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Newmark sliding block approach has been extensively studied by many researchers in the past decades. Significant progress has
beenmade to alleviate its deficiencies and overcome its simplifying assumptions, but some aspects such as the cyclic shear strength
and time history vertical acceleration in the Newmark sliding displacement analysis are seldom considered strictly. In the
presented research, a modified Newmark methodology for sliding deformation analysis of rock-fill dams subjected to strong
earthquake is proposed. In order tomake the seismic safety evaluation of damsmore realistic, the influence of cyclic shear strength
(earthquake-induced reduction of shear strength) and time history vertical acceleration obtained from the dynamic response
analysis on the critical acceleration and accumulative sliding displacement of the flexible sliding body is considered. Detailed
comparison between the proposedmethod and existing methods is performed via the analysis of two typical dams, that is, a virtual
rock-fill dam with a height of 100m which is assumed to be situated on rock formation and a real core rock-fill dam with a height
of 150m built on deep overburden layers. It is demonstrated that the cyclic shear strength and time history vertical acceleration
within flexible sliding body, as highlighted in the proposed method, have significant effect on the seismic safety evaluation, critical
acceleration, and accumulation of sliding deformation of rock-fill dams subjected to strong earthquake loading. *e existing
approaches tend to provide unconservative evaluation on the consequences of earthquakes on rock-fill dams.

1. Introduction

Nowadays, the evaluation on the seismic performance of
rock-fill dams and Earth slopes subjected to strong earth-
quakes is performed utilizing not only the traditional force-
oriented factor of safety, but also the magnitude of the
accumulative earthquake-induced sliding displacement
[1–3]. A strict and simple prediction of earthquake-induced
sliding displacement can directly show the potential con-
sequences of earthquakes on rock-fill dams. In 1965, an
original procedure for the prediction of earthquake-induced
sliding displacement was formulated by Newmark [4].
*rough this research, it is revealed that irregular inertial
force induced by earthquake acceleration could exert
a driving force sufficient to reduce temporarily the factor of
safety below one and then result in several sliding episodes
during the shaking. As pointed out by Newmark, sliding

episodes in earthquakes occur when the critical acceleration
is exceeded and continues until the velocity of downward
movement reduces to zero. So the accumulation of per-
manent sliding displacement (Newmark sliding displace-
ment), with its magnitude equal to the summation of all
downward movements during the shaking, could be a useful
index to evaluate the stability of slopes during earthquakes.

In the early Newmark-type method, the flexible sliding
body is modeled as a rigid block, and only two parameters are
used, that is, the input ground motion and the critical accel-
eration (ky g, the horizontal acceleration that results in unit
pseudostatic factor of safety). Due to its effectiveness and
simplicity, the Newmark sliding rigid block approach has been
extensively adopted and studied by many engineers and re-
searchers in the past decades. Much great progress has been
made to alleviate its limitations and overcome its simplifying
assumptions; for example, the flexibility of the sliding mass is
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firstly considered instead of the assumption of rigid body by
Makdisi and Seed [5]. However, the research on the influence
of the cyclic shear strength (or dynamic pore pressure) and time
history vertical acceleration on the critical acceleration and
accumulation of sliding displacement is still limited. Mean-
while, the application of this approach for the seismic stability
evaluation of high rock-fill dams with a height over 250m or
around 300m is also limited. *us, with the development of
testing apparatus and technology for cyclic shear strength of
rock-fill materials under cyclic loading, it is suggested that the
seismic design and assessment of the effectiveness of mitigation
measures for rock-fill dams subjected to earthquake be per-
formed strictly based on the cyclic shear strength [6–9].

On the other hand, a theoretically reasonable and prac-
tically feasible method for prediction of earthquake-triggered
sliding displacement is required necessarily for the seismic
design and stability analysis for emerging high rock-fill dams.
*erefore, special emphasis of this paper will be placed on the
determination of critical acceleration of flexible sliding body
based on the cyclic shear strength and time history vertical
acceleration aiming atmore realistic evaluation of earthquake-
induced sliding displacement of high rock-fill dams.

2. Cyclic Shear Strength of Rock-Fill Materials

*e first aim of this study is to analyze the effect of cyclic
shear strength on earthquake-induced sliding displacements
using the modified Newmark method in order to improve
the ability of predicting seismic stability of rock-fill dams. It
must be noted that the liquefaction-induced instability has
not been included in this paper. As we know, in the
earthquake, instability occurs when the dynamic shear
stresses required to maintain equilibrium of a soil deposit
exceed the static shear strength of that deposit. *en it will
recombine the structure character of soil’s particle until the
new equilibrium can reach. *e shear strength of soil in this
new equilibrium will be regarded as cyclic shear strength.

*e cyclic shear strength is an important parameter in
seismic design and stability analyses of rock-fill dams. For
some typical rock-fill materials, such as fine sand, clay, and
sand gravel, the significant cyclic loading induced by ir-
regular strong earthquake usually leads to the obvious de-
generation of the undrained shear strength [10, 11]. Some
accidents of rock-fill dams occurred due to the decrease of
cyclic shear strength. *e postcyclic undrained shear be-
havior of rock-fill materials under cyclic loading has been the
focus in the past decades. Nowadays, some considerable
advances of testing apparatus and technology for cyclic shear
strength of rock-fill materials have been obtained; for ex-
ample, the cyclic triaxial undrained compress tests and
simple shear tests have been used extensively to study the
cyclic shear strength of rock-fill materials. From the tests, it
is shown that the cyclic undrained shear strength is often
related to the confining pressure (σ0′), failure number of
cycles (Nf), and the failure strain criterion (5% or 10%). In
general, the correlation of undrained cyclic shear strength
(τfs), confining pressure, and cyclic shear stress (τd) acting
on the failure surface can be formulated by (1–5). In ad-
dition, it is noted that the lower value between the static

shear strength and cyclic shear strength should be adopted in
the seismic design and stability analysis of rock-fill dams.
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Here, σ1′ and σ3′ are the major principle effective stress
and minor principle effective stress, respectively; τd is the
cyclic shear stress; σ0′ is the initial effective confining pressure
with σ0′ � (σ1′ + σ3′)/2; τ0 is the initial static shear stress with
τ0 � (σ1′ − σ3′)/2; cr is the correction coefficient of cyclic shear
strength; τf0 and σf

′0 are the initial shear stress and normal
stress acting on the failure surface, respectively; (Δτf)n is the
variation of cyclic shear strength at a given number of cycles; n
is the number of cycles; ϕ′ is the effective friction angle; and α
is the initial shear stress ratio on the failure surface.

For the sake of simplicity and convenience in application,
based on the available data of rock-fill materials obtained by
the dynamic triaxial compress tests and by referring to the
mode of Mohr–Coulomb principle, the cyclic shear strength
can be represented by a simple equation, as (6). *en, the
cyclic shear strength of rock-fill materials can be easily de-
termined from the number of cycles, confining pressure, and
shear stress ratio on the failure surface.

τfs � τfs0 α + tan ϕdασf
′0, (6)

τfs0 α � τfs0 + ζα, (7)

tanϕdα � tanϕd0 + βα. (8)

Here, (τfs0)α and tanϕdα are the equivalent cyclic co-
hesion and friction coefficient, respectively, which can
be directly introduced into the modified Newmark sliding
displacement analysis. Both of them are in proportion to the
initial shear stress ratio on the failure surface, as in (7) and
(8). τfs0 and tanϕd0 are the cyclic shear strength parameters
as α equals zero, and ς and β are proportional coefficients.
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Based on the above mentioned description and for-
mulations, the two main steps to obtain the cyclic shear
strength are outlined as follows. First, the total shear strength
under different confining pressures and consolidation ratios
can be obtained from the cyclic triaxial undrained compress
tests as shown in Table 1. Second, the parameters of cyclic
shear strength can be determined by linear approximation as
shown in Table 2.

In some occasions concerning practical rock-fill dam
design, it would be convenient for the engineers to adopt
directly the static undrained shear strength into the seismic
design and stability analysis, if the difference between the
cyclic shear strength and its static counterpart of rock-fill
materials could be negligible. However, for some particular
rock-fill dams, such as rock-fill dam with clay core, sand
gravel dam, and rock-fill dam built on the saturated clay or
sandy deposits, the impact of cyclic shear strength on the
critical acceleration and accumulation of sliding displace-
ment would be so significant that it must be carefully
considered as the liquefaction does not occur. For this
purpose, available data of dynamic triaxial tests on cyclic
shear strength of rock-fill materials were analyzed and
a correlation between cyclic shear strength and number of
cycles was obtained and listed in Tables 3 and 4.

3. Time History Vertical Acceleration

In the existing Newmark-type sliding displacement analysis,
the vertical earthquake is usually neglected or considered
oversimply in the determination of critical acceleration and
accumulation of permanent sliding displacement. Possible
effects of vertical earthquake loading on the stability of
Earth structures have not been discussed in detail although
it had attracted great attention as early as in the 1920s

following the devastating Kanto Earthquake in Japan.
Mononobe [12] found that a combination of horizontal and
vertical accelerations led to severe damage of Earth retaining
structures. Ling et al. [13] and Huang et al. [14] studied the
effect of vertical acceleration on the critical acceleration and
sliding displacement, in which the vertical acceleration was
assumed to act constantly upwards or downwards and its
value was taken as a fraction of the peak horizontal accel-
eration. *e value of 2/3 was usually adopted as a reasonable
ratio between vertical and horizontal acceleration based on
the records of strongmotion earthquake accelerations [15, 16].

In addition, more and more results from numerical
analyses and shaking table tests revealed that the direction
and phase of vertical accelerations acting on the centroid of
soil slice within the flexible sliding body vary from time to
time and are different for different slices during the seismic
excitation, as shown in Figure 1. Consequently, it is nec-
essary to study and clarify the influence of the distribution of
time history vertical acceleration on critical acceleration and
sliding displacement in order to better reflect the reality.

4. The Modified Newmark Methodogy

In the model we developed herein, the Bishop pseudo-
static limit equilibrium method is used to determine the
critical acceleration time history, factor of safety, and

Table 1: Parameters of total shear strength.

Soil r (g/cm3) kc σ3′ (kPa) σ0′ (kPa) τ0 (kPa) τf0 (kPa) σf
′0 (kPa) τf0/σf

′0
N � 30

Δτ/σ0′ Δτf τfs

Shell 2.33

1.5
1000 1250 250 196 1095 0.18 0.463 454 649
2000 2500 500 392 2189 0.18 0.363 711 1103
3000 3750 750 588 3284 0.18 0.319 937 1525

2.5
1000 1750 750 588 1284 0.46 0.337 462 1050
2000 3500 1500 1176 2568 0.46 0.216 592 1768
3000 5250 2250 1763 3852 0.46 0.156 642 2405

Table 2: Parameters of cyclic shear strength.

Soil r (g/cm3) Nf τfs0 (kPa) tgφd0 ζ (kPa) β
Shell 2.33 30 108.5 0.321 485.6 0.518

Table 3: Parameters of the E-μ model and equivalent linear model.

Materials r (g/cm3) c′ (kPa) ϕ′ (°) k n Rf G F D kur k1 n1

Core 1.58 86.6 23.7 202 0.51 0.87 0.25 0.04 2.2 400 1100 0.42
Shell 2.02 5 36 540 0.46 0.79 0.32 0.1 4.7 1100 1600 0.45

Table 4: Parameters of cyclic shear strength.

Materials N (times) τfs0 (kPa) tanϕd0 ζ (kPa) β

Sand layer 20 0 0.209 0 1.604
30 4.19 0.169 102.7 1.242

Sand gravel 20 55.05 0.383 237.4 0.448
30 56.66 0.359 217.3 0.167
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location of potential slip surface [17–19]. �e critical
acceleration, which is still de�ned as the amplitude of
horizontal acceleration that drives the potential sliding
body into a limit equilibrium state; that is, the factor of
safety equals 1.0. Noticeably, in the proposed approach,
the e�ects of cyclic shear strength and time history vertical
acceleration on the determination of the critical accel-
eration are considered strictly, with the detailed process
shown as follows.

As shown in Figure 2, the formulation of the pseudo-
static limited equilibrium method by Bishop can be re-
written by taking into consideration the cyclic shear strength
(τfs) and time history vertical acceleration (avi) as

Fs �
∑n−mi�1

1.0
mαi

Wi + Gi( )− uili cos αi( ) tanϕi′ + c′ili cos αi( )

∑ni�1 Wi + Gi( ) sin αi + Qi Rid/R( )( )

+
∑m−pj�1 τjfslj

∑ni�1 Wi + Gi( ) sin αi + Qi Rid/R( )( )

+
∑pk�1 c

k
r lk

∑ni�1 Wi + Gi( ) sin αi + Qi Rid/R( )( )
,

(9)

mαi � cos αi +
tanϕi′
Fs

× sin αi, (10)

Qi � kh,maxczahiWi, (11)

Gi �
±Wiavi(t)

g
, (12)

where c′i and φi′ are the static e�ective cohesion and
friction angle, respectively; Wi is the soil weight; u is the
hydrostatic pore pressure; Qi is the horizontal inertial
force obtained by (11); Gi is the vertical inertial force
caused by the time history vertical acceleration, with
a positive sign indicating downward direction and vice
versa; αi represents the inclination of slice as shown in
Figure 1; cz is the reduction factor of horizontal inertial
force, 0.25 is used in the present study; ahi is the distri-
bution coe�cient of horizontal inertial force along the
dam height; kh,max is the amplitude of the horizontal
acceleration coe�cient; g is the acceleration of gravity;
avi is the time history vertical acceleration at the slice
centroid obtained from dynamic response analysis; Rid
and R are the vertical distances of the centroid from the
center of the slip circle and the radius of slip circle, re-
spectively; n, m, andp are the total number of soil slices,
number of slices considering the e�ect of cyclic shear
strength, and number of slices where liquefaction occur,
respectively; τifs is the mobilized cyclic shear strength; and
cr is the residual strength of soil.

Let the factor of safety (FS) be 1.0, (9) can be rearranged
in terms of the peak value of horizontal acceleration co-
e�cient (kh,max), as

1 2 3
i – 1

i
i + 1

n – 1

n

n + 1

avi

avn

Δα

Оc

Figure 1: Distribution of vertical acceleration within the �exible
sliding body.
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Figure 2: Diagram of forces acting on a soil slice.
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*en, the coefficient of horizontal critical acceleration
(kh,y) can be determined by the ratio of the summation of
horizontal inertial force to the total weight of sliding body, as

kh,y(t) �


n
i�1 kh,max(t)czahiW


n
i�1 Wi

. (14)

Compared to the traditional method, it can be seen
that (13) and (14) are both closed-form solutions and
can be used to directly determine the coefficient of hor-
izontal critical acceleration (kh,y) without any iterative
process.

For the convenience of applications, the circular failure
mechanism is used in this paper and several necessary
transformations are performed. Considering the failure
mechanism of circular slip surface, the components of
driving angular acceleration (θave) and the critical angular
acceleration (θy) can be derived and expressed as

θave(t) � kh,ave(t)
yg −yc 

R2
g

, (15)

kh,ave(t) �


r
i�1 miah,i(t)


r
i�1 Wi

, (16)

θy(t) �


n
i�1 kh,max(t)gczahiWi


n
i�1 Wi

yg −yc 

R2
g

, (17)

where Rg is the distance between the centroid of sliding
body and the center of the slip surface, respectively; yg

and yc are the vertical coordinate of the slip surface
centroid and the center of the slip surface, respectively; mi

is the lump mass at node i; ah,i is the horizontal accel-
eration of node i determined by dynamic response
analysis; and r is the number of nodes included in the slip
surface.

*en the accumulation of angular sliding displacement
(θ) can be obtained by the double integral of (18).

€θ(t) � θave(t)− θy(t) g, (18)

θ � B€θ dt, (19)

S � θ · R, (20)

where €θ(t) is the time history angular sliding acceleration.

Based on the abovementioned description and formu-
lations, the step-by-step numerical procedure for the
modified Newmark sliding displacement approach is out-
lined as follows:

(1) Determine the location of critical circular slip surface
by (9), coupling with available optimized method

(2) Conduct the dynamic response analysis and get time
history vertical inertial force acting at the centroid of
each soil slice by (12)

(3) Determine the cyclic shear strength mobilized at the
bottom of soil slices according to (6∼8), and get the
horizontal critical acceleration of potential sliding
body using (13) and (14)

(4) Transform horizontal critical acceleration and
driving acceleration into angular driving and critical
acceleration using (17) and (18), respectively

(5) Repeat steps (2), (3), and (4) until the end of
earthquake shaking and determine the accumulation
of sliding displacement using (20)

5. Verification and Application

5.1. Example 1. A virtual core rock-fill dam with a height of
100m is investigated. *e cyclic shear strength for different
number of cycles and the static shear strength are shown in
Table 3. *e input acceleration time history in the hori-
zontal direction and vertical direction is presented in
Figure 3. *e amplitude of the acceleration is 0.283 g in the
upstream-to-downstream direction, and 0.19 g in the ver-
tical direction. *e E-μ model and the equivalent linear
analyses are performed to estimate the initial stress state
and dynamic response of the dam [20]. *e parameters
used in static and dynamic analyses are listed in Table 5. As
shown in Figure 4, the pseudostatic factor of safety and the
location of the potential circular slip surface in the up-
stream dam slope are obtained by the Bishop limited
equilibrium method. *e Newmark sliding displacement
analyses are performed, respectively, by the presented
method and the traditional method developed by Makdisi
and Seed [5]. Since in the presented method, the two
factors, that is, cyclic shear strength and time history
vertical acceleration, are considered simultaneously and
their effects are coupled. In order to clarify the effect of each
factor, a contrast analysis is performed, where only the
effect of cyclic shear strength is considered and that of the
time history vertical acceleration is ignored.

Advances in Civil Engineering 5



�e coe�cients of horizontal critical acceleration and
accumulation of sliding displacement obtained by the three
di�erent analyses are listed in Table 6. It is shown that the
critical acceleration obtained by the modi�ed method is re-
markably lower than that obtained from the traditional
method. �e maximum di�erence could reach 70%, as the
cyclic shear strength and time history vertical acceleration are
taken into consideration simultaneously. Consequently, the
di�erence in the accumulation of sliding displacement is also
considerable. �e amplitude of accumulation of sliding dis-
placement obtained from the modi�ed method considering
the e�ects of cyclic shear strength and time history vertical
acceleration is nearly three times of that obtained from the
traditional method. In addition, from Table 6, it is clear that
the accumulation of sliding displacement obtained from the
contrast analysis is nearly two times of that from the tradi-
tional method, but the di�erence of critical acceleration and
factor of safety determined by the two methods is minor.
�us, it is implied that the prediction of sliding displacement
based on cyclic shear strength is important to evaluate the
performance of rock-�ll dams under strong earthquakes, even
if the factor of safety determined based on both static shear
strength and cyclic shear strength satis�es the requirements of
seismic design.

Figure 5 provides the time history horizontal critical
acceleration obtained from the three analyses. It is clear that
the critical accelerations determined by the Makdisi and
Seed method and the contrast analysis remain unchanged
during the earthquake shaking. On the contrary, �uctuation
of critical acceleration time history obtained from the
modi�ed method can be observed and it is correlated with
the input vertical acceleration time history. Furthermore, it

is noted that the minimum critical acceleration obtained
from the modi�ed method is nearly 1/3 of that from the
Makdisi and Seed method.

As shown in Figure 6, the modi�ed Newmark sliding
displacement method gives the highest sliding displace-
ment during the earthquake shaking. It can be observed
that the accumulation of sliding displacement obtained by
the traditional method stops growing at 10 seconds,
whereas the growing trend stops at 15 seconds for the
modi�ed Newmark sliding displacement analysis. Com-
pared with the traditional method, the times of sliding
episodes and increment of sliding displacement in one
sliding episode presented in the modi�ed Newmark
sliding displacement analyses are bigger because of the
lower time history critical acceleration. It implies that
the modi�ed method predicts a sliding episode, whereas
the traditional analysis predicts dam slope stability, as the
value of driving acceleration lies between the two critical
accelerations. In addition, from the engineering point of
view, the accumulation of sliding displacement, which is
regarded as a key index for the safety evaluation of high
core rock-�ll dams subjected to design earthquake, ob-
tained by the traditional method tends to be unsafe as the
e�ects of cyclic strength and time history vertical accel-
eration on the critical acceleration are ignored.

5.2. Example 2. �e following is a practical core rock-�ll
dam of 150m in height which will be built on deep
overburden foundation. It is noted that the deep over-
burden layer of the dam site is thicker than 500m and
has a weak sand inclusion layer with a thickness of 20m.
�e maximum cross section and �nite element mesh are
provided in Figure 7. �e dam is mainly composed of core,
shell, sand layer, and sandy gravel. �e simulation of
�lling and water storage is conducted by static analysis
with the E-μmodel, and the equivalent linear analyses are
performed to obtain the response of acceleration and
dynamic shear stress. As shown in Figure 7, the pseu-
dostatic factor of safety and the locations of the potential
circular slip surfaces in the upstream and downstream
dam slopes are obtained by the Bishop limited equilibrium
method. �e parameters of static analysis, dynamic
analysis, and cyclic shear strength of sand layer are pre-
sented in Tables 4 and 7 and obtained from the laboratory
triaxial compression test. �e design ground motions were
selected based on in situ investigations. �e acceleration
time histories in the horizontal direction and vertical
direction are plotted in Figures 8 and 9, respectively, with
amplitudes of 0.535 g and 0.36 g, respectively. In the time
marching process of equivalent linear analyses, the du-
ration of the earthquake excitation (40 seconds) is divided
into 15 periods.

Based on the results obtained from the dynamic triaxial
tests and dynamic response analysis, the distribution of
ratio of cyclic shear strength to static shear strength
(τfs/(c′ + σf′0 tan ϕ′)) for the sand layer and sand gravel is
provided in Figure 10. It is shown that the cyclic shear
strength of most of the soil elements located in the sand
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Figure 3: Accelerogram of input motion.

Table 5: Parameters of static and cyclic shear strength.

Materials c′
(kPa)

ϕ′
(°)

N
(times)

τfs0
(kPa) tan ϕd0

ζ
(kPa) β

Shell material 5 36 12 0 0.253 115.6 1.621
20 8.05 0.193 107.8 1.25

Core material 86.6 23.7 12 83.67 0.333 92.9 0.417
20 83.01 0.320 91.6 0.41
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layer and sand gravel layer is lower than the static shear
strength, but it is noted that the liquefaction does not occur.
�e di�erence between the static shear strength and cyclic
shear strength is noticeable, and the maximum di�erence at
the toe of the upstream dam is around 50%. �us, con-
sidering the great part of failure surface located in the sand
layer and sand gravel layer as shown in Figure 7, the impact
of cyclic shear strength on the critical acceleration and
sliding displacement should be considered.

�e modi�ed Newmark sliding displacement method is
used to determine the time history driving acceleration,

critical acceleration, and accumulation of sliding displace-
ment, with the results shown in Figures 11–13. Fluctuation of
the critical acceleration time history can be observed because
of that considering the e�ect of time history vertical ac-
celeration which is obtained from equivalent linear dynamic
response analysis. �ere are, respectively, two and four
obvious intersections between the angular critical acceler-
ation and angular driving acceleration as shown in Figures 11
and 12. It can be observed that the minimum of time history
critical acceleration of slip surface in downstream dam slope
which corresponds to factor of safety of 0.93 which is smaller
than that of slip surface in upstream dam slope which
corresponds to factor of safety of 0.88. Meanwhile, the time
history driving acceleration of slip surface in the upstream
dam slope is bigger than that of slip surface in downstream
dam slope during the earthquake shaking. As shown in
Figure 13, the magnitudes of sliding displacements of slip
surface in upstream dam slope and downstream dam slope
are 34.0 cm and 5.5 cm, respectively. It is noted that the
increment of sliding displacement of slip surface in upstream
dam slope occurred in the �rst sliding episode is about 32 cm
and makes an o�er of 95% of total accumulation of sliding
displacement. �is can be contributed to the remarkable
di�erence of driving acceleration and critical acceleration
for the reason that the e�ects of cyclic shear strength, time

Shell material Shell materialCore
material

Fs = 1.214

Figure 4: Potential circular slip surface and factor of safety of dam under design earthquake.

Table 6: Horizontal critical acceleration, sliding displacement, and
factor of safety.

Items Traditional
method1

Contrast
analysis2

Modi�ed
method3

kh,y (g) 0.152 0.134 0.045#

s (cm) 24.2 42.1 68.4
Factor of safety 1.285 1.214 1.214
1�e traditional method is the approach in which the static shear strength is
used. 2�e contrast analysis is the approach in which only the cyclic shear
strength is considered in the modi�ed method. 3�emodi�ed method is the
approach in which the cyclic shear strength and time history vertical ac-
celeration are considered simultaneously. #�e minimum critical acceler-
ation during the earthquake shaking.
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history vertical acceleration, and location of �exible sliding
body. Consequently, it is justi�ed that the e�ects of cyclic
shear strength and time history vertical acceleration on the
critical acceleration and sliding displacement for �exible
sliding body are considerable, especially to the foundation of
the rock-�ll dams with a weak sand layer.

6. Conclusions

A modi�ed Newmark-type methodology for sliding de-
formation analysis of rock-�ll dams subjected to strong
earthquake is developed. �e e�ects of cyclic shear strength
and time history vertical acceleration on the sliding dis-
placement are considered in detail. Based on detailed
comparisons between the proposed method and traditional
method (Makdisi and Seed’s method), it can be seen that the
e�ect of earthquake-induced reduction of shear strength
(cyclic shear strength) and time history vertical acceleration

on the critical acceleration and sliding displacement is re-
markable. On the other hand, the necessity and feasibility of
the proposed method is also veri�ed by the application to the
analysis of a real core rock-�ll dam which will be built on
deep overburden foundation with weak sand layer. It is
shown that the cyclic shear strength is generally lower than
the static shear strength in the weak sand layer as the liq-
uefaction does not occur during a strong earthquake shaking
and the time history vertical acceleration can play an im-
portant role in the dam stability evaluation based on the
Newmark-type sliding displacement analysis.

As it is known that reliable and convenient prediction of
earthquake-induced sliding displacement is crucial for the
seismic design of rock-�ll dams, it is shown from the nu-
merical examples that there is noticeable di�erence between
the displacement obtained by taking into account the e�ect
of cyclic shear strength and time history vertical acceleration
and the displacement obtained by the traditional Newmark

X0 = 1982.9, Y0 = 2144.5, R0 = 874.5
Fs = 0.93

X0 = 1120.9, Y0 = 1712.2, R0 = 447.2
Fs = 0.88

Sand layer Sand gravel

Figure 7: Cross section of the dam and potential slip surfaces.

Table 7: Parameters of the E-μ model and equivalent linear model.

Materials r (g/cm3) c′ (kPa) ϕ′ (°) k n Rf G F D kur k1 n1

Core 2.2 35 33 447 0.4 0.75 0.39 0.05 1.9 900 1600 0.53
Shell 2.3 0 45 1050 0.37 0.71 0.3 0.09 5.8 2100 4600 0.42
Sand layer 1.55 40 32 280 0.43 0.81 0.42 0.13 2 600 600 0.5
Sand gravel 2.27 0 47 836 0.35 0.79 0.32 0.1 4.8 1700 4544 0.35
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Figure 8: Accelerogram of horizontal input motion.
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Figure 9: Accelerogram of vertical input motion.
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method, and this would exert important consequences in the
seismic stability analysis of a rock-�ll dam:

(1) When the liquefaction-induced damage does not
occur, as the cyclic shear strength is signi�cantly
lower than the static shear strength for rock-�ll
materials and weak sand layer, the analysis pre-
sented herein predicts a general failure of dam slope,
whereas the traditional Newmark-type analysis
would predict dam slope stability.

(2) In the high rock-�ll dams, the time history of vertical
acceleration in the �exible sliding body can play an

important role in the Newmark-type sliding dis-
placement analysis, and the traditional method could
provide unsafe prediction of seismic stability of rock-
�ll dams.

In a word, the proposed methodology for sliding dis-
placement analysis of rock-�ll dams as the liquefaction
would not occur leads to more realistic evaluation of the
permanent displacement, and it provides a promising al-
ternative to routine seismic design and evaluation of the
mitigation measures for high rock-�ll dam with a high level
of con�dence.

Conflicts of Interest

�e authors declare that they have no con�icts of interest.

Acknowledgments

�e �nancial support by the National Key Research and
Development Program of China through Grant no.
2017YFCC0404904, the National Nature Science Founda-
tion of China (51579033), the National Key Basic Research
Program of China (no. 2013CB036404), and the Public
Service Sector R&D Project of Ministry ofWater Resource of
China (no. 201501035) and experimental data and techno-
logical supports from IWHR Laboratory are gratefully
acknowledged.

0.5
0.55
0.61
0.67
0.72
0.78
0.83
0.89
0.94
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Figure 11: Time history angular driving acceleration and critical
acceleration of slip surface in upstream dam slope.
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