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SUMMARY

When an active bedrock fault ruptures, the movement along the fault propagates through the overlying soil
and produces zones of intense shear. If the fault movement propagates upto or near the ground surface, the
damage to constructed facilities due to faulting, in conjunction with that induced by strong ground motion,
can be significant. This paper contributes to the understanding of the response of soil deposits to the
underlying bedrock fault displacement. In the conventional attenuation relationship, peak ground
acceleration shows maximum value at the closest distance from the fault. However, in the real
observations, sometimes it is found that the damage near to the surface fault is not maximum, instead it is
high little away from the surface rupture zone. To understand the above-mentioned response of soil
deposits, we attempted to develop a new application to Applied Element Method (AEM) by modeling the
fault rupture zone. In this, we study the behavior of dip-slip faults. The effect of the slip velocity on the
ground motion is studied first and then the attenuation of PGA in the near fault zone is studied. Effect of
the material properties is also discussed.

INTRODUCTION

Over the past few decades, significant effort has been devoted to understanding the problem of ground
shaking. Accordingly, numerous design and construction procedures have been developed to minimize
damage due to strong ground motion. However, the efforts towards improving our understanding of the
problem of surface faulting have been relatively modest. The common practice with important facilities
such as dams, nuclear power plants, and public buildings has been to avoid construction across the
recognized trace of an active fault. However, in case of the buried faults our ability to delineate the
possible potential hazard that can be caused due to the future rupture activity is far from complete. But,
the occurrence of the catastrophic earthquakes i.e. Kocaeli, Turkey, Chi-Chi, Taiwan and etc., in the
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Fig.1  Modelling of structure in AEM

recent times has posed many new challenges to the engineering community. Therefore, the engineering
profession should develop techniques to mitigate the damaging effects of surface faulting.

Two enormously disastrous earthquakes occurred during the year 1999. The first one was an earthquake of
magnitude 7.4 (Mw) occurred in Turkey on 17th August 1999 [1], and immediately following that,
another event of magnitude 7.3 (Mw, Central Weather Bureau, Taiwan) occurred in Taiwan on 21st
September 1999 [2]. The earthquake fault (North Anatolian Fault) in Turkey was traced over 100 km. The
magnitude of right lateral movement of the fault on the ground surface was measured to be 2 to 4 m. And
in Taiwan, severer effects were observed. The earthquake fault (Cher-Lung-Pu Fault) was traced for about
80 km, here the fault movement directly caused severe damage. The magnitude of maximum vertical
differential movement was measured to be nearly 10.0 m. From the above two events, it is clear that the
severe damage can be caused not only by the strong ground motion but also due to large surface
deformations lying directly over the seismic faults. Hence, it is necessary to direct our efforts to study the
relation between seismic fault characteristics, thickness of soil deposit and surface deformation.

Many researchers conducted experiments to understand the phenomena of surface failure, Cole and Lade
[3] have tried to determine the location of surface fault rupture and width of the affected zone in alluvium
over dip-slip fault using fault test box. They hypothesized that the results may be applicable to cohesive
materials. Lade et al. [4] studied to determine the multiple failure surfaces by conducting the experiments
on sand using fault test box. The results of the sand box model tests concluded that the observed
displacement fields were largely the same for the different materials. Onizuka et al. [5] have modelled the
deformation of ground using aluminum rods. Through experiments, they investigated bedrock stresses
induced by reverse dip-slip faults. Bray [6] investigated the pattern of ruptures in clay models under 1-g
subjected to dip-slip faulting. The range of bedrock’s dip angle varied from 60° to 90° for both normal and
reverse faults. Tani et al. [7] conducted a 1-g model study of dip-slip faulting using dry Toyoura sand as
model material. Results from their first series of tests indicated that the base offset necessary for the
rupture to propogate to the ground surface varied with fault orientation. These observations are in
agreement with those from the study of Cole and Lade [3].

Using the above experimental methods, we can find the affected length on the surface. However,
replicating the actual field conditions using experiments is very difficult, especially, controlling the



material properties and modelling the boundary
conditions. Moreover, large amount of data is
necessary to establish a relationship between
seismic fault parameters and resulting surface
deformation. On the

other hand, studying this phenomenon using
numerical model has the advantage of controlling
the parameters like material properties, size of the
model, boundary condition, dip angle, etc.
Numerical model allow us to investigate a number
of aspects of the fault rupture propagation
phenomenon, which are difficult to study from the
examination of case histories or the conduct of
physical model tests. It allows for the precise Fault Plane
control and the model used to represent the

behaviour of the soil and the imposed boundary

conditions. Of course, the accuracy and reliability of Surface rupture
any numerical approach depends on the validity of
the mathematical conceptualisation of the critical V4

aspects of the problem. If the limitations of the

assumptions imposed in the problem definition are Fig. 3 Fault terminology
understood, the numerical analyses can assist the

engineer in attempting to understand the problem in

question.

Fig. 2 Spring connectivity
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The discrete element approach intuitively looks promising. A soil mass is not a continuum. Instead, it is an
assemblage of finite-sized particles. Inter-particle forces fundamentally determine the observed
macroscopic behaviour of soil. Moreover, once a shear or tension cracks develops within the soil mass it
typically becomes difficult to reliable apply a numerical approach based on the principles of continuum
mechanics. The EDEM, however has a serious drawback in that it requires an enormous amount of
calculation time because explicit numerical integration is unstable unless the time step used is very short
(Hakuno and Meguro [8]).

APPLIED ELEMENT METHOD (AEM)

With the AEM [9~11], structure is modelled as an assembly of small elements that are made by dividing
of the structure virtually, as shown in Fig. 1 (a). The two elements shown in Fig. 1(b) are assumed to be
connected by pairs of normal and shear springs located at contact locations that are distributed around the
element edges. Each pair of springs totally represents stresses and deformations of a certain area (hatched
area in Fig. 1 (b)) of the studied elements. The spring stiffness is determined as shown in Eq. (1):

ExdxT GxdxT
Kp=7" K= (1)
a and a

where, d is the distance between springs, T is the thickness of the element and "a" is the length of the
representative area, E and G are the Young’s and shear modulus of the material, respectively. The above
equation indicates that each spring represents the stiffness of an area (d x T) with length "a" of the studied
material. In case of reinforcement, this area is replaced by that of the reinforcement bar. The above
equation indicates that the spring stiffness is calculated as if the spring connects the element centerlines.



In 2D AEM, three degrees of freedom are assumed for each element. These degrees of freedom represent
the rigid body motion of the element. Although the element motion is a rigid body motion, its internal
stresses and deformations can be calculated by the spring deformation around each element. This means
that although the element shape doesn't change during analysis, the behavior of assembly of elements is
deformable.

Sin2 (0+ K, —K,Sin(8+0)Cos(8+a) | Cos(6+ o)KLSin(cr)
+Cos2(0+ K, +KSin(8+ o)Cos(8+ ) | —Sin(8+)K ,LCos(cr)
—K,,Sin(0+0)Cos(6+0a) | Sin?(6+a)K, Cos(B+ 0K, LCos(or) | (2)
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Cos(6+0)KLSin(ct) Cos(6+ 0)K , LCos(cx) 12Cos? (a)K
~Sin(8+0)K,LCos(cx) | +Sin(6+ ot)K LSin(cr) +128in2 (0)K,

The two elements shown in Fig. 2 are assumed to be connected by only one pair of normal (stiffness: Kn)
and shear (stiffness: Ks) springs. The values of (dx and dy) correspond to the relative coordinate of the
contact point with respect to the centroid. To have a general stiffness matrix, the location of element and
contact springs are assumed in a general position. The stiffness matrix components corresponding to each
degree of freedom are determined by assuming a unit displacement in the studied direction and by
determining forces at the centroid of each element. The element stiffness matrix size is only (6 x 6).
Equation (2) shows the components of the upper left quarter of the stiffness matrix. All used notations in
this equation are shown in Fig. 2. It is clear that the stiffness matrix depends on the contact spring
stiffness and the spring location.

The stiffness matrix in Eq. (2) is for only one pair of contact springs. However, the global stiffness matrix
is determined by summing up the stiffness matrices of individual pair of springs around each element.
Consequently, the developed stiffness matrix is an average stiffness matrix for the element according to
the stress situation around the element. This technique can be used both in load and displacement control
cases. The governing equation is

(K, [a]=[F] 3)

where, [KG] is the global stiffness matrix; [?] the displacement vector and [F] the applied load vector. In
load control case, the vector, [F], is known before the analysis. In displacement control case, the load is
applied by unit virtual displacement for one or more degrees of freedom. By using the advantage of AEM's
simplicity in formulation and accuracy in non-linear range, fault rupture zone shown in Fig. 3 is modelled.

MODEL PREPARATION

The mechanism shown in Fig. 3 is called Reverse Dip-Slip Faulting. This is one of the types of fault
where the hanging wall moves upward relative to the footwall. If the direction of the movement of the
hanging wall is downward then it is called normal faulting. To analyse the mechanism of fault rupture
zone near dip-slip faults, the numerical model shown in Fig. 4 is prepared. Length of the model is
assumed as 1 km and depth is 150 m. The location of the base fault is assumed to lie exactly at the centre
of the model.



Generally, soil strata and bedrock extend upto tens

of kilometres in horizontal direction. Numerical — |

modelling of such a large media is a difficult task f T \ sz\‘u\ r > T Rf
and moreover, for studying the surface behavior near o g Lo
the active fault region, it is necessary to model the o —esm
small portion of the region that includes all the — *™RiiiikE i me n

effects when the bedrock moves. For studying the
selected region numerically, we assumed the
boundary on left side to be fixed in horizontal
direction. In order to avoid the interference of
boundary condition on numerical results, left side
boundary is kept at sufficient distance from the fault
zone. The Bottom of the bedrock is assumed as
fixed.

Fig. 4 Numerical model for fault rupture study
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position. These vibrations will decay consuming the
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static way, the model for performing dynamic fault rupture analysis is ready.
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Fig. 5 Slip function

SLIP RATE OF FAULT

After setting the model to perform dynamic analysis, it is necessary to know the influence of the slip rate
of the fault on the vibration. The slip rate of the fault is one of the five source parameters that are
important for discussion while dealing with the dynamic characteristics of fault rupture propagation.
These parameters are; the fault length (L), the fault width (W), rupture velocity (Vg), the final offset (D),
and rise time (t). Since we are dealing with 2D model, length of the fault is not considered and width of
the fault is kept constant in all the cases of analysis. The remaining three parameters are observed varying
their values. Slip velocity is dependent on the last two parameters i.e. final offset (D) and rise time (t).

To understand the effect of slip rate, linear elastic analyses were first performed. Two kinds of slip
functions as shown in Fig. 5§ were observed. First, the ramp model [12, 13] is observed and later cosine
model is used in the analysis. Figure 6 (a) shows the horizontal and vertical displacement time history of
the element "R5" on the hanging wall, Fig. 6 (b) is showing the kinetic and potential energy changes in
the system and Figs. 6 (c) and (d) show the horizontal and vertical velocity time histories of element "R5"
on hanging wall and element "L5" on footwall, respectively. From the set of figures, it can easily seen that
the effect of input base displacement is affecting the vibration, especially from Fig. 6 (c) sudden rise and
drop in the velocity exactly at the starting and ending of the constant rate displacement. The reason for this
behavior is due the input displacement function, which has sudden rise at the start of input and constant
velocity till 5 seconds and then sudden drop at 5 sec. Hence, to remove this effect, the input base
displacement following Cosine model is considered (see Fig. 5). Set of Figs. 7 (a) ~ (d) are showing the
similar results as discussed in the previous paragraph. From this, it can be easily seen that there is no
effect of input base displacement.
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CASE STUDY

Permanent ground displacements that accompany a

seismic event are the consequence of the fault slip and are 5.00 -

referred as the static displacement field of that event or as £ EEE 1 /

coseismic displacements [14, 15]. This displacement field £ a0 o

differs from the ground displacements induced by the : 2.00 e

seismic waves, which are generated during earthquakes Soe w0 om0 tseo  zews  zsoo
rupture propagation and referred as dynamic displacement e feee)

field. Despite their name, near—fault static displacements Fig. 8 Assumed static input displacement

are developed rapidly, within short period of the time that

is related to the slip rise time. The shortness of this

development turns the coseismal displacement into a dynamic phenomenon. Since they are likely to be
non-reversal and continuous, their time history will appear as a pulse of motion with a ramp-type shape.
On observing the seismic records obtained during the Chi-chi earthquake [16]. It can be understood that
the permanent relative ground displacement was responsible for most of the damage near the fault zone.
For comparing the numerical analysis results with near field seismic records obtained during 1999, Chi-
chi, Taiwan, a 2D microscopic model shown in Fig. 4 is used. Response is measured at 6 observation
points on the left and right side of the point exactly above the location of the underlying base fault. These
points (L1 ~ L6 and R1 ~ R6) are located unevenly (i.e. at Sm, 25m, 65m, 145m, 305m, 485m) on each
side.

For comparing the results with real near field records with large displacement, closed form approximation
of static displacement is assumed. Pulse-like displacement time history that represents the base motion is
considered (see Fig. 8) referring to Mladen [17]. As an approximation, the corresponding displacement
pulse can be assumed as Gaussian-type function

N2 (t—1.)
d =YLy 1 @ X/ 4
» () n 77 T,/n ©®

where Vsp is the amplitude of static velocity pulse, T , Velocity pulse duration, 7 time instant, at which

the pulse is centered, n constant equal to 6 and t is the time. The term T, /n has the meaning of standard

deviation and controls the actual spread of the pulse with respect to the given pulse duration and @ is the
normal probability function. For more details, please refer Mladen [17].

In general, the amplitude of wave attenuates because the material damping absorbs some of the elastic
energy of the stress wave; the specific energy (energy per unit volume) decreases as the wave travels
through a material. The reduction of specific energy causes the amplitude of the wave to decrease with
distance. In purely elastic materials, the energy is conserved (no conversion to other forms of energy takes
place), this reduction in amplitude due to spreading of the energy over a greater volume of material is
often referred to as radiation damping (or geometric attenuation). It should be distinguished from material
damping in which elastic energy is actually dissipated by viscous, hysteretic, or other mechanisms [18].
The above explanation says that the attenuation takes places from the shortest distance from the fault
towards the farther distances. This is true when we discuss in large scale but when we look at the places
very near to the fault trace, the scenario becomes different as will be explained below. Figures 9 (a) and
(b) show the vertical and horizontal displacements respectively. From Fig. 9 (a) it can be seen that from
R5 to R3, the displacement is same as the input displacement. However, from R3 to R2
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it decreases and finally it reaches to zero towards
footwall side. From Fig. 9 (b), it can be seen that the
effect of hanging wall displacement on the horizontal
surface deformation is significant in the near fault
region and towards the footwall. Figures 10 (a) and
(b) show the vertical and horizontal acceleration time
histories. It can be seen from this figure that the
acceleration on surface attenuates when we move
towards the farther distances due to failure from the
fault. Spatial distribution of the final surface
deformation in horizontal and vertical directions is
shown in Fig. 11. Figure 12 (a) ~ (c) show the
attenuation of peak ground acceleration, velocity and
displacement respectively. Attenuation of peak
ground acceleration (PGA) with respect to distance
from the surface fault trace. It can be seen from the
figure, that the PGA increases first and attains the
peak value and then attenuates towards hanging wall
direction. In general, the amount of destruction
exactly on the fault is more because of the large
relative permanent displacement. However, little away
from the fault the damage is less because the
amplitude of strong ground motion is not so high.
And at farther distances, PGA attains greater
magnitude and then decreases with distance. This
phenomenon is sometimes observed during the past
earthquakes. However, due to the sparse distribution
of the seismometers, this could not be represented by
actual recorded data. But with the help of the newly
developed numerical model, we can show this
phenomenon. The reason for this can be understood
when we look at the propagation of cracks from the
bedrock towards the surface (see Fig. 13). Near the
surface fault rupture, the material becomes highly
non-linear and the response of this region becomes
low compared to the adjacent areas response.

A complete understanding of the phenomenon of fault
rupture propagation in soil may remain elusive
because of the numerous governing factors that are
highly variable and not well quantified. Geological
observations of surface ruptures associated with
historical earthquakes in the world have indicated that
surface ruptures occurred, without any definite
exceptions, on pre-existing faults. Moreover, there
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are lines of evidence indicating that moderate to large-scale faults have moved repeatedly in the geologic
past. This is because a fault coalesces other faults and fractures near its edge every time it slips, and
approaches to the ground surface with time. Conversely, a map-scale fault cannot be formed in a single
event. The repetitive nature of faulting gives us an important basis for predicting future activity of faults



by using geologic information. And hence, the study on the fault rupture propagation is necessary to
establish the possible locations of the faults appearing on the surface due to future earthquakes because
engineers are more concerned about the damage that will be caused when the structures are located on the
vulnerable area.

CONCLUSIONS

A new application to Applied Element Method (AEM) is proposed in this paper. Numerical modelling of
fault rupture propagation in dynamic condition is done using 2D AEM. It is found from the results that the
PGA very near to the fault trace becomes relatively smaller and increases to peak value and then
attenuates towards the hanging wall side.
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