Pu=C;-D-7-h )

where p is the lateral resistance of soil at the embedded depth h. y denotes the lateral deflection of the pile at depth h. py is the
ultimate resistance of the sand at depth h. A is a loading factor, which is equal to 0.9 for cyclic loading; pus and pys denote the
ultimate resistance of soil in the shallow and deep regions, respectively. ny is the initial subgrade reaction modulus of sand,
which can be obtained from API specification as a function of the sand friction angle; y is the soil weight density; C,, C,, and
Cs are non-dimensional coefficients that depend on the effective friction angle [6,7].

The approach commonly adopted in the literature describes the soil resistance to the lateral movement of a pile group through
the use of a constant p-multiplier (i.e., the so-called group efficiency factor) equally applied to all piles of the group [2,5,8].
This group efficiency factor is commonly calculated as the average value of the p-multipliers for different pile rows and is
adopted because different piles alternate the roles of leading and trailing piles during earthquake excitations. Figure 1 compares
the p-multipliers for three-row pile groups obtained from the literature with the values recommended by the AASHTO
specifications as a function of the ratio S/D [9]. The values suggested by AASHTO refer to pile groups with three or more rows
in the load direction; they are equal to 0.8, 0.4, and 0.3 for the first, second, and third or higher row, respectively, when S = 3D,
and to 1.0, 0.85, and 0.7, respectively, when S = 5D. A linear interpolation (shown in Figure 1) is used to determine the p-
multiplier for pile spacing contained between 3D and 5D. These values are found to be generally in good agreement with the
p-multipliers obtained from the literature.

1.2
I -
S 08
3 8 X
206 |
E i i Ref. data AASHTON
q X First row o) —
02 Second row X A
Third row j
0 ' - : ,
2 3 4 5 6 74

Ratio between pile spacing and diameter, S/D
Figure 1. p-multipliers for three-row pile groups in the sand (Data from [10]).

However, the constant reduction factor cannot correctly simulate the difference of lateral soil resistance among different rows
in a pile group under earthquake loading, leading to inaccurate estimates of differential curvatures for piles in different rows.
This study adopts a new practical modeling method, which simulates the soil resistance in front of a pile at depth h by using
two parallel springs consisting of (1) a common nonlinear p-y spring and (2) a nonlinear asymmetric spring, as illustrated in
Figure 2. This modeling method was proposed by Zhou et al.[10] for the first time and adopted in this study to investigate the
impact of different pile group effect modeling methods on the seismic behavior of pile group supported bridges. The p-y spring
is simulated using the uniaxial material PySimplel in OpenSees [11], and the corresponding input parameters are determined
as given as follows:

p =17 p ®)

Puc = fV - p, - L (©)
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yo = A-p, -In(ZAJFlj ;
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where pﬁy”m) denotes the soil resistance for the n-th row piles provided by the symmetric p-y spring. The superscript n =1,

2, ..., Nmax denotes the pile row number, and nmax is the total number of rows. pu: denotes the ultimate soil resistance provided
by the symmetric p-y spring; yso denotes the soil displacement at 50% of pur; Lt denotes the tributary length of the soil-pile
contact associated with the given node.

The nonlinear asymmetric spring is modeled using the uniaxial material QzSimplel in OpenSees [11], which has a behavior
similar to the constitutive model for the p-y spring on the compression side but has an asymmetric and smaller soil strength on
the tension side. The parameters of the backbone g-z curve are adjusted to approximately reproduce the same backbone curve
used for the p-y spring, whereas the suction factor is set equal to zero. This nonlinear asymmetric spring is used to model the
asymmetric value of the p-multiplier of any given pile when a pile group is subject to seismic loads, i.e., when two different p-
multiplier values need to be applied to the same pile in a given row that is switching from leading (corresponding to the larger

p-multiplier value, f_|) to trailing pile (corresponding to the smaller p-multiplier value, f_ ) as the load changes direction.

The asymmetric spring is oriented so that the compression side coincides with the side in which the pile is non-trailing. Thus,
the soil resistances of the two parallel springs are given as follows:

p = (V- £ p @®)
Ay = (F0Y = F2) - b, - Ly ©
Zgy = Yy (10)

n
where pgsyfn denotes the soil resistance for the n-th row piles provided by the asymmetric spring. The qu: denotes the ultimate

soil resistance provided by the asymmetric g-z spring; zso denotes the soil displacement at 50% of qur, respectively. It is noted
here that, for cases in which the p-multiplier value for a pile row remains constant in the two opposite loading directions, the
soil resistance corresponding to this pile row can be modeled more simply by using only the symmetric p-y springs with the
appropriate value of the p-multiplier. For example, when a pile group foundation in sandy soil has three rows of piles in the

loading direction with a 3D pile spacing, the p-multiplier values are: fn(f,)z fn(f,)=0.8, fnﬂ)zfrﬁ)zo.& and
fl)=f4=f2=-04.

m

NUMERICAL MODEL DESCRIPTION
Numerical model

A typical 2>3 pile group supported regular RC girder bridge in sandy soil with equal spans rested on single piers is selected as
the prototype. The center-to-center space of the piles is 3D, and D is the pile diameter. The selected soil-bridge system is
simplified as a 2>3 pile group supported single pier structure rather than using the FE model of the full bridge to reduce
computational costs. In this simplified bridge model, the superstructure mass, calculated according to the axial load ratio of the
pier (denoted as n), is lumped on the pier head. The earthquake shaking direction is applied along the 3-row pile direction since
the 3-row piles can better reflect the pile group effect. This study analyzes two scenarios (i.e. the scour depth equal to 8 m and
without scour scenario). The uncertainty of geotechnical and structural parameters is considered for each scenario. The
considered parameters include thirteen structure-related parameters and one soil-related parameter, as listed in Table 1. A Latin
hypercube sampling (LHS) technique is used to generate 80 soil-bridge system samples for each scenario based on the
probability distribution of the fourteen parameters [12]. These samples are then randomly paired with 80 selected ground motion
records, detailed in the next section.
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Table 1. Parameter uncertainty treatment.

Variable Descripsion (unit) Distribution Mean COV (%) Lower Upper Ref.
d pile diameter (m) Normal 1.2 10 0.90 1.49 [13]
PLp Longitudinal reinforcement ratio of pile ~ Normal 0.01 27 0.0023 0.0170 [14]
Psp Transverse reinforcement ratio of pile Normal 0.005 42 0.0003 0.0113 [14]
hp Pier height (m) Normal 6.5 26 2.27 11.32  [14]
d, Pier diameter (m) Normal 2 10 1.46 2.61 [13]
PLc Longitudinal reinforcement ratio of pier ~ Normal 0.015 27 0.0007 0.0284 [14]
Ps,c Transverse rein. Ratio of pier Normal 0.005 42 0.0002 0.0105 [14]
f. Concrete strength (MPa) Lognormal 345 18 19.92 59.05 [19]
fy Reinforcement strength (MPa) Lognormal 420 10.6 319.23 549.14 [16]
Es Elastic modulus of rein. (MPa) Lognormal 201 33 184.28 219.60 [16]
K Hardening ratio of reinforcement Lognormal ~ 0.0083 43 0.0026 0.0236 [17]
n Axial load ratio Normal 0.1 12 0.0656 0.1336 [13]
Go Shear modulus of rubber (kPa) Uniform 900 22 500 1300  [18]
Dr Sand relative density (%) Uniform 75 19 60 90 [19]

The finite element model of the studied soil-bridge system is generated in OpenSees based on the beam on a nonlinear Winkler
foundation (BNWF) approach, as illustrated in Figure 2. The pile and pier are modeled using displacement-based beam-column
elements with distributed plasticity [4,16,20]. The unconfined concrete of the pile and pier is represented by the uniaxial
material Concrete 01, and the confined concrete of the pile and pier is modeled by the uniaxial material Concrete 04. The
longitudinal steel reinforcements of the pile and pier are simulated by uniaxial material Steel 02, corresponding to the
Menegotto-Pinto model with kinematic and isotropic strain hardening [21]. The element length of the pile and pier takes the
value corresponding to their diameter, respectively. The pile cap is modeled by two elastic elements. The soil domain is
represented by four-node Quad elements. Inspired by Aygin et al. [22], the soil domain sizes along and perpendicular to the
shaking direction are equal to 40 m and 100 m, respectively. The size of the Quad element along the deep direction (i.e., Y-
axis) takes 1D (D is the pile diameter) to match the pile element discretization. The equalDOF command is assigned to the
nodes on opposite sides of the soil domain to simulate its pure-shear deformation[23]. Pressure-dependent multi-yield (PDMY)
material is assigned to the Quad element to represent the constitutive model of the sandy soil, which corresponds to the Von
Mises multi-surface kinematic plasticity model [24,25]. The model parameters of the sandy soil are determined according to
literature-recommended methods, as listed in Table 2. A bilinear force-displacement constitutive model is used to simulate the
elastomeric bearing. The constitutive model of the elastomeric bearing refers to Zhang and Huo [26]. The shear modulus of
rubber (i.e., Gp) takes the sampling values through the LHS. The thickness of rubber (i.e., tp) takes 0.07 m, and the total area of
the bearing (i.e., Ap) is determined according to AASHTO by assuming the axial stress of rubber equals 11 MPa [9]. The 2D
soil elements are linked to the 3D pile elements through soil springs to transfer the ground responses.

The lateral soil resistance is modeled considering the pile group effect. To investigate pile group effect modeling methods on
the seismic behavior of pile group supported bridges, the above two pile group effect modeling methods are adopted and
compared in this study. The vertical soil-pile friction behavior is simulated using t-z spring modeled with the TzSimplel material
in OpenSees [11]. The corresponding input parameters ty:and zso are given by [27]:

t =K -7-h-7-D-L -tan(0.8¢- = /180) (11)

tuIt

Iyy=——"—— 12

= 2DL (12)
where ty is the ultimate friction force at the soil-pile interface within the tributary length L:. ko is the coefficient of lateral earth
pressure at rest and is set equal to 0.4. ¢ is the friction angle of sand; zso is the displacement at which the friction force reaches
50% of tuy; k denotes the initial tangent stiffness and can be expressed as a function of the friction angle [27].
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Figure 2. FE model of the studied soil-bridge system.

Table 2. Parameters for the constitutive models (PDMY) of sandy soil.

Parameter (unit)

Description and source

“Dr (%)
“Gs (ton/md)
) emin

€

e

Vs (m/s)
Psa (ton/m3)
“Gmax (kPa)
G (kPa)

*V

Br (kPa)

& (degree)
c

Y e

pr (kPa)

Cp

Gor (degree)
Dil;

Dil,

Relative density of the test sand, taking the sampling value.
Empirical specific density, taking 2.65 [28].

The minimum initial void ratio of sand, taking 0.894 [13].

The maximum initial void ratio of sand, taking 0.516 [13].
Initial void ratio =€, — D, (€, ~€y,) [28]

Shear wave velocity V, =85(N,, +2.5)°*, N, 4, =60D,” [13,29].
Saturated density, Py =2, (G, te)/(1+€) [28].

Maximum shear modulus, G,,, = pV.> [29-31].

Reference low-strain shear modulus, G, :\/1._56max [29].

Poison’s ratio, taking 0.33 [13,29]

Reference bulk modulus, B, =2G, (1+v)/(3-6v) [25,29]

Friction angle, =16D°+0.17D, + 28.4 [32].

The rate of shear-induced volume decrease, ¢=-0.024In(100D,)+0.124[13].

An octahedral shear strain at failure at the reference mean effective pressure py, taking 0.1.

Reference mean effective confining pressure at which Gy, By, and ymax are defined, taking 80.
Pressure dependence coefficient, taking 0.5.

Phase transformation angle, taking 27.

Dil; and Dil, denote the non-negative constants defining the rate of shear-induced volume increase

(dilation), taking 0.4 and 2, respectively.
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Ground motions

To consider the uncertainty of ground motions, a set of 80 unscaled ground motions from rock sites is selected from the PEER
NGA-West2 Database [33]. Figure 3a shows the 5%-damped acceleration spectra of the selected 80 ground motions. The first-
order vibration period of the studied soil-bridge system in the shaking direction varies between 0.89 and 2.13 seconds and is

colored in Figure 3.
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Figure 3. 5%-damped acceleration response spectra.

Sensitivity analysis for the soil element discretization

In order to capture a stable seismic response of the soil-bridge system, sensitivity analyses for the soil element discretization
are carried out in this study. Eight soil element discretization schemes are compared in this study, as shown in Figure 4. It is
found that the soil element number and size along the shaking direction have an extremely slight influence on the soil-bridge
system response when the size of the soil column along the shaking direction is larger than 10 m. In addition, almost identical
responses are recorded when the thickness of the soil domain equals 20 m and 100 m.

THE INFLUENCE ANALYSES OF DIFFERENT PILE GROUP EFFECT MODELING METHODS

Figure 5 presents the impact of different pile group modeling methods on the embedded depth of the belowground pile shaft.
Two different scour scenarios (i.e., the scour depth equal to 0 and 8 m) are investigated. As shown in the figure, the existing
pile group effect modeling method (i.e., the pile group efficiency method) could overestimate the embedded depth of the plastic
hinge of the leading pile and underestimate the plastic hinge embedded depth of trailing piles. It is also found that the average
embedded depth of the belowground plastic hinge of the leading pile shaft is less than that of the trailing pile when adopted the
proposed pile group effect modeling method. This result is identical to the quasi-static test finding reported by Zhou et al. [1].
However, the opposite trend is recorded using the existing pile group effect modeling method.
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Figure 5. The influence of the pile group effect modeling method on the belowground plastic hinge embedded depth.

Table 3 lists the average relative error (defined by Eq. 13) for different engineering demand parameters of the pile-bridge
system predicted through the different pile group effect modeling methods, including the peak curvature demand of pile head
and pile shaft, the peak curvature demand of pier bottom section, and the peak displacement demand of bearing. As listed in
Table 3, compared with the pile group modeling method proposed in this study, the existing pile group efficiency method could
significantly underestimate the curvature demand of the pile head and shaft. It is found that the pile group effect modeling
methods have a slight effect on the pier curvature demand and bearing displacement demand.

1 N
5:—21/4 (13
N <

DP,i - DE,i
D

W, = (14

P,

where y; is the relative error for the i-th case, and N is the total number of the analyzed cases and equals 80 in this study. Dy ;
denotes the i-th demand predicted using the proposed pile group effect modeling method in this study. D ; denotes the i-th
demand predicted using the existing pile group effect modeling method.

Table 3. The average relative error for different EDP values.

Engineering demand parameters S0 S8

Peak curvature of pile head 20.90% 12.60%
Peak curvature of belowground pile shaft 19.16% 8.62%
Peak curvature of pier bottom section -0.07 % -0.52%
Peak displacement of bearing -0.03% -0.44%

The Fragility curve presents the conditional failure probability of a selected component at the given ground motion intensity,
which considers the uncertainty of demand and capacity of the selected component. The fragility curve is generated through
Eqgs 15to 17.
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In(S,) - In(S,.)

P[D>LS,|IM]=1-d( ) (15)

ﬁéum +ﬁc2
In(Sp) =In(a) +bIn(IM) (16)
>.(In(D,) ~In(S;,))’ a1
ﬂD“M =\ N—2

Where LS; is the limit state threshold. S; is the mean value of the capacity, and Sp is the mean value estimation of the seismic
demand. /3, is dispersion estimation of the seismic demand. a and b is the regression coefficient for the probabilistic

seismic demand model. D;j is the i-th estimation value of the seismic demand, and N is the total number of the seismic demand
for the considered component.

The velocity spectrum intensity (VSI) is selected as the IM to generate the seismic fragility curves [34]. As shown in Figure 6,
the existing group efficiency method could underestimate the seismic fragility of the pile head. However, it slightly affects the
seismic fragility of pile shafts, pier, and rubber bearings. In addition, the scour increases the seismic fragility of the pile
foundation. Still, it could have a slight impact on the seismic fragility of the pier and bearings for the pile-group supported
bridges, as presented in Figure 7.
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Figure 6. Influence of pile group effect modeling methods on the seismic fragility of piles.
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Figure 7. Influence of pile group effect modeling methods on the seismic fragility of bearing and pier (Scour depth = 8 m).

CONCLUSIONS
The main conclusions of this study are summarized as follows:

(1) The pile group effect modeling method proposed in this study can better predict the nonlinear seismic behavior of pile
group-supported bridges.

(2) The commonly used pile group efficiency method could underestimate the seismic demand or fragility of the pile head.

(3) The pile group effect modeling methods slightly affect the global seismic response of the pile group supported bridges,
including the pier curvature and bearing displacement demand.
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