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Calculating seismic active earth pressure for bridge abutments is a traditional yet critical issue. Existing
analytical methods in the limit equilibrium state framework still have significant shortcomings in considering the
time history and distribution characteristics of seismic inertial forces. Using the design response spectrum and
mathematical methods derived from the random vibration theory and Fourier transform, this article proposes
solutions for the horizontal seismic acceleration distribution in backfill soil. This study established a new model

for calculating seismic active earth pressure for bridge abutments using the modified seismic acceleration dis-
tribution, including analytical solution formulas for the resultant force, intensity distribution, and resultant-force
location. Furthermore, a series of centrifuge shaking table tests were conducted. The proposed method provided
a more accurate description of the nonlinear characteristics of seismic acceleration and seismic earth pressure
intensity distributions compared with conventional methods.

1. Introduction

As critical components in bridge structures, bridge abutments pri-
marily connect a bridge deck to roadway and bear vertical loads exerted
by superstructures. Thus, they can be regarded as a special type of
retaining walls. Accordingly, research on seismic earth pressure acting
on bridge abutments and their seismic design often relies on calculation
methods for seismic earth pressure on retaining structures. These
methods mainly include numerical simulation methods based on soil-
structure interaction and constitutive models of backfill soil. Other
methods are the Mononobe-Okabe method [1,2] (abbreviated as the
M-O method and also known as the pseudo-static method), which is
derived from Coulomb’s earth pressure theory based on the limit equi-
librium assumption, and modified analytical approaches based on the
M-O method. The M-O method has been preferred for calculating lateral
dynamic earth pressure in seismic design standards for bridge abutments
because it provides analytical formulas for calculating seismic active
and passive earth pressures, offering a natural advantage for its appli-
cation in standard specifications for structural seismic design.

The pseudo-static method assumes that the backfill soil behaves as a
rigid body with an infinite shear modulus and disregards the time-
history characteristics of ground motion accelerations. Consequently,
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it fails to provide the distribution of seismic earth pressure intensity
along the back of an abutment, which significantly limits its application
[3]. In addition, the method employs a series of simplified assumptions
regarding the dynamic characteristics of a geotechnical structure and
backfill soil. To address the major limitations of conventional analytical
derivations deduced based on the limit equilibrium state and further
develop the theory, several representative studies based on modifica-
tions of the M-O formula have been conducted over the years. For
instance, Seed and Whitman [4] conducted a parametric analysis to
clarify the controlling parameters of the pseudo-static method and
proposed a simplified formula based on charts. Experiments were also
conducted to investigate the distribution of seismic earth pressure in
different and complex conditions, and the fitted formula derived from
obtained results was utilized in conjunction with the M-O formula [5-7].
Meanwhile, Wang [8] proposed the horizontal slice analysis method
(HSM). In the method, the sliding soil wedge in the limit equilibrium
state is divided into horizontal layers, and the distribution of earth
pressure can be derived using a system of equilibrium equations. The
HSM was later applied to seismic conditions [9-13]. The logarithmic
spiral and its composite form assumption were suggested to replace the
straight-line slip-surface assumption, establishing an improved calcula-
tion model [14,15]. The non-homogeneity and anisotropy
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characteristics of soils have also been incorporated in the conventional
assumptions of the pseudo-static method [16,17]. Recently, the method
has been utilized alongside other theories and methods to calculate
seismic earth pressure, such as the upper-bound theory [18],
lower-bound theory [19,20], and slip-line solution method [21].

The pseudo-dynamic method was first proposed by Steedman and
Zeng [3,22], primarily to address the failure of the pseudo-static method
and its modifications to consider the propagation characteristics of
ground motions in backfill soil. This method presumes that backfill soil
behaves as an elastic medium with a finite and depth-independent shear
modulus and the seismic acceleration time history varies sinusoidally
with depth and time. These considerations capture the nonlinear char-
acteristics of seismic acceleration and earth pressure in backfill soil
observed in dynamic experiments. Similar to that in case of the
pseudo-static method, researches have led to various improvements in
the pseudo-dynamic method, such as the inclusion of parametric anal-
ysis [23-25], assumption of diversified slip surfaces [26,27], consider-
ation of vibration amplification effects [28,29], and combined use with
other theories [30-33].

In summary, research on the limit equilibrium analysis methods for
seismic earth pressure, represented by the pseudo-static and pseudo-
dynamic methods, has focused mainly on the following aspects: (1)
conducting parametric analysis under complex environmental condi-
tions; (2) considering additional assumptions such as vibration ampli-
fication effects, deformation modes, and complex slip-surface
configurations; (3) integrating the methods with theories, including the
upper-bound theory, lower-bound theory, and wave motion theory.
However, few of these studies have transcended the assumption inherent
in the pseudo-dynamic method regarding the frequency-domain char-
acteristics of ground motion acceleration; that is, the representation of
seismic time-history characteristics in existing research still relies on a
single parameter, the characteristic period. Therefore, existing limit
equilibrium analysis methods exhibit significant limitations in repre-
senting seismic inertial forces when determining seismic earth pressure
for bridge abutments. Their corresponding calculation theories and
design methodologies require further development.

This study aimed to develop a more accurate prediction model for
the distribution of horizontal seismic acceleration in backfill soil that
includes a detailed solution and a simplified solution. The study builds
on existing seismic design principles and frameworks for bridge struc-
tures and specifically leverages the design response spectrum, which is
derived from the statistical analysis of a large amount of recorded
seismic time-history data. Although this study acknowledges the critical
roles of both active and passive conditions in the seismic stability of
bridge abutments, it strategically prioritizes seismic active earth pres-
sure given its scope constraints and direct relevance to earthquake-
induced retaining wall overturning failures. By integrating theoretical
analyses based on the assumption of the proposed backfill soil seismic
acceleration distribution in the limit equilibrium state and centrifuge
shaking table tests where the model similarity ratio is set at 50,
analytical formulas for calculating seismic active earth pressures
encompassing the resultant force, intensity distribution, and application
location are derived.

2. Backfill soil seismic acceleration distribution
2.1. Design response spectrum

The design response spectrum sourced from the Specifications for
Seismic Design of Highway Bridges of China [34] (Eq. (1)) was used in this
study considering that it is conservative in terms of the amplification
factor (set at 2.5) and the bandwidth of the control period ranging from
0to10s.
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where A, T, Tg, and S(T) denote the horizontal peak ground motion
acceleration (PGA), period, characteristic period corresponding to the
site category, and design response spectrum, respectively.

According to Eq. (1), the curve consists of three segments. The
spectral acceleration in the ascending segment has a linear relationship
with the period, the platform segment typically takes 2.5 times the PGA,
and the spectral acceleration in the descending segment is a reciprocal
function of the period (Fig. 1).

2.2. Power spectral density (PSD) function

To derive the acceleration distribution of backfill soil represented by
the design response spectrum, its corresponding PSD function is first
determined. However, there is no analytical mathematical relation be-
tween the response spectrum and PSD function. To address this, some
studies [35-37] proposed approximate conversion relations between the
response spectrum and the PSD function using random vibration theory,
which considers the probability distribution of the maximum response
of a linear system under a stationary random process input. The Kaul
method [36] (Eq. (2)) is a relatively concise and practical one among
these methods. Although this method may exhibit slight deviations in
results at both high- and low-frequency bounds during transformation,
its accuracy in the low-frequency range can be improved to a satisfactory
level through damping corrections or the adoption of appropriate ex-
ceedance probability values. Meanwhile, its results in the
high-frequency range inherently remain conservative, aligning with the
requirement for a fail-safe PSD in seismic design [38]. Furthermore, the
Kaul method has been continuously widely utilized in recent structural
seismic engineering research [39,40], attesting to its reliability and
relevance in modern engineering practices.

2(8*(w)

~In{[-7/(@D)]In(1 — r)}me 2

S.(w) =

where w, Sy(w), ¢, D, and r denote the angular frequency, the PSD
function, the damping ratio, the duration of ground motion, and the
exceedance probability, respectively.

With the damping ratio ¢ taken as a typical value of 0.05 for rein-
forced concrete beam bridges and the period T transformed by the
angular frequency w, Eq. (1) is substituted into Eq. (2) to obtain the
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Fig. 1. Design response spectrum from the Specifications for Seismic Design of

Highway Bridges of China.
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corresponding PSD function, as expressed in Eq. (3).
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Eq. (3) shows that the PSD amplitude S,(w) is influenced by the
duration D and the exceedance probability r, while the PGA A and
characteristic period Ty are artificially defined. To clarify the influence
of D and r on S,(w), corresponding parameter analyses were conducted,
with the results shown in Fig. 2.

As shown in Fig. 2 (a), increasing the duration of ground motion D
decreases the PSD amplitude S,(w), although it has an insignificant
impact on the overall trend of S,(w). From a structural seismic design
safety perspective, it is safer to assume smaller values for D. In structural
dynamic analyses, the duration of natural ground motion acceleration
time histories is often taken to be relatively long, sometimes exceeding
120 s. Meanwhile, the fitted duration of artificial ground motion ac-
celeration time histories is usually no less than 30 s for critical or long-
period structures [41,42], especially given the role of the envelope
function in further reducing the effective strong motion duration.
Therefore, this study conservatively adopts D = 30 s for the subsequent
derivations and analyses.

As shown in Fig. 2 (b), as the exceedance probability r increases, the
PSD amplitude S,(w) rises, but its impact on the overall trend of S,(w)
remains insignificant. Regarding the value of r, Kaul [36] selected 0.15,
which was deemed to provide highly accurate results. However, the
design response spectrum is determined through statistical averaging,
corresponding to the value of 0.5. Therefore, considering both structural
seismic design safety and theoretical rigor, this study conservatively
adopts r = 0.5 for subsequent derivations and analyses.

2.3. Analytical solution of seismic acceleration distribution

2.3.1. Detailed solution

When calculating the magnitude and distribution of seismic accel-
eration in backfill soil, the inverse discrete Fourier transform and the
superposition of trigonometric functions can be employed. Notably,
when adopting trigonometric function superposition, the target angular
frequencies involved must be real numbers. Therefore, throughout the
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derivation process of this study, a single-sided PSD function, which is
only defined in the real frequency domain, was utilized.

The time history of ground motion acceleration corresponding to the
single-sided PSD function is given by Eq. (4).

N

a(t) =" Ap(@i)sin(wit +¢,)

i=1

4-1)

Ap(@;) = /28, (0i) Aw (4-2)
where t, w;, Aw, ¢;, a(t), and Ap(w;) denote the time, discrete target
angular frequencies, sampling interval of angular frequencies, discrete
random phase angles, acceleration time history, and discrete Fourier
amplitudes, respectively.

Based on the analytical model of the pseudo-dynamic method [3],
the horizontal seismic acceleration in the backfill soil (propagating
through shear within the soil mass) at a certain depth and time is given

by Eq. (5).

a(z,t)=ajt— (H—2) /v (5-1)
vs=+/G/p (5-2)

where a(z,t), H, vs, G, and p denote the acceleration time history at depth
z, height of the bridge abutment, shear wave velocity, elastic modulus,
and density of the backfill soil, respectively.

Eq. (4) is substituted into Eq. (5) to derive the seismic acceleration
distribution based on the one-sided PSD function, as expressed in Eq. (6).

a(z,t)= EN: v/ 2Sa (i) Awsin{w;[t — (H—2) / vs] + ¢;} 6)

With Aw set to 0.01x rad/s to satisfy the requirement of Aw < 21/D in
signal processing principles and other parameters set to the suggested
values mentioned in Section 2.2, Eq. (7) is obtained by substituting Eq.
(3) into Eq. (6) and expanding it. Thus, Eq. (7) represents a detailed
solution of the seismic acceleration distribution.

a(z,t) =a;(z,t) + ax(2,t) + as(z,t) (7-1)
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Fig. 2. Parametric analysis results: (a) influence of the duration of ground motion D on the PSD amplitude S,(w) and (b) influence of the exceedance probability r on

the PSD amplitude S,(w).
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where Nj, Nj, and N3 denote the number of sampling points within
certain intervals of the corresponding PSD.

2.3.2. Simplified solution

As detailed in Section 2.3.1, the magnitude and distribution of
seismic acceleration in the backfill soil behind the bridge abutment can
feasibly be calculated under random seismic excitations with arbitrary
frequency-domain characteristics. However, Eq. (7) involves the sum-
mation of a complex series for which no general formula is available,
complicating subsequent analytical derivations for seismic earth pres-
sures. Therefore, a simplified solution is proposed by selecting charac-
teristic angular frequencies from the detailed solution as control
frequencies and assigning an equal value to the random phase spectrum
to ensure that the amplitude of the stationary Gaussian process reaches
its theoretical limit.

In the simplified solution, the characteristic angular frequencies w1,
w2, 03, w4, and ws are selected. The frequencies w; = 0.2n rad/s and ws
= 50n rad/s are selected to bound the PSD’s effective range to the design
response spectrum’s period limits: 10 s and near O s (non-closed inter-
val), respectively. The results of an energy analysis using Parseval’s
theorem are shown in Table 1, which confirm minimal marginal gains
from only 0.9 % to 1.9 % when adopting higher ws values from 75n rad/s
to 150z rad/s. This justifies ws = 50z rad/s as a sufficiently represen-
tative value for capturing the frequency-domain energy content. The
dominant frequencies w3 = wcn (characteristic angular frequency) and
w4 = 207 rad/s align with PSD peaks, as shown in Fig. 2, which are
mapped to the design response spectrum’s characteristic period Ty and
the 0.1 s period. The intermediate frequency wz = wch/5 is inserted
between w; and ws as this certain band is the most energy-dense PSD
region, as shown in Fig. 2, and coincides with the nonlinear amplitude
variation zone of the design response spectrum. This valuation follows
classical practices where 5Ty is often adopted as a control period in
acceleration response spectra used for bridge design [43].

Specific selections of characteristic angular frequencies are pre-
sented in Table 2.

By substituting the values of w;, Aw; and ¢; from Table 2 and the
recommended D and r values from Section 2.2’s parametric analysis into
Eq. (3), the resulting expression is then substituted into Eq. (6). This is
followed by the normalization of the trigonometric time-series co-
efficients at selected frequencies to ensure amplitude consistency.
Finally, the algebraic decomposition of the normalized formulation
yields the explicit form of Eq. (8).

5
a(z,t) =Y kA cos{wi[t — (H—2) / v} (8-1)
i=1
ki:Ki/(Kl +K2+K3+K4+K5) (8-2)
Table 1

Total spectral energy for different PSD upper bounds.

PSD upper bound (rad/s) Total spectral energy (g%es) Normalized energy

501 0.0261A% 1.000
751 0.0264A2 1.009
1007 0.0265A2 1.013
1251 0.0266A2 1.017
1507 0.0267A% 1.019
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Table 2
Valuation of the characteristic control points in the frequency domain for the
simplified solution.

Angular frequency of Period of Bandwidth (interval)  Phase angle of
control points (rad/s) control of control points control points
points
o = 0.2n T;=10s Awy = (02 — ©1)/2 ¢1="1/2
W2 = Wch/5 T, =5Tg Awy = (w3 — ©1)/2 @2 =T1/2
W3 = Wch T3 =T, Aws = (w4 — w2)/2 @3 =1/2
wy4 = 201 T4=0.1s Awg = (w5 — 03)/2 @4 =T/2
ws = 50m Ts =0.04 s Aws = (w5 — 04)/2 @s =1/2

Note: T;-Ts, Aw1-Aws, and ¢1-¢s denote the periods, bandwidths, and phase
angles corresponding to the control angular frequencies w,-ws, respectively; wcp
denotes the characteristic angular frequency corresponding to the characteristic
period Tj.

k1 =/ (@ —7)/ {400 6 — In(In )03, } (8-3)
k2 =/(50a — 7)/{40n[ln wer + In 6 — In 7 — In(In 2)]@en } (8-4
k3= /(1007 — o) /{82 W, + 030 — In7— In(In 2)]oe}  (8-5)
x4 = /(507 — we)/{327[In 600 — In(In 2)]} (8-6)
ks = /96/{6257(In 1500 — In(In 2)]} &7

where k; and k; respectively denote the coefficients of the trigonometric
time-series before and after the normalization, corresponding to the
control angular frequencies ;.

The normalized coefficients k; arise from ensuring that the sum of «;
equals unity to maintain consistency between the assumed PGA and the
derived acceleration amplitude A. This normalization corrects for the
mathematical approximation inherent in converting a response spec-
trum to a PSD by the Kaul method, where non-normalized x; would
possibly violate the PGA boundary condition.

To elucidate the influence of the characteristic angular frequency w.p
on the amplitude coefficients k; to ks, their variation trends for selected
wcp values are presented in Fig. 3.

As shown in Fig. 3, k3 and k4 are significantly larger than the other
coefficients, indicating that the influences of w3 (corresponding to the
characteristic period) and w4 (corresponding to the period of 0.1 s) are
the most prominent in the proposed acceleration distribution and
reflecting the overall and widespread influence of the platform segment

0.5
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<
Z 04
=
(0]
2
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L
o
Q
[0}
S 0.2t
;:_é
< 0.1
o ——© — = J
2.51n 40 50n 8.0 10z

Angular frequency (rad/s)

Fig. 3. Variation trends of the amplitude coefficients for the characteristic
angular frequency.
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from the design response spectrum. This differs from the assumption in
the pseudo-dynamic method, which posits direct influence solely from
the characteristic period. Moreover, as the characteristic angular fre-
quency increases, k3 gradually decreases while k4 rises. This trend is
attributed to the narrowing of the bandwidth corresponding to w3 as the
characteristic period shortens.

2.3.3. Comparison of acceleration distribution models

Fig. 4 compares the assumed acceleration distributions on backfill
soil between the proposed simplified solution and the pseudo-dynamic
method under different shear wave velocities vs and characteristic pe-
riods Ty when PGA is reached at the top of the abutment.

As shown in Fig. 4, the backfill soil seismic acceleration distribution
calculated using the proposed simplified solution is enveloped by the
distribution assumed in the pseudo-dynamic method under varying v
and T, conditions. Notably, the proposed solution exhibits more pro-
nounced nonlinear distribution characteristics, which gradually
diminish as vg increases.

3. Seismic active earth pressure
3.1. Assumptions and the analytical model

The analytical model for seismic active earth pressure derived in this
study was primarily based on the fundamental assumptions of the
pseudo-dynamic method [3,32], with additional novel assumptions. The
assumptions were simplified to focus the derivation of seismic active
earth pressure on the proposed simplified solution of seismic accelera-
tion distribution mentioned in Section 2.3.2. The assumptions were as
follows:

(1) The backfill soil behind the bridge abutment is homogeneous and
isotropic, with a constant shear modulus along its height.

(2) Regarding the dynamic characteristics of the backfill soil, the
derivation does not consider cohesion and vibration amplifica-
tion effects.

(3) Regarding the engineering and mechanical conditions considered
in the analytical model, the derivation does not account for the
slope of the backfill soil, surcharge loads on the backfill soil, and
vertical seismic effects.

(4) Theslip surface in the sliding soil wedge in the analytical model is
assumed to be a straight line (plane), considering the core

Soil Dynamics and Earthquake Engineering 198 (2025) 109609

research objective and reduced significance of complex slip-
surface geometries under active earth pressure conditions [44].

(5) Seismic acceleration distribution proposed in Section 2.3.2 and
expressed in Eq. (8) is used to calculate the seismic inertial force
in the analytical model.

These simplifications, particularly regarding soil amplification, ver-
tical ground motion effects, and planar slip assumption, highlight cur-
rent model limitations while paving the way for more comprehensive
analyses in future investigations.

Given the above assumptions, an analytical model of seismic active
earth pressure for bridge abutments in the limit equilibrium state was
established, as shown in Fig. 5. In this model, P,e, Q, W, and R denote the
resultant force of seismic active earth pressure, seismic inertial force,
gravitational inertial force, and resistance force beneath, respectively.
Meanwhile, H, 2, , 6, §, and ¢ denote the bridge abutment height, depth
of the backfill soil, angle between the abutment back and vertical di-
rection, slip angle of the soil wedge, friction angle between the abutment
and backfill soil, and internal friction angle of the backfill soil,
respectively.

3.2. Derivation of analytical formulas

3.2.1. Resultant force

Using the analytical model shown in Fig. 5, the horizontal equilib-
rium equation and the vertical equilibrium equation for the sliding soil
wedge were determined, as shown in Eq. (9-1) and Eq. (9-2),
respectively.

Q+sin(f — @)R = cos(a + 5)Pye (9-1)

W=cos(0 — @)R + sin(a + §)Pye (9-2)

Using the cosine formula for the difference of two angles and elim-
inating the resistance force beneath the soil wedge R through the system
of equations, the resultant force of seismic active earth pressure P, was
derived, as expressed in Eq. (10).

_ cos(6 — ¢)Q +sin(6 — )W

p
o« cos(a+8+¢+0)

(10)

According to their respective definitions, the seismic inertial force Q
and gravitational inertial force W are derived using Eq. (11) and Eq.
(12).
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Fig. 4. Comparison of acceleration distributions v at (a) 200 m/s and (b) 300 m/s.
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Fig. 5. Analytical model for seismic active earth pressure.

Q)= / " (v 9)(H~ )/ tan fla(z, 1z an

where y and g denote the unit weight of the backfill soil and gravitational
acceleration, respectively.

W =0.5yH?(tan a + cot ) (12)

Eq. (9)-(12) were derived from the analytical model illustrated in
Fig. 5. These equations share foundational principles with classical
methodologies established in prior studies [3,22,23].

By substituting Eq. (8-1) into Eq. (11), Q is obtained under the pro-
posed seismic acceleration distribution of the backfill soil, as expressed
in Eq. (13).

H 5
Q) = /O (7 /9(H—2) [tan 6] S kA cos{anlt — (H—z) /v)}dz  (13)
-1

By solving the definite integral expressed in Eq. (13), the analytical
solution for Q is obtained, as given by Eq. (14).

__yA(tan a + cot 8)v; 5 & Vs cos(wi) i oy Vs cos(w;it)
Q(t)= 2 ; p o H sin(oy) T
14-1)
u=t—H/v, (14-2)

Using Eq. (8-2)-(8-7), the amplitude coefficients corresponding to
the trigonometric acceleration time-series are calculated. The co-
efficients kj-ks are then substituted into Eq. (14). Subsequently, by
substituting Eq. (14) and Eq. (12) into Eq. (10), the resultant force of the
seismic active earth pressure on bridge abutments (P,.) is finally
obtained.

3.2.2. Intensity distribution

By substituting the variable depth z for the constant abutment height
H in Eq. (10), (12) and (14), Pe(2,t) is defined as the resultant seismic
active earth pressure force acting on the abutment section from the top
surface to depth z. Subsequently, taking the partial derivative of Pae(z,t)
with respect to z derives the distribution of seismic active earth pressure
intensity through the proposed methodology, as expressed in Eq. (15).

pae(zs t) = apae(z7 t)/az = pae.s(zv t) +pae.d(zv t) (15-1)

Daes(2,£) =yz sin(0 — g)(tan a + cot ) /cos(a + 5+ ¢ — 0) (15-2)

Ayz cos(0 — ¢)(tan a + cot 0)
geos(a+5+¢—0)

Paed (Z7 t)

Zk cos {w, <t——)} (15-3)

where pae(2,t), Pac,s(2,t), and paed(2,t) denote the seismic active earth
pressure intensity distribution, its static component, and its dynamic

component, respectively.

As shown in Eq. (15), the static component p,e(2,t) is equal to the
Coulomb active earth pressure and is independent of the corresponding
time-history characteristics. Meanwhile, the dynamic component pye,a(2,
t) shares its form with the dynamic component in the pseudo-dynamic
method, with the sole distinction lying in the consideration of seismic
acceleration distribution. When t = 0 s and vs approaches infinity, the
result of p,e(z,t) in Eq. (15) converges to that of the pseudo-static
method, consistent with the pseudo-dynamic method.

3.2.3. Location of the resultant force

For the analytical model shown in Fig. 5, the equilibrium equation of
the seismic active earth pressure moment for the sliding soil wedge
rotating about the base of the bridge abutment is established in Eq. (16).

Poe(t)Hy — / (H = 2)pac(z, )dt 16)
0

where Hy denotes the height of the location of the resultant force relative
to the base of the bridge abutment.

By substituting the analytical solution of p,e(2,t) detailed in Section
3.2.2 into Eq. (16) and expanding it, the analytical solution of the def-
inite integral in Eq. (16) is obtained, as expressed in Eq. (17).

_ y(tana + cot ) A
Vi) = Ao OO in0 - ) (a.0)+ 5 cost0 - ¥z
a7z-1
Y(2,t)=H’/6 (17-2)

5 2
10v2k; H H {(H—2
4(z,t) = Z v, { sin <02)lv > — 5w;H cos (ﬂzhv )}cos {7@( > )
s s

i=1 s

17-3)

where Y5(z,t) and Yq(2,t) represent the static and dynamic components of
the analytical solution Y(z,t) of the definite integral expressed as Eq.
(16), respectively.

The location of the resultant force of seismic active earth pressure
(Hyq) is thus derived by substituting the analytical solution of Pge(t)
detailed in Section 3.2.1 and Eq. (17) into Eq. (16).

Fig. 6 illustrates a step-by-step flowchart visually summarizing the
entire analytical derivation process, from the design response spectrum
input to the seismic earth pressure output, while synthesizing the
methodologies presented in Sections 2.1 through 3.2.

3.3. Parametric analysis

3.3.1. Horizontal PGA
The influence of horizontal PGA A on the proposed method for

|
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Fig. 6. Step-by-step flowchart of the analytical derivation process.

calculating seismic active earth pressure for bridge abutments is illus-
trated in Fig. 7, where ty.x denotes the time at which the resultant
seismic active earth pressure reaches its maximum under different
conditions.

As shown in Fig. 7, the resultant force P,e(t=tmax) increases nearly
linearly with PGA A and is positively correlated with the abutment back
angle a, indicating the advantage of downward-sloping abutments in
terms of seismic design safety. Furthermore, at a specified time instant,
the intensity distribution p,e(t=0,2) exhibits stronger nonlinear charac-
teristics as PGA increases. Notably, the location of the maximum pres-
sure intensity does not necessarily occur at the base of the bridge
abutment.

3.3.2. Characteristic period

The influence of the characteristic period Ty on the proposed method
for calculating seismic active earth pressure for bridge abutments is
illustrated in Fig. 8.

As shown in Fig. 8, both the resultant force P, and the intensity
distribution p,e gradually increase as the characteristic period Ty be-
comes longer. The slope of the increase in P, gradually decreases,
consistent with the pattern observed in p,. where the degree of
nonlinearity diminishes. From a theoretical analysis perspective, this
coincides with the decrease in the diversity of acceleration distributions
in backfill soil as T, extends, as predicted by Eq. (8). Ultimately, the
calculation result approaches that obtained using the M-O method.

3.4. Practical implication

This article presents a modified model for calculating seismic active
earth pressure based on limit state equilibrium analysis and the pseudo-
dynamic method framework. From a practical engineering perspective,
the computational framework comprises three key components: the
determination of seismic design parameters, identification of engineer-
ing parameters, and workflow establishment of seismic active earth
pressure calculation. Although the derivation process presented herein
involves frequency-domain analyses, all final expressions are presented
as closed-form analytical solutions, eliminating the need for numerical
integration or extensive series summation.

Simplified design charts for practical application are presented in
Fig. 9, enabling the direct implementation of the proposed method in
code-compliant seismic design workflows while preserving theoretical
rigor.

4. Centrifuge shaking table tests
4.1. Experimental design and setup

4.1.1. Experimental equipment

Based on the experimental objectives, the DCIEM-40-300 centrifuge
shaking table system (Fig. 10) provided by the Institute of Engineering
Mechanics, China Earthquake Administration, was used for centrifuge
shaking table tests. The main system specifications include a rotating

550 [
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Fig. 7. Parametric analysis of the influence of PGA A on (a) the resultant force of seismic active earth pressure P, and (b) the intensity distribution of seismic active

earth pressure pj,e.
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Fig. 8. Parametric analysis of the influence of the characteristic period Ty on (a) the resultant force of seismic active earth pressure P, and (b) the intensity dis-
tribution of seismic active earth pressure pge.

seismic parameters

.

arm radius of 5.0 m, centrifugal acceleration of 100g, shaking table
acceleration of 30g, frequency range of 10-300 Hz, and vibration load
capacity of 1.5 t. The Laminar Box-I type laminar shear model box
(Fig. 10) was utilized, with internal dimensions of 1.2 m in length, 0.5 m
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A horizontal peak gound motion acceleration
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T, characteristic period
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4 N

4 N [

calculation flow

o

=

Step 2:
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engineering
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\

Parameters of soil: Vs shear wave velocity
y unit weight
¢ friction angle of soil
o friction angle of abutment
6 slip angle of wedge
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Step 3:

Calculation of P, resultant force:
EQ.(12) » EQ.(14) » EQ. (10)

Seismic active

» Calculation of p,, intensity distribution:
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earth pressure

N

Calculation of Hj height of application point:
EQ. (17) » EQ. (16)

Fig. 9. Simplified design charts of the proposed analytical model.

Sensors.

in width, and 0.6 m in height. In addition, the experimental setup also
included ICP-type miniature acceleration sensors, LVDT rod-type
displacement sensors, and piezoresistive soft-contact soil pressure
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Fig. 10. Main components of the centrifuge shaking table test: (a) centrifuge shaking table system and (b) laminar shear model box.

4.1.2. Model design and sensor arrangement

The centrifugal acceleration value in the hypergravity experiment
was set to 50g. The similarity coefficients for the main physical quan-
tities are shown in Table 3.

Three abutment models were designed with variable inclination
angles a of the abutment back, simulating vertical (a = 0), downward-
sloping (¢ ~ —0.1571), and upward-sloping (@ =~ 0.157) abutment
backs, respectively. The prototype height of the abutment was 10 m, and
the model height was 0.2 m based on the similarity law. The 6061
aluminum alloy, with an elastic modulus of 68.9 GPa and Poisson’s ratio
of 0.33, similar to those of a reinforced concrete structure, was utilized
as the material for the scaled model. Three abutment models were
placed in parallel within the test box. The backfill soil behind the test
surfaces was Fujian standard quartz fine sand, whereas the bearing layer
consisted of coarse sand.

Dynamic earth pressure sensors, acceleration sensors, and displace-
ment sensors were utilized in the experiment. The dynamic earth pres-
sure sensors were used to measure the resultant force and determine the
intensity distribution of seismic earth pressures exerted on the models.
The sensors were arranged in two columns evenly distributed along the
back of each of the three abutment models, with seven sensors vertically
aligned on each model. Meanwhile, the acceleration sensors were pri-
marily utilized to monitor the seismic acceleration distribution of the
backfill soil in the near-model field and the free field within the test box
under seismic excitation. They were evenly distributed vertically in two
sections located 130 and 680 mm from the abutment backfill. The
displacement sensors were utilized to monitor the residual displace-
ments of the three abutment models and the settlement of the backfill
soil under different testing conditions.

The model dimensions, layout, and sensor arrangement are shown in

Table 3
Similarity coefficients of the main physical quantities.

Category of physical quantities  Physical quantity Design similarity coefficient

Material properties Stress ¢ 1
Strain ¢ 1
Elastic modulus G~ 1

Geometric properties Length [ 1/50

Dynamic properties Displacement d 1/50
Velocity v 1
Acceleration a 50
Time t 1/50
Period T 1/50
Frequency f 50
Stiffness k 1/50

Fig. 11.

4.1.3. Soil property

The soil types selected for experiments were Fujian standard quartz
fine sand and coarse sand. For the fine sand, the gradation curve ob-
tained through sieve analysis by layers is shown in Fig. 12. Based on this
curve, the coefficient of uniformity C, was calculated to be 1.670 and
the coefficient of curvature C. was calculated to be 0.965.

Using the vibration hammer method, funnel method, and graduated
cylinder method, the maximum and minimum dry densities of the fine
sand (Pdgmax and pgmin) Were determined to be 1.608 and 1.400 g/cms,
respectively. Based on the aforementioned data and drop test results, the
mass of fine sand required for the model box was calculated in accor-
dance with the required relative density.

4.1.4. Scenario design

Three seismic acceleration time histories were considered in the
experiments: that corresponding to the El-Centro wave, a specific time
history from the Chichi earthquake, and that of a design-response-
compatible artificial wave. The response spectra at a PGA of 1.0g are
presented in Fig. 13.

In the experiments, the PGA values of the seismic inputs were set to
0.1gand 0.2g. Original time histories were linearly scaled to these levels,
resulting in a total of six scenarios. These scenarios were ranked in
ascending order according to the energy content of the seismic inputs in
the frequency domain. A frequency sweep was conducted between
ground motion scenarios to identify the potential plastic and residual
deformations of the model system.

4.2. Results and discussions of acceleration distribution

Time-history data recorded by three acceleration sensors located in
the fine sand layer of the near-model field were selected from the
experimental data. These data were divided according to their corre-
sponding elevation-based acceleration amplification factors to eliminate
the influence of vibration amplification, which was not considered in the
analytical model. The experimental data and acceleration distributions
predicted by the proposed method of Eq. (8) and the pseudo-dynamic
method are compared in Fig. 14. Specifically, the time instant ¢t of the
experimental data was chosen when the acceleration recorded by the
sensor at the top of the near-model field reached its maximum acceler-
ation, corresponding to t = h/v; in the proposed method and t = h/vg
with the initial phase taken as n/2 in the pseudo-dynamic method,
where h denotes the height of a certain sensor.
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Fig. 14. Comparison of acceleration distributions at a PGA of (a) 0.1g and (b) 0.2g.

As shown in Fig. 14, the acceleration distribution calculated using
the proposed method had significantly smaller deviations from the
experimental data than the assumptions made by the pseudo-dynamic
method. In particular, the proposed method much more accurately
described the general nonlinear characteristics of acceleration distri-
bution in the backfill soil under seismic conditions.

Additionally, for a given PGA, the acceleration distributions in the
backfill soil varied for different seismic inputs along the depth. These
variations were influenced by the spectral characteristics of different
ground motions. For the spectra of the seismic inputs in the experiment,

as illustrated in Fig. 13, the long-period contents of the Chichi wave
were significantly more prominent than those of the other two waves.
Thus, a stronger acceleration response was observed in the excited

backfill soil for this particular scenario.
4.3. Results and discussions of seismic earth pressure

Acceleration time-history records from the sensor at the top of the
near-model field were selected. The time instant when the acceleration
reached its maximum peak value in the direction toward the bridge
abutment model was aligned with t = 0 s moment in both the pseudo-
dynamic method (with the initial phase taken as n/2) and the pro-
posed modified method. The assumption served as the basis for the
experimental comparative analysis of the theoretical models for deriving
analytical solutions for seismic active earth pressure.

For all designed scenarios with different PGAs and seismic inputs, the
comparison between the experimental data obtained using all three
models and the theoretical solutions for the resultant force of seismic

Table 4
Comparison of resultant forces of seismic earth pressure.
PGA Methodology Model 1 Model 2 Model 3
(€3] (kN/m) (kN/m) (kN/m)
0.1 Mean of experimental 218 200 248
data
Pseudo-static method 233 189 285
Pseudo-dynamic 220 177 271
method
Proposed method 198 156 247
0.2 Mean of experimental 164 152 194
data
Pseudo-static method 287 240 343
Pseudo-dynamic 256 210 309
method
200 158 249

Proposed method

active earth pressure are shown in Table 4 and the intensity distributions
are shown in Fig. 15.

As shown in Table 4, the results of the three analytical solutions were
closely aligned, with small errors relative to the experimental data under
low-PGA conditions. However, when the PGA increased to 0.2g, the
proposed method significantly reduced the error in the resultant force
relative to the experimental data, achieving an average error of 18.1 %,
in contrast to those of the pseudo-static method (69.9 %) and pseudo-
dynamic method (51.1 %).

Quantitative accuracy assessments of the errors between experi-
mental and theoretical seismic earth pressure intensity distributions
were conducted using two statistical metrics: root mean square error
(RMSE) and mean absolute error (MAE). The results are systematically
summarized in Table 5.

As shown in Fig. 15 and Table 5, at low PGA levels, the results from
all three analytical solutions were close and the errors relative to the
experimental data were all relatively small. However, as the PGA
increased, the error between the theoretical models and the experi-
mental data increased. The proposed modified method, which was based

on an improved backfill soil seismic acceleration distribution assump-
tion, better captured the nonlinear characteristics of the experimental
seismic active earth pressure intensity distribution, demonstrating
significantly reduced errors. Specifically, its RMSE decreased by 46.6 %
and 30.3 % compared with those of the pseudo-static and pseudo-
dynamic methods, respectively, and MAE decreased by 52.1 % and

33.0 % relative to the same methods. Notably, the conventional methods

exhibited overly conservative results under a PGA of 0.2g, further

highlighting the superior accuracy of the proposed approach in mod-
erate seismic scenarios. In addition, the intensity distribution of seismic
active earth pressure varied under different seismic inputs of the same

PGA. Because of its high contents in the long-period range of the fre-

quency domain, the earth pressure excited by the Chichi wave was

greater than that of the El-Centro wave and the artificial wave.

5. Conclusions

This study developed an analytical method for calculating seismic
active earth pressure for bridge abutments calibrated by a series of
centrifuge model tests. The following conclusions were drawn.

@ Using the amplitude characteristics of the design response spectrum
sourced from the Specifications for Seismic Design of Highway Bridges of
China and approximate mathematical relationships derived from the

11
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Fig. 15. Comparison of the intensity distributions of seismic earth pressure: (a) Model 1 at 0.1g, (b) Model 2 at 0.1g, (c) Model 3 at 0.1g, (d) Model 1 at 0.2g, (e)

Model 2 at 0.2g, and (f) Model 3 at 0.2g.

Table 5
Mean values of the statistical metrics of different models and seismic inputs.
PGA (9) Methodology RMSE MAE
0.1 Pseudo-static method 3.610 3.124
Pseudo-dynamic method 4.022 3.408
Proposed method 5.443 4.626
0.2 Pseudo-static method 15.77 15.42
Pseudo-dynamic method 12.09 11.02
Proposed method 8.429 7.386

Note: Each value in the table represents the arithmetic mean of error values of
nine data points derived from the combination of all the abutment models and
input ground motions.

random vibration theory along with Fourier transform, a detailed
solution and a simplified solution for the horizontal seismic accel-
eration distribution in backfill soil for bridge abutments were
derived.

@ Based on the proposed simplified solution of seismic acceleration
distribution and using the force and moment equilibrium equations
of the sliding soil wedge in the limit equilibrium state, analytical
formulas for the resultant force, intensity distribution, and resultant-

12

force location of seismic active earth pressure for bridge abutments
were derived. Parametric analyses were also conducted to clarify the
major influence of key parameters on the proposed method.

@ According to the analysis of centrifuge shaking table test results of
bridge abutments scaled with a model similarity ratio of 50, higher
PGA values led to higher nonlinearity in backfill soil seismic accel-
eration distribution and earth pressure intensity distribution on
abutments. Through statistical metrics analyses, the modified
method proposed herein was demonstrated to produce smaller errors
and provided a more accurate characterization of nonlinear char-
acteristics of seismic active earth pressure compared with conven-
tional methods.
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Appendix
Table Al
List of notations

Category Symbol Definition Unit

Ground motion acceleration processing S(T) Acceleration response spectrum m/s?
T Period s
Ty Characteristic period s
A Peak ground motion acceleration m/s?
Sa(w) Power spectral density function m?/s°
® Angular frequency rad/s
Aw Frequency interval rad/s
Wch Characteristic angular frequency rad/s
¢ Damping ratio -
D Ground motion duration s
r Exceedance probability -
Ap(w)) Discrete Fourier amplitude m/s
i Discrete phase angle rad
a(t) Acceleration time history m/s?
t Time s
Ki Trigonometric coefficient -
ki Normalized trigonometric coefficient -

Soil and structure property H Abutment height m
z Depth m
Vs Shear wave velocity m/s
G Elastic modulus Pa
P Density of soil kg/m3
a Abutment back angle rad
[4 Slip angle of soil wedge rad
1 Abutment friction angle rad
@ Soil friction angle rad

Seismic earth pressure model Pae Resultant seismic active earth pressure N/m
Q Seismic inertial force N/m
w Gravitational inertial force N/m
R Resistance force N/m
Pae Seismic active earth pressure intensity Pa
Hq Height of application point m

Data availability
Data will be made available on request.
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