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FAULT RUPTURE PROCESS AND INDUCED EARTHQUAKE MOTIONS
ON AND NEAR A FAULT BY 3D-FEM ANALYSES

Takayuki M1ZUMOTO?, Toshihiro TSUBOI? and Fusanori MIURA?

SUMMARY

In this study, we performed parametric analyses to examine fault rupture mechanism and induced strong
earthguake motions on and near afault by using three dimensional (3D) finite element method (FEM).
First, we compared the magnitude of dislocation for a strike-slip fault obtained by our method with that by
Day’s method in order to examine the validity of our method. We found that there was a good agreement
between the two. Next, by changing the length of dip-dlip faults of which the width was kept constant, we
performed parametric analyses to investigate the difference of the rupture propagation process, the
magnitude of dislocation, the waveforms of acceleration, velocity, and displacement. Finally, we aso
conducted the simulation by two dimensional (2D) finite element method, and compared the analysis
results from 3D-FEM with those from and 2D-FEM to study the similarity and the difference, between the
two.

INTRODUCTION

After the 1994 Northridge earthquake, the 1995 Hyogoken-nanbu earthquake, and the 1999 Taiwan Chi-
Chi earthquake [1], earthquake engineers recognized the importance of extremely strong earthquake
motions and resultant residual large ground deformations on and near the earthquake fault for the
earthquake-resistant design [2],[3]. In order to deal with this problem, we have proposed an analysis
method to carry out the simulation of the fault rupture process and induced seismic waves
simultaneously[4].

Many methods have been proposed to presume the earthquake motion using fault models. The method,
however, which can simulate both earthquake motions and induced residual ground displacements
simultaneously are limited. We have proposed a method to carry out the simulation of the rupture process
of afault and the corresponding seismic waves simultaneously using a nonlinear finite element method by
employing joint e ementsto model afault plane [4]. The feature of thistechnique isto give only the stress-
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dislocation relationship on afault plane, and the fault parameters used in the ordinal analysis such as
rupture velocity, the magnitude of dislocation, and the source-time function, are obtained as analysis

results. The rupture process of afault, the residual displacement on the ground, and the waveforms of
acceleration, velocity, displacement can also be obtained at the same time in our method.

The purpose of this study is to investigate the situation of the rupture propagation, of the magnitude and
distribution of the dislocation, of the permanent displacement on the ground surface, and of earthquake
motions with the change of the length of the fault and of the direction of the initial stress on the fault
plane. First, in order to verify the validity of our method, comparison with the dislocation for a strike dlip
fault obtained by the method proposed by Day[5] is made. Next, for the dip slip fault, under the condition
that the width of the fault was kept constant and the length was changed, we performed the simulation and
investigated the difference of the rupture propagation process, the magnitude and the distribution of the
dislocation on the fault plane, the distribution of the residual displacement on the ground surface, and the
waveform of acceleration, velocity, and displacement. Finally, we compared the results from 3D analyses
and those from 2D analyses.

THE ANALYSISMETHOD BY 3D-FEM
M odeling of a fault by 3D joint elements

In this study, a fault is modeled with the arrangement of three dimensional joint elements shown in
Figure-1[6].
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Figure-1 3D-joint element [6]

Each nodal pair is combined by the joint springs in three directions, i.e., k;, ks and k;. The stiffness matrix
[K], of thisjoint element is given by the following equation.
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The submatrix [E], is a diagonal matrix in which the diagonal elements are given by the following
equation.
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Where, | and m are the length of the two sides of ajoint element (see Figure-1). The relationship of shear
stress of the fault plane and relative displacement i.e., dislocation, ¢, is shown in Figure-2. A 3D joint

element has shear stresses 7, and 7, in r and s direction. Therefore, the resultant shear stress, 7, and
relative displacement, &, shown in Figure-2 is expressed by the following equations (3), and (4).
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Where, u, and u, are the relatively displacements in r and s directions. When the shear stress 7 reaches
the yield shear stress 7, stress drop, 7, -7,, occurs and initiates sliding at the moment. Where, 7, is the

residual stress. The stress drop is divided into two components in the directions of r and sin proportion to
the magnitude of the shear stress components at that time.

Equation of motion

The crust is modeled with 8 node isoparametric elements, and a fault plane is modeled with joint
elements, as described above. The viscous boundary is introduced on the artificial outside boundary of the
model to reduce the influence of the reflecting wave [7]. The equation of motion which includes the
viscous boundary is given by the following equation.

[M{u}, + [CI+[CVI}{u}, +[K]{u}, = {F(n,s)} ©)

Where, [M] is the mass, [C] is the damping, [K] is the stiffness matrices, respectively. [CV] is a viscous
boundary matrix including the front, rear, left, right, and bottom boundaries of the model. { U}, is a nodal
displacement vector at the time t = nx At. Where “n” is the number of steps, At isatime interval. The
symbol, e, represents the time differentiation and “s’ of the external force vector {F (n, s)} stands for the
nodal pair where stress drop occurs at n time step.

Since the equation of motion has the nonlinear nature as shown in Figure-2, the load transfer method is
employed to solve the nonlinear equation. The calculation method is the same as already explained for a
2D problemin the reference [4] in detall.

ANALYSISMODEL

3D analysis models

Table-1 lists the analysis cases and corresponding fault parameters of the 3D models. Direction of the
initial stress, A, shown in Figure-4, means the angle which the direction of initial stress makeswith theY -
axis.



Table-1 Analysis cases and corresponding fault parameters

) Direction of initial
Case | Width(km) | Length(km) | Angle of tilt(*) | Stress drop(MPa) stress(")
1 15 16 90 3.5 90
2 15 22 90 3.5 90
3 15 30 90 3.5 90
4 15 45 90 3.5 90

Figure-3 shows the 3D analysis model (27552 nodes, number of freedom : 82656). The model is for case3
and the size is 30km (X direction) in horizontal direction, 40km (the direction of Y) in perpendicular
direction, and 20km in vertical direction (the direction of Z), in the shape of rectangular parallelepiped.
The isoparametric element which models the crust is a 1km cube. A fault plane is included in the plane
represented by the thick line, i.e., the quadrilateral EFHI. The rectangular slashed zone is equivalent to a
2D analysis model, and the fault in this case, i.e., 2D analysis, is expressed by a straight line AG. The
properties of the crust are; shear wave velocity is 4000 my/s, unit weight is 24.5 kN/m?, the poisson’s ratio
is0.25, and damping factor is 2%.
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Figure-3 3D analysis model

The plane EFHI (Y-Z plane) which includes a fault plane is shown in Figure-4. The bottom and both side
ends of this plane, i.e., the gray zone in Figure-4, are assumed to be non-rupturing zone, and very large
valueisgivento 7, of thejoint element in this zone. The hypocenter is expressed by the symbol of Bl in

Figure-4. The initial stress 7, of the joint elements of the hypocenter is set to be slightly larger than 7,

The location of the hypocenter is assumed to be the central deepest part of the fault plane by referring the
earthquakes in which the rupture propagated to the upper part from the deep part of the fault plane, such
as the Northridge earthquake [8] and the Chi-Chi earthquake [1]. The residual shear stress, 7z, of 1.0MPa

(10bar) and the yield shear stress, 7, of 9.5MPa were given to al joint elements, and the distribution of
the initial stress, 7, , was given as shown in Figure-5 with the average stress drop of 3.5MPa (35bar). This
distribution was determined so that the rupture vel ocity was about 0.9 times the shear wave vel ocity.

The stress drop of past earthquakes is within the range between about 1.0 MPa and 10.0MPa. Therefore,
the stress drop was set to be 3.5MPa. The spring constant of the joint elements, k;, ks, ki, were set to be
1.02x10'N /m® based on the pre-parametric analysis on the effect of the magnitude of the joint springs on
the fault rupture process and corresponding seismic waves.
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The width of the non-rupturing zoneillustrated in Figure-4 is 5km, that is, the magnitude of the fault plane
in case3 is 15km in width and 30km in length.

2D analysis model

Figure-6 shows the 2D analysis model (672 nodes, number of freedom : 1344) for comparing with 3D
analysis results. This model is 20km (Z direction) deep, and 30km (X direction) long according to the 3D
model. The size of a mesh is 1km in square. The distribution of 7, T, T fault width of 15km, stress

drop of 3.5MPa, the spring constants k;, ks, and k;, shear wave velocity, unit weight, and the poisson’s
ratio are the same as those of 3D analyses. However, since it is 2D analysis, the length of the fault is
infinitein Y direction. The central thick line isthe fault and B is the hypocenter.
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Figure-6 2D analysis model



EXAMINATION OF THE VALIDITY OF OUR ANALYSISMETHOD

In order to investigate whether the analysis method of this research is appropriate, we compared the result
from our method with that from the past study, i.e., the dislocation obtained by the method proposed by
Day for strike dlip fault. Using the same mesh size as shown in Figure-3, and the physical properties, the
model with 20km long and 10km wide, as shown in Figure-7 was analyzed. The magnitude of the stress
drop, A7, was 3.5MPaand uniform on the fault plane. According to Day, the amount of dislocation, U, at
point (y,z) is given by the following equation(6) for the aspect ratio L/W = 2. Where y is the shear
modulus.
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Figure-7 The fault plane of the model used for the comparison with the Day’s method

Figure-8(a) shows the distribution of the dislocation which was obtained from equation (6) and Figure-
8(b) shows that obtained from our method. Although the dislocation is produced within the Y-Z plane, it
is illustrated perpendicular to the Y-Z plane in order to make it luminous. Table-2 summarizes the
maximum dislocation and the average dislocation for each method. Although the distribution by Day’s is
constant around the center of the fault as clear from equation (6), the distribution by our analysis method
is convex around the center as shown in Figure-8(b). About 5% of difference has arisen in maximum
values and about 3% of difference for average values. Although the distribution forms looks a little
different, the magnitudes of dislocations are almost same, and this shows the validity of our method.
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Figure-8 Comparison of the distribution of the dislocation



Table-2 Comparison of obtained dislocations

Maximum Average

dislocation dislocation
Our method | 0.92m 0.64m
Equation (6) Il 0.88m 0.62m
1/ 1.05 1.03

ANALYSISRESULTS

By keeping the fault width, W, an angle of inclination, ¢, of the fault, and stress drop A7, and changing
the fault length, we investigated the effect of the fault length on the dislocation, seismic waves and so
forth. The length of 16km, 22km, 30km, and 45km and the width of 15km are assumed so that the rations
of the width to the length, W:L are 1.1, about 1:1.5, 1:2, and 1:3. In case4 with afault length of 45km, the
length of the Y direction was increased by 1.5 times due to the capacity of our computer. The size of the
model is 30kmin X direction, 60kminY direction, and 20km in Z direction, and the element for the crust
is 1kmx 1.5kmx 1km rectangular parallelepiped. The initial shear stress is given only in the Z direction
for all joint elements (A = 90 degrees).

Thedistribution of the dislocation
The distributions of the dislocation along the fault are shown in Figure-9. Although the center (Y= 20km)
of the distribution is keenly sharp in Figure-9(a), it becomes gently sloping as the length of the fault

increases. The maximum dislocation in Figure-9(d) is about 2.4m, and we can see that the magnitude will
saturate as the length of the fault increases.
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Figure-9 The distribution of the dislocation of the fault plane



Permanent displacement on the ground surface

Considering the aseismic design of structures near a fault, it is very important to know the magnitude and
the shape of the residual displacement of the ground surface as well as ground motions. Although it is
difficult to obtain the shape of the ground surface by conventional analysis techniques, it is possible for

our technigue. Figure-10 shows the distributions of the vertical displacements at the ground surface after
ceasing the rupture.

Astheinitia stress component is in the vertical direction, the direction of the dislocation is so-called dip
dlip. Since the fault plane is vertical, the shape of the displacement is conversely symmetrical about the
fault plane. From Figure-10, we can see that when the fault length is short, the distribution will appear in
the central part of the fault intensively. But it becomes gently sloping as the fault length increases. In
cased, around the central part of the fault, the displacements are amost constant.
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Figure-10 Distribution of the vertical residual displacements on the ground surface

Comparison of the magnitude of dislocations

The average dislocations obtained from 3D-FEM and 2D-FEM are listed in Table-3. In this table,
“average” means the average of the dislocation for the whole fault plane, and “center” means the average
dislocation on the central line of the fault plane (the A-G line except non-rupture zone in Figure-3).



Table-3 Comparison of the average dislocations (unit:m)

3D analysis “average” dislocation | “center” dislocation
Casel 1.13(43.6) 1.39(54.1)
Case?2 1.40(54.4) 1.73(67.3)
Case3 1.64(63.8) 2.01(78.2)
Case4 1.88(73.2) 2.16(84.1)

2D analysis 2.57

The values in ( ) are % of the 3D/2D

The dislocation from 2D analysis is 2.57m as shown in Table-3. All the dislocations obtained from 3D
analyses are smaller than that from 2D analysis, and when the fault length of 3D analysis becomes long,
the magnitude approaches to 2D magnitude. Only the lower end of the fault isrestrained in 2D analysis, in
addition to it, the both side ends of the fault plane are also restrained in 3D analysis. Thisis why when the
fault length is short, the restraint of these both sides works and the difference between the two becomes
large.

The 2D analysis result is about 128% of that in case3, about 119% of that in cased for the average
dislocations at the "center" of 3D analysis. In other words, when width : length is 1:2, and when it is 1:3,
the magnitude of dislocation from 2D analysis is about 20% and about 30% larger than that from 3D
analysis, respectively.

Figure-11 shows the distribution of the dislocation on the fault vertical central line. The forms of the
distribution are similar and this implies that it is possible to predict the distribution of 3D analysis result
from the distribution of 2D analysis result. Then, we obtained the regression equation which represents
the relationship between the ratio of the 3D and 2D results (3D/2D) and the ratio of the fault length and
the fault width (L/W). By employing the boundary conditions of 3D/2D=0 at L/W=0, and 3D/2D=cc at
L/W=1, the regression curveis expressed by equation(7). The relationships are shown in Figure-12.
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3p/2D=-_ 288 1009 (7)

L/W+0.777

Like this equation, if the condition of the analysisis similar, it will be thought that there is a possibility of
presuming the average dislocation of 3D analysis result from that of 2D analysis result. Since this
dislocation is directly related to the shape of the ground surface, when considering an earthquake-proof
design of structures, it can be expected that the relation of equation (7) offers useful information.

Comparison of waveforms
In comparing waveforms, filter processing is necessary to compare seismic waves based on the same
frequency range. Let f, be the frequency of the wave, the following relation can be obtained.

fo= ®
nx|

Where V is the shear wave velocity, n is the number of elements per 1 wavelength, | is the length of an
element. According to the results from 2D analysis, if we employ the number of elements per wavelength
equals to more than four, i.e.,, n=4, there will be no change in a waveform [9]. So n= 4 is adopted here,
and | = 1km, V =4.0 km/s are substituted to equation (8), and frequency f, =1.0Hz was obtained.
Therefore, all the waveforms here after are filtered by 1.0Hz low path filter.

Comparison of the waveform of 3D analyses

The acceleration, velocity, and displacement waveforms from casel to case3 were compared. The points
where waves were obtained are A, B and C shown in Figure-3 and Figure-6. Although, in 3D analyses,
three components of X, Y and Z were computed, only X and Z components were compared since this
analysis was dip slip and the wave of Y component was zero. The waveforms at A, B, and C points are
shown in Figure-13, Figure-14, and Figure-15, respectively. The time of the horizontal axis is the lapsed
time after the beginning of the analysis.

At point A, acceleration and velocity waveforms are completely in good agreement till about 5.0 seconds,
and no large difference can be observed in the subsequent time. Displacement waveforms are also
completely in good agreement till 5.0 seconds, however, after that the difference appeared, since the
residual displacement became large as fault length became large. At points B and C acceleration and
velocity waveforms are also in good agreement till around 4.5 seconds with the same tendency as point A.
However, even point A, thereis alarge difference in displacement waveform after about 5.5 seconds.

Comparison of waveforms with 2D analysis result

The waveforms of 3D and 2D anaysis results were compared. The waveforms in case3 are used in
comparison with 2D results. Waveforms are shown in Figure-16, Figure-17 and Figure-18. Figure-16 is at
point A, Figure-17 is at point B, and Figure-18 is at point C. The time of the horizontal axis is the lapsed
time after the 2D analysis starts. The waveforms of 3D analyses are shifted by 1.7 seconds late so that the
phasein early stages of the waveforms of 2D analysis may overlap. The difference of 1.7 second is related
to the difference of the rupture propagation.

Right above the fault shown in Figure-16, point A, there is no so large difference and they are
comparatively well aike. About the waveforms of displacement, as for the maximum of 3D analysis, X
and Z components have become about 80% of 2D analysis. This ratios are amost same as those about the
ratio of the dislocation of 2D analysis result and the central dislocation of 3D analysis result.
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40 st
E 2|:| — e
3
L=n
10 20 .
2 0 |- . . . R g N 210 casl
Lol e v § ==
o —1|:| —_— canei o . 1 1
= o = S
2o b 222 Timeds St 2 4 Time &) 6 8 10
20 r — el 40 — s
fé D N N — canad fé 2|:| —— sl
—aned —a
“g_ =20 T 2 4\%\ % . . 3
B B . . .
-0 Time s -20 El 2 4 Time &) f g 10
(a) X component (b) Z component

Figure-15 Waveforms at point C (Acceleration, Velocity, Displacement from the top)



400
200

focizal

-200
-400

Wellkine)

-100

50

-0 1
=100

=150

Dizp e ma

Time &)
(a) X component

Vellkine?
oo
[ I T e |

D=picm)
— ]
= =
] ]

[}

—_—D
!5 —2D
r 2 4 Time &6 8 10
—3D
— 2D F——
0 2 4 Time & 6 8 10

(b) Z component

Figure-16 Waveforms at point A (Acceleration, Velocity, Displacement from the top)
—3D

100
al

1]
-a0
-100

Aocigald

20
1]

=20 1
-40
sl

Welilkine)

a0
1]

a0
—2D

Time &

—1iD

=50 1
=100 }
-160 L

D=picm:

w
2
Time &)
(a) X component

[
[}

Welilkine)
=

1
[
[}

Dzp e ms
m oo
[ ] [m]

[}

—iD
—0=:0
2 4 Time &) B 8 10
—3D
AV NN
4 P S
2 4 Timelz6 3 10
—1D
[ :;_{,:;
] 2 4 Timelsl 6 a 10

(b) Z component

Figure-17 Waveforms at point B (Acceleration, Velocity, Displacement from the top)
a0 r

focizall

—iD

Wellkined

Dzp iz ms
h
=

—_—iD
2D Time =)

(a) X component

al

rJ
]

Wellkines
1
= o o

Dp i ms
o e
[ e |

—3D

= T T

—_—D
MED
2 4 Timelz) 6 ] q\h\:?lﬁl:l
—_—l
%
2 4 Time &6 g 10

(b) Z component

Figure-18 Waveforms at point C (Acceleration, Velocity, Displacement from the top)



Difference appears notably and comparison is no longer difficult on points B and C where are far from the
fault. On the waveforms of displacements, the maximum value of 3D analysis has become about 80% of
2D analysis. As mentioned above, it becomes impossible to see the resemblance as the observed point
separates from the fault, although the forms of waves resemble to the 2D analysis result comparatively
right above the fault. It is because the rupture propagation in 3D analyses differs from 2D analysis, that is,
3D analysis has the point source, while 2D analysis has the line source.

CONCLUSIONS

Fault rupture simulations were performed using 3D-FEM, by changing the fault length, and the dislocation
of the fault, residual ground displacement, and the difference in waveforms of earthquake motion were
investigated in this paper. Also by performing 2D analyses, comparing between both results were made.
The obtained results are summarized below.

1. Comparison with the dislocation by the method proposed by Day was made, and these was a good
agreement between the results from Day and from our method, which shows the validity of our
method.

2. The average magnitude of dislocation becomes large and approaches to the 2D result as the fault
length increases. The relationship between the dislocations from the 3D and those from the 2D
analyses was expressed as afunction of the ratio of the length of the fault and the width of it.

3. In the comparison of waveforms, the amplitude and the phase of the waves from 3D analyses and
from 2D analyses correspond well when the observed point is on the fault. However, the difference
between them from the 3D and 2D analyses increases if the distance from the fault becomes large.
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