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Abstract: A multi-block model and a corresponding computer program have been developed which predict the kinematics of land-
slides. Furthermore, a unique event for studying different models simulating the triggering and movement of landslides is the 2008
Wenchuan earthquake in the mountainous region in Sichuan Province of China, which caused a large number of rapid landslides. The
purpose of the paper is two-fold: (a) to propose and incorporate into the multi-block model constitutive relations predicting soil re-
sponse along slip surfaces, and (b) to apply the multi-block model with the constitutive relations at landslides triggered by the Wen-
chuan earthquake. The proposed constitutive equations predict the shape of the shear stress-displacement response measured in ring
shear tests. In the application, four landslides caused by the Wenchuan earthquake were considered. Only in one of these landslides
the shear resistance-displacement response along the slip surface has been measured in laboratory tests. At this landslide, the trigger-
ing and movement of the landslide was predicted. In the other landslides, back analyses were performed and it was observed that the
multi-block model predicted reasonably well the final configuration of all slides. In addition, as the measured and back-estimated
total friction angle of all landslides was less than 18°, and the materials along the slip surface were sandy, it is inferred that some, or
all of the slip surface during these slides was sheared in an undrained manner and excess pore pressures generated during sliding
played a key role in the triggering and movement of these landslides. Concluding, the paper (A) proposed and validated a multi-block
constitutive model which can be applied to predict the triggering and movement of earthquake-induced slides and (B) by analyzing
four landslides of the 2008 Wenchuan earthquake, it concludes that some, or all of the slip surface during these slides, was sheared in
an undrained manner and excess pore pressures generated during sliding played a key role in the triggering and movement of these
landslides.
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As a result of the disastrous 12th May 2008 Wen- triggering and movement of landslides.
chuan earthquake, a large number of rapid landslides The sliding-block model™! is frequently used to
which traveled over very large distances were triggered simulate movement of landslides triggered by earth-
in the mountainous Wenchuan County, Sichuan Province quakes[ﬁ]. This model is generally successful in estimat-
of the People's Republic of China!' ™. This makes the ing small ground deformations without loss of strength.
event unique for studying different models simulating the However, when the ground deformations are large, this
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model is not accurate, primarily because of (a) changes
of geometry of the sliding mass towards a gentler inclin-

[l and (b) loss of strength in saturated soils along

ation
the slip surface®!. Regarding the effect (a) above, it is
caused by the law of physical equilibrium where masses
move towards a more stable configuration. Regarding the
effect (b) above, ring shear devices where sandy samples
can be sheared under undrained conditions have recently
been developed and applied to study the response of sat-
urated sands along slip surfaces” '"). These tests illus-
trate the considerable decrease in the soil strength at
large shear displacement, which may occur due to the
generation of excess pore pressures. In particular, the
measured shear stress-displacement response of these
tests illustrates: First, the shear stress (7) gradually in-
creases from its initial value with shear displacement (i)
at a decreasing rate, until the peak shear stress is reached.
At the peak shear stress, the rate of change (d7/du) is
zero. Then, for saturated soils exhibiting strain softening,
as u increases further, T decreases to its residual value,
while (dr/du) (1) first decreases from zero until a limit
displacement value reached, then (2) it starts to increase,
and finally (3) at very large shear displacement it tends to
zero.

This study aims to provide an easy-to-use and cost-
effective methods predicting the triggering and displace-
ment of earthquake-induced slides. The paper, after de-
scribing the multi-block model, proposes and imple-
ments at the multi-block model constitutive equations de-
scribing the response above and applies it to landslides
occurred during the Wenchuan earthquake. In the applic-
ation, four landslides of the Wenchuan earthquake were
considered because in only these landslides their kin-
ematics was similar to what the multi-block model pre-
dicts. From these landslides, only in one of these land-
slides the shear resistance-displacement response along
the slip surface has been measured in laboratory tests. At
this landslide, the triggering and movement of the land-
slide was predicted. In the other landslides, back ana-
lyses were performed using the multi-block model. Con-
clusions are drawn regarding the ability of the multi-
block model to predict the triggering and movement of
landslides. Last but not least, the soil resistance meas-
ured in the ring shear tests and obtained in the back ana-
lyses performed is discussed and is related to a possible

mechanism of the triggering and excessive movement of

these landslides.
1 The multi-block model

This section describes briefly the multi-block mod-
el (Fig. 1) proposed by Stamatopoulos and pil' " 1t
utilizes previous work by Sarmal'*, Ambraseys and Sr-
bulov[ls], Stamatopoulos[l6], Sarma and Chlimintzas''"".
A general mass sliding on a slip surface which consists
of n linear segments is considered. In order for the mass
to move, at the nodes between the linear segments of the
slip surface, interfaces inside the sliding mass are
formed, where resisting forces are exerted. Thus, the
mass is divided into n blocks sliding in different inclina-
tions. Soil is assumed to behave as a Mohr-Coulomb ma-

terial at both the slip surface and at the interfaces.
5 r

Elevation/m
S

—e— Initial configuration
--A---Deformed configuration
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Horizontal distance/m

Fig.1 Multi-block method: Typical initial and deformed
configuration

When the slide moves and the blocks are not separ-
ated, the velocity must be continuous at the interfaces.
This rule predicts that the relative displacement of the n
blocks is related to each other as:

du;/duzsy = €08 (6; +Bis1) / cos (5, +3) (1)
Where u; is the displacement along the linear segment i
of the trajectory, d refers to increment, the subscripts i
and i+ 1 refer to trajectory segments i and i + 1 counting
uphill and B; and (90—6;) are the inclinations of the tra-
jectory segment and interface i, respectively.

Taking equilibrium for each block, and summing up
the equations, the governing equation of the sliding sys-
tem can be obtained. When a horizontal component of
acceleration a(?) is applied, the governing equation of
motion has the following form:

du’/df* = A(a(t)-a.), for du,/dt>0 (2)
Where A is a factor and a. is the critical horizontal accel-
eration which is just sufficient for movement of the slid-

ing mass. The factors A and a. depend on the geometry,

the mass, the pore water pressure prior to shearing and
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the frictional and cohesional resistance at the base and
the interfaces of the n blocks.

As shear displacement develops, the masses and
lengths of each block, and thus the factors A and a. in
equation (2) also change. The transformation rule, which
states that when each block is displaced by dii;, each
point of the block is also displaced by dii,, is applied. As
the internal interfaces are fixed in space, at each increment,
cross-sectional area with width du; is transferred from body
(i) to body (i—1) according to equation (1). The de-
formation which this rule predicts is illustrated in Fig. 1.

A computer program which solves equation (2) has
been developed. The factors A and a. are time dependent
and thus are updated at each increment in the numerical
analysis. Output of the program includes the initial and
final slide geometries and acceleration velocity and dis-

placement of nodes of the sliding mass versus time.

2 Constitutive equations, implementation
and computer program

In the case where the initial stress ratio 7,/07, equals
zero, we propose the following equation which simu-
lates the soil response described in the introduction sec-
tion:

T=0,R (3)

Where
For u;,>u>0, R=R./N[1-0-u/u)™] (4)

For u>u;, R=R+bu+a)" ™ [(n-Du—-n-2)u, +al
(5)
Where
b=R.(1/r-=D(a+u)"” (6)
Where R, r, Ui, a;, a, n are the six model parameters.
During unloading-reloading of applied shear load, the
model assumes that zero shear displacement develops. In
the case where the initial stress ratio 7,/0, equals to R,,
the displacement is #’ and equals to:
W=u—u, u>0 (7)
Where u is given by equations (4)~(6) and, according to
equations (3)~(6)
=1, [1= (1= rR,/R)"™ | (8)

We define u, as the u value where d’R/du? = 0 and the

parameter a, as
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a = U, /u, ( 9 )

Next, according to equations (7)~(8)
a, = (a/uy+n)/(n—1) (10)

It is inferred that, we can replace the model para-
meter a of equations (3)~(6) with the parameter a,,
which, unlike the parameter a has physical meaning: i.c.
it is directly associated with u,. The parameter a of equa-
tions (3)~(6) can be obtained from the parameter a,, as

a=ula,(n—1)—n] (11)

As illustrated in Fig. 2, from a given shear stress-
displacement curve measured in a shear device, determ-
ination of the model parameters R, r, u;, a, is straight-
forward: the parameter R, is the stress ratio R of the ma-
terial at the residual (final) state. The parameter r is the
ratio of the maximum stress ratio of the shear stress-dis-
placement response (R ) and R.,. The parameter u,
gives the shear displacement at R,,,.. The parameter a,
determines the rate of change of the shear stress with
shear displacement at the interval u< u,. The parameter
a, gives the shear displacement (a,u,) at u > u; when
d*R/du? = 0. Also, the parameter n determines the rate of
change of the shear stress with shear displacement at the
interval u > u;. The effect of the parameters n, a, in the
shear stress-displacement response is illustrated later in

section 7.
A

R=1/0,

oL, u

Fig.2 Graphical illustration of the constitutive model of
equations (3)~(6)

The advantage of the proposed model is its simpli-
city and its small number of parameters. However, it has
the disadvantage of generality. When applying this mod-
el along slip surface segments, tests with similar relative
density, confining stress and initial shear stress as exist-
ing in-situ should be used to estimate the model parameter.

Finally, it can be noted that the residual friction
angle of the material (¢.;) equals atan (R,). Furthermore,
under undrained conditions, the parameter R is related
to the total excess pore water pressure generated during

shaking (P), and the effective residual friction angle of
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the material (¢’):
R =tang’ (1-P/o?) (12)

At this point it should be noted that undrained con-
ditions occur during fast shearing when the water table
line is above the slip surface, as a result e.g.of precipita-
tion due to a recent rainfall. Thus, assuming, for ex-
ample that as a result of undrained shearing P/, equals
0.5, it is inferred that R, is 50% less under undrained
then under drained conditions.

The constitutive equations (3)~(11) were coupled
with the multi-block model described above by varying
only the friction angle at the base of each block i, ¢;, as

¢; = arctan (7;/07,_}) (13)

In equation (13), 7; and o7, _; are the shear stress and
the initial (prior to slide movement) effective normal
stress at the base of block i, respectively. It should be
noted that the values of 7, u and o7, of equations (3)~(6)
correspond to 7;, #; and o7_; in equation (13). In the com-
puter program associated with the multi-block model de-
scribed above, soil strength along the slip surface is sim-
ulated either by the Mohr-Coulomb law, or by the con-
stitutive equations (3)~(11).In the second case, at each
increment, the values of 7; are updated in terms of the in-

cremental shear displacement.

3 Application procedure of the multi-block
model along slip surfaces and very large
displacement

In the case that the slip surface is not pre-existing,
application of the multi-block model first requires the
prediction of the location of the slip surface by stability
analysis. A stability method relevant to the multi-block
sliding mass geometry has been developed by Sarma and
Tan!'®. However, the study of the ability of stability
methods in order to estimate the location of this slip sur-
face is beyond the purpose of the present work.

In order to apply the multi-block model along pre-
defined slip surfaces under earthquake loading, the steps
needed are: (a) to define the trajectory, ground and water
table surfaces, (b) to obtain the constitutive model para-
meters from results of laboratory tests, (¢) to obtain the
interface angles and (d) to predict the triggering and dis-
placement of the slide by applying the multi-block mod-
el with the constitutive model at the slip surface for a

representative seismic motion.

Regarding step (b) for slip surface or trajectory seg-
ments consisting of saturated sand, the model paramet-
ers of equations (3)~(6) must be obtained from un-
drained ring shear, or equivalent, tests on soil samples
with the same relative density as in-situ and consolid-
ated at the same confining stress and initial shear stress
as that existing in-situ. For slip surface segments consist-
ing of dry soil, the model parameters of equations (3)~(6)
must be obtained from drained shear tests, or, if such
tests do not exist, from strength values based on effect-
ive stresses.

Regarding step (c), if the inclinations of the inter-
faces are not predefined according to existing faults, they
are obtained according to the condition of minimum crit-
ical acceleration value at the initial slide configuration.
However, at large deformations, estimation of the inters-
lice angles of the sliding mass according to the condition
of minimum critical acceleration at the initial slide con-
figuration may not be adequate. This is resolved by ap-
plying the criterion of minimum critical acceleration not
only at the initial, but also at the final slide configuration
and taking the average values at the common interfaces
of the two configurations. The final slide configuration
can be obtained by applying the multi-block model as-
suming that the interface angles which are not defined at
the initial slide configuration equal zero. In particular, for
both the initial and final slide configurations the follow-
ing procedure is used to obtain the interface angles: Es-
timate the interface angle of the first node, ¢;, assuming
that the interfaces of the other nodes (9,63, -+ ,d,) equal
zero, under the condition of minimum critical accelera-
tion value. Along the slip surface the residual values of
soil strength are used, as it is the most representative of
the soil strength during motion. At the interfaces, peak
values of strength are used.The reason is that as the in-
ternal interfaces are fixed in space, they are continuously
reforming with new material and thus the strength can-
not be at residual!’®’. Next, estimate the remaining §; val-
ues by using the 6, ;,---,0; values previously obtained
and assuming §;,;,---,0, = 0. Repeat the above proced-
ure starting from the §; values obtained in the previous it-
eration until the new set of ¢, values does not differ from
the previous, and thus convergence is achieved.

The application procedure described above can be
used to predict seismic displacement of landslides. Fur-

thermore, the residual soil strength of past landslides can
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be estimated using the iteration procedure described in
Tab. 1, where the first value of the residual soil shear
strength adopted in the procedure are also given. Di
present graphical illustration of an approximate proced-
ure to obtain the trajectory of past landslides from their
initial and final conﬁgurations[3]. It should be noted that
each application of the multi-block model in Tab. 1 lasts

only a few seconds.

Tab.1 Proposed manner to apply the multi-block model
to back-estimate the residual friction angle mobil-
ized during past landslides

Step No Description
1 0;=0

Find the ¢ value along the slip surface, which predicts the
2 measured slide displacement (41 + ) /2 within 5%. Start
with ¢ equal to the average slope inclination.

Using the ¢ value obtained in step 2, estimate all the
3 interface angles 0; at the initial slide configuration according
to the procedure of section 3.

Using the ¢ value obtained in step 2, obtain the final slide
configuration using the multi-block model. Then, estimate

4 all the interface angles d; at the final slide configuration
according to the procedure of section 3.
5 Using the average 0; values of steps 3 and 4 using the

procedure described in section 3.

Compute the landslide displacement using the multi-block
6 model with the 6; values selected in step 5. Compare the
computed displacement under step 6 with the measured.

In the case that more than 5% percent difference exists
between the measured and computed under step 6
displacement, estimate a new ¢ value and corresponding
landslide displacement by performing again steps 2~6 steps.

4 Landslides triggered by Wenchuan earth-
quake

Wenchuan earthquake occurred in the Longmen
mountain, which is located on the eastern boundary area
of the Tibetan plateau and is one of the most signific-
antly deformed regions in China, where earthquakes oc-
cur frequently. The Wenchuan earthquake occurred on
the Yinxiu-Beichuan fault of the Longmen mountain,
which extends from Dujiangyan to Guangyuan (Fig. 3).
On the southeast side of the fault alternating strata of
sandstone, shale, mudstone and colluvial materials, de-
rived from the above rocks exist''®). Climate of the re-
gion is typically humid subtropical monsoon, with plenti-
ful rainfall.

The multi-block model of Fig. 1 can be applied only
in landslides which move as rigid bodies in one dimen-

sion. At this point is should be noted that rigid motion

does not occur when fluid-like motion occurs, which is
related to movement of saturated soil and thus water ta-
ble line near the ground surface. Furthermore, move-
ment in one dimension occurs in homogenous geological
settings, where ground properties do not change with ho-
rizontal location.
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Fig. 3 Location map of the past landslides studied (sym-
bol Pi) and of previous earthquakes (symbol Ei)

The bibliography was carefully studied and Fig. 3
shows the location of all past landslides triggered by the
Wenchuan earthquake, found in the bibliography (sym-
bol Pi) where (a) their initial and final cross-sectional
geometries are well-documented and (b) moved as rigid
bodies in one dimension, and thus the multi-block model
of Fig. 1 can be applied. They are four in number and
Tab. 2 gives their names and the relevant references. It
can be observed that all landslides are located in the
same mountain range, namely near the Yinxiu-Beichuan
fault. In addition, it can be observed that landslides are
located near rivers. According to the above discussion it
can be inferred that although the four landslides are sep-
arated by one or two hundred kilometers near the Yinxiu-
Beichuan fault, they have the common characteristics of
(a) homogenous geological setting and (b) water table

line near the slip surface, not near the ground surface.

Tab.2 Typical landslides triggered by the Wenchuan
earthquake
Slide No Name Reference Comment
P1 Niumiangou [20] —
P2 Tangjiashan [21] —
P3 Zhengjiashan [22] —

Ring shear tests have been
performed along the slip
surface

P4 Donghekou [41,[19]
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In only one of these landslides, the Donghekou
slide, ring shear tests were performed on representative
samples retrieved from the slip surface. Tab. 3 gives the
date, epicenter location and magnitude of severe earth-
quakes which have occurred in the vicinity of the land-
slides (M> 5.2, Distance< 250 km), retrieved from
[www.earthquaketrack.com]. The epicenter of the earth-
quakes is mapped in Fig. 3 (symbol Ei), except from the
earthquake E2, which is located beyond the range of the
map. Section 5 below validates the proposed model by
predicting the triggering and displacement of the
Donghekou slide, while section 6 validates the proposed

model by back analyses of the other landslides.
Tab.3 The date,epicenter location and magnitude of the
Wenchuan earthquake and previous severe earth-

quakes in the region

No Coordinates Date M
El 32.0,103.700 25/8/1933 7.5
E2 32.752,104.157 16/8/1976 6.9
E3 32.571,104.249 21/8/1976 6.4
E4 32.492,104.181 23/8/1976 6.7
E5 31.002,103.322 12/5/2008 7.9

5 Application of the multi-block con-
stitutive model in a case where soil resist-
ance has been measured along the slip
surface

The cross-section of the initial and final slide con-
figurations of the Donghekou landslide, the only one of
the landslides of Tab. 2 where soil resistance has been
measured along the slip surface, is given by [4]. As the
earthquake occurred before rainy season and there was
no rain prior to and during the earthquake, the water ta-
ble was not presumably near the ground surface. By us-
ing an advanced ring shear apparatus, tests have been
carried out by Sun!* to study the response of the satur-
ated soil along the slide slip surface under the loading
that was actually applied during the earthquake[B] (Fig.
4(a)). The sample has particle size D50=0.01 mm, prac-
tically zero plasticity and was sheared with 07,=300 kPa
and 7,=90 kPa. Fig. 4(b) presents the measured shear
stress-displacement response of this test! .

At first, the geometry of the slide is represented. As
shown in Fig. 5(a) the trajectory is represented by 6
nodes where the 4 nodes correspond to the slip surface at

the initial configuration. Nodes determining the slip sur-

face (and trajectory) and the ground surface are given
with different symbols. The initial location of the ground
surface is represented by 4 additional nodes. As men-
tioned earlier, the water table line most probably was not
considerably above the slip surface and is assumed to co-

incide with the slip surface in the analyses.

Horizontal acceleration g™

mEmOOo00 oo
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(a) Wenchuan earthquake typical motion near the epicenter
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(b) Measure and prediction of shear stress-displacement response

Fig. 4 Shear stress-displacement response of the Donghekou

landslide
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(b) Measured and computed final slide geometry

Fig.5 Measured and computed slide geometry of the
Donghekou slide
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Next, the model parameters of the constitutive mod-
el are obtained by the prediction of the relevant shear
tests. Tab. 4 gives the set of parameters of the con-
stitutive equations (3)~(6) which predict the test. Fig.
4(b) compares model predictions of the constitutive mod-
el with the measured response. Good agreement can be
observed. In addition, the peak total friction angles val-
ues, used in the interfaces in the analyses, are obtained: @ .=
30°, according to the peak total strength value measured

in the ring shear tests.

Tab.4 Constitutive model parameters which fit the
laboratory tests of Fig. 5(b)
Ries r u1/m ai aui/m n
0.22 0.5 0.008 2 0.016 8

In order to estimate the interface angles of the slid-
ing mass of the slides according to the method described

in section 3, ¢=30° is used at the interfaces and ¢=15°
—-0.110

-0.112
——4,
-0.114

T —0.116
S0
s —0.118 |

-0.120

-0.122

70.124 1 1 1 1 1 1 1
-100 =80 —60 —40 —-20 O 20 40

oI(°)
(a) Initial slide configuration

along the slip surface.At this point it should be reminded
that the response of the proposed method for the evalu-
ation of the interface angles is identical to the classical
Mohr-Coulomb criteria. Fig. 6 gives the critical accelera-
tion in terms of the interslice angles at the initial slide
configuration obtained according to the method de-
scribed in section 3. The indices of the interslice angles
1~3 give the corresponding node, counting from
left to right, and denoting as “0” the node at horizont-
al distance 0 m. After that, the final slide configura-
tion is obtained by applying the multi-block model
with the friction angles given above and assuming that
the interface angles not defined at the initial slide config-
uration are equal to zero. According to Fig. 6, the aver-
age obtained interslice angles to be used in the computa-

tions below were 6, =—9°, §,=—38°, §;=—56°.
0.228

=,

—=—0,

0.226 |
0.224 |
00222 |
S
0.220 |
0.218 |

0‘216 1 1 1 1 1 1
-80 —-60 —40 20 0 20 40 60

o)
(b) Final slide configuration

Fig. 6 Computed critical acceleration of the Donghekou slide in terms of the interslice angles

Once the interface angles are obtained, the initial
geometry of the slide is completely defined (Fig. 5(a))
and the multi-block model with the constitutive model
along the slip surface is applied.The constitutive model
parameters which are given in Tab. 4 are being used. At
the interfaces, the same peak soil strength as used to ob-
tain the interface angles is being used. In order to demon-
strate conservatively that the proposed model predicts the
triggering mechanism, the representative input signal
was applied with the maximum absolute acceleration
value in the downward direction. As this is applied, Fig. 7
gives the input acceleration and the computed (a) critical
acceleration and equivalent friction angle (given by
equation (13)) of the upper block and (b) the velocity
(V), and the distance moved of the upper block (u), all in
terms of time. Fig. 8(b) gives the computed final slide

configuration. The measured final slide configuration is

also given for comparison.

Fig.7 illustrates that, as the earthquake is applied,
some shear displacement accumulates. This causes the
friction angle at the base of the blocks to increase. Once
the peak friction angle is reached, due to material soften-
ing, the friction angle decreases drastically, to its resid-
ual value, at r=33 s. At this point, the critical accelera-
tion of the sliding system is negative (this means that the
slide is unstable) and the slide velocity starts to increase
and displacement to accumulate rapidly. As the slide
moves, the mass slides at a progressively smaller aver-
age inclination. The critical acceleration of the sliding
mass gradually increases and it becomes positive at 1=
70 s. After that, the slide velocity starts to decrease, and
becomes zero at =105 s. At this point, the slide stops.
The maximum slide velocity is 48 m/s.

Parametric analyses were performed, where the in-
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put acceleration decreased by 50%. Again, the landslide
triggering was predicted and the landslide displacement

30
25 | — Input acceleration (g)
— Critical acceleration (m/s?)

20 ¢ — Phi of upper block (°)

15

10 +

51

0 oo
75 n n n n n

0 20 40 60 80 100 120

t/s
(a) Critical acceleration and equivalent friction

angle (given by equation (13)) of the upper block

was modified by less than 10%, as landslide movement is

affected primarily by the residual soil strength.
25

— Input acceleration (g)
20+ —yUpper block velocity (*10 ) (m/s
15 | — Upper block displacement (*

75 n n n n n
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Fig. 7 Input acceleration and computed of the Donghekou slide, all in terms of time
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Fig.8 Measured and computed slide geometry of landslides P1,P2,P3

Above, it was demonstrated that in the relevant seis-
mic event the proposed method predicts the triggering of
the landslide. However, in order to make full verifica-
tion, below it is confirmed that the proposed method also
predicts the non-triggering in other seismic events. For

the main seismic events which have occurred in the vi-

cinity of the landslide of Tab. 3, the attenuation relation
proposed by Chen predicts an a,,,, value in the location of the
landslide less than 0.1 gm]. Application of the model with
the input acceleration of Fig. 4(a) normalized such as
amnax=0.1g illustrated that, similarly to in-situ, the land-

slide was not triggered and displacement was less than a
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few mm.

6 Application of the multi-block model in a
case where soil resistance has not been
measured along the slip surface

The iteration back analysis procedure of Tab. 1 was
applied in the landsides P1~P3 of Tab. 2. In these land-
slides, first, the trajectory and the initial ground surface
of each landslide were simulated by linear segments, as
given in Fig. 8. Water table elevation is not available at
the cross-sectional configurations of the slides. As the
earthquake occurred in May, just at the start of the annu-
al rainfall season and as just prior to or during the earth-
quake it did not rain, the water table was not presumably
near the ground surface. For the above reasons, in these
runs the water table line was assumed not to be above the
slip surface and the trajectory. The interface friction
angle was taken as 35° in all cases. The reason is that 35°
is a typical value of the peak friction angle of dry materi-
al with a LL value less than 25%*!. Tab. 5 gives the

obtained residual friction angle value and, addition-
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(a) Initial slide configuration

a

ally, the time duration of motion of these slides. It
also gives the obtained interslice angles. The indices
of the interslice angles give the corresponding node
of the trajectory, counting from left to right, and de-
noting as “0” the node at horizontal and vertical loca-
tion 0 m. The initial geometry of the slides is given in
Fig. 8(a) and Fig. 8(b) gives the computed final slide
geometries. Fig. 9 gives the computed critical accelera-
tion in terms of the interslice angles for (a) the ini-
tial slide configuration and (b) the final slide config-
uration. The indices of the interslice angles 1~4 give
the corresponding node, counting from left to right,

and denoting as “0” the node at horizontal.

Tab.5 Back analysis of past landslides. The residual fric-
tion angle and time duration of motion obtained
per past landslide (run 1). The corresponding av-
erage values of the interface angles obtained at the
initial and final slide configurations, used in the
analyses

Slide No Ries t/s 41 62 03
P1 18 72 -10 —24 —
P2 16 29 29 17 -33
P3 15 13 42 5 —43
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(b) Final slide configuration

Fig. 9 Computed critical acceleration of landslides P1, P2, P3 in terms of the interslice angles
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7 The constitutive equations (3)~(6) and its
effect on the triggering of the landslides

It is of interest to study the relationship between the
prediction results and the values of the parameters of the
constitutive model. Fig. 10 presents the effect of the
model parameters n and a,u; on the constitutive model
given by equations (3)~(6), while all the other model
parameters are as given in Tab. 4. Cases 1~4 correspond
to (n, a,uy) = (2.5, 0.01), (10, 0.01), (2.5, 0.02), (10,
0.02) respectively. All the other model parameters are as
given in Tab. 4. (a) in logarithmic scale, (b) in natural

scale. Furthermore, parametric analyses were performed

200
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£
% 100 [ —cCasel
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where the effect of the parameters of the constitutive
model on the seismic displacement of the Donghekou
landslide was studied. First it was observed that the para-
meters a; and u; (for value a,u, less than the value of
0.016 m of Tab. 4) do not affect the displacement. Then,
Fig. 11 gives the effect if the constitutive model paramet-
ers (a) r, (b) n, (¢c) au, on the seismic displacement of
the landslide. All the other model parameters are as giv-
en in Tab. 4. It can be observed that landslide triggering
is affected by all these parameters, while once triggering
occurs, the landslide displacement is affected as a first

approximation only by the parameter R,.
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Fig. 10 Parametric analyses of the constitutive model given by equations (3)~(6).Cases 1-4 are described in the text
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Fig. 11 Parametric analyses of the effect if the constitutive model parameters on the seismic displacement of the Donghekou

landslide

In addition, it is of interest to investigate the rela-

tionship between the past severe earthquakes in Tab. 3

and the four landslides. Regarding the Donghekou land-

slide, this was studied in section 5. Regarding the land-
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slides P1~P3 of Tab. 2, for the earthquakes E1~E4 of
Tab. 3, the attenuation relation proposed by Chen®”! pre-
dicts an a,,, value in their location less than 0.1g. Ap-
plication of the constitutive equations (3)~(6) with the
R, value of Tab. 5 and the remaining model parameters
of Tab. 4 illustrated that in all landslides P1~P3 (a) for
the seismic motion of Fig. 4(a) triggering occurs, while
(b) for the seismic motion of Fig. 4(a) normalized at
amax=0.1g triggering does not occur and the seismic dis-
placement is only a few mm. The above, under the as-
sumption that the model parameters ay, r, u;, n, a, of
Tab. 4 measured at landslide P4 can be applied for land-
slides P1~P3 also, predicted triggering of landslides
P1~P3 at the seismic event E5, and non-triggering at the
events E1~E4.

8 Discussion

8.1 Performance of the multi-block model

The multi-block model and the associated proposed
procedure performed satisfactorily in this work. In partic-
ular, regarding the estimation of the interface angles with
the criterion of the minimum critical acceleration, con-
vergence existed in all cases. This is illustrated in Fig.6
and Fig.9. Regarding the prediction of the actual meas-
ured slide response, the computed time duration of mo-
tion (Fig.8(b), Tab. 5) agrees with the observed rapid oc-
currence of the landslides. In addition, the predicted fi-
nal configuration of all slides reasonably agrees with the
measured ones. Last but not least, landslide triggering
was predicted at the seismic event E5 of Tab. 3, and non-
triggering at the events E1~E4.
8.2 Triggering mechanism of the landslides of the

Wenchuan earthquake

Chang and Zhang indicate that the soil along the
slip surface of the landslides of the Wenchuan earth-
quake consisted primarily of sands and silts with Liquid
Limit (LL) value less than 25%*). Such soils under dry
conditions exhibit a residual friction angle greater than
25°41 A the measured or the back-estimated total re-
sidual friction angle of all four landslides, was less than
18°, it is inferred that part, or all of the slip surface, was
sheared in an undrained manner and the generation of ex-
cess pore pressure reduced the total friction angle of the
material. The manner in which the total residual friction

angle is reduced by the generation of excess pore pres-

sures is given by equation (12). It is inferred that due to
the humid climate of the region, the saturation of soils
along the slip surface caused the generation of excess
pore pressures during the seismic excitation of the Wen-
chuan earthquake, which played a key role in the trigger-
ing of the catastrophic landslides.

9 Conclusions

The work first proposes and incorporates into a re-
cently-proposed multi-block model the constitutive rela-
tions which predict the shape of the shear stress-displace-
ment response measured in ring shear tests. Then, it ap-
plies the multi-block model with constitutive equations
along the slip surface at four landslides triggered by the
Wenchuan earthquake. The following were observed:

Only in one of these landslides the shear resistance-
displacement response along the slip surface has been
measured in laboratory tests. At this landslide, the trig-
gering and movement of the landslide was predicted by
the multi-block model with constitutive equations.

In the other landslides, back analyses were per-
formed where the multi-block model predicted reason-
ably well the final configuration of all slides.

In all cases considered, the multi-block model pre-
dicted the rapid occurrence of the landslides.

As the measured and back-estimated residual fric-
tion angle in all landslides was less than 18°, and the ma-
terials along the slip surface have a Liquid Limit value
less than 25%, it is inferred that some, or all of the slip
surface during these slides, was sheared in an undrained

manner.
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