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The applied loads on structures caused by fault rupture can be divided into vertical
and lateral loads. Thereisa common agreement between researchersthat diagonal
pileswould performbetter than vertical pilesunder lateral loads. However, an area
of uncertainty still remains: Would the diagonal piles still perform better under
variousload combinations? The 1999 Kocaeli earthquake was an appropriate case
for monitoring the performance of vertical piles. In thispaper, based onthe evidence
provided by Kocaeli earthquake, a study has been done to compare the vertical and
diagonal pilesbehavior. Thisstudy isconducted intwo analysis steps. First, surface
fault rupture is propagated through soil in the free-field. Second, the models of the
piles group is subjected to a differential displacement the same as Step 1. Totally, it
can be concluded that the acceptable performance of diagonal piles group occurs
only when the fault emerges near theleft center of cap. Otherwise, the vertical piles

and vertical piles group

1. Introduction

Surface fault rupture is a phenomenon that
happens due to the relative displacement of the
ground on the both sides of the fault at the time of
earthquake. Reviewing the history of the intensive
earthquakes shows that some considerable and
irreparable damages have incurred to different
important structures and industrial installations by
the surface fault rupture.

The destructive recent Turkey and Taiwan earth-
quakes and their dangerous surface fault ruptures
necessitated developing progress in the designing
methods and instructions against the fault rupture.
Most of the numerical [1-4] and laboratory [5-7]
analysis have been focused on the verification of the

group would perform better.

fault rupture on the shallow foundations and just a
few numerical analysis have been performed on
deep foundations.

Anastasopoulos[8, 9] developed a two-step finite
element methodology to study the propagation of a
fault rupture through soil and its interplay with the
foundation-structure system. T he centrifuge-validated
methodology was applied to study the Kocadi case
histories one by one. The results indicated that the
presence of a structure on top of an outcropping
fault may have a significant influence on the rupture
path. The heavy structures founded on continuous
and rigid foundations, the fault rupture diverts
substantially and may avoid rupturing underneath
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the structure. It was also found that the structuresin
the vicinity of faults can be designed to survive
significant dislocations.

In the past, some methods have been applied to
design soil-structure systemsto sustain largetectonic
deformation. These methods were studied by
Anastasopoulos et al on the buildings of a housing
complex, a 400 m viaduct bridge, some highway
bridges, a cut-and-cover tunnd, a lane-cover tunnel
and a deep immersed tunnel [10-12]. Fadaee [13]
suggested a thick diaphragm-type of soil bentonite
wall (SBW) to protect a structure founded on arigid
raft. The SBW was installed in front of and near
the foundation at sufficient depth to intercept the
propagating fault rupture.

Anastasopoulos [3] presented a methodology for
design of bridges against tectonic deformation.
Fixed-head piled foundations are shown to be rather
vulnerable to faulting-induced deformation. Floating
piles perform better than end-bearing piles, and if
combined with hinged pile-to-cap connections, they
could survive much larger offsets.

Loli [14] presented a combined experimental and
numerical study of normal fault rupture-caisson
interaction. It is found that the rigid caisson body
acts as a kinematic constraint, always forcing the
fault rupture to divert or bifurcate around the
structure.

Anastasopoulos [15] investigated the interplay of
surface fault rupture with an embedded two by four
pile foundation, as it propagates in a moderatdy
dense sand stratum. It was shown that even for a
moderate fault offset, lightly reinforced piles would
fail structurally, while also forcing the pile cap and
the bridge pier on top to undergo substantial rotation
and displacement. Even heavy reinforcement might
not prevent potentially disastrous displacements.

The basic goal of this paper is to verify the fault
rupture propagating and to compare the performance
of diagonal piles group with vertical piles group at
the fault rupture by 3D finite d ement modeling.

2. Constitutive M odel

Experimental and numerical studies have shown
that post-peak soil behavior is a decisive factor in
fault rupture propagation and its possible emergence
on the ground surface [16]. The behaviora mode
utilized in fault rupture modeling is the Mohr-
Coulomb with strain softening. As shown in Figure
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(1), strain softening defined as decreasing the
friction angle j ., and dilation angle Y ., versus
increasing plastic shear strain. For o£ gh, <gf
these parameters can be introduced by:
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where j , is an ultimate friction angle, j ,. is the
residual valueof thefrictionangle, Y , istheultimate
dilation angle, g} is the plastic shear strain at the
end of softening, and Oo« is the octahedra plastic
shear strain. For 9o * 97, the residual value of

friction angle and dilation angle has been used.
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Figure 1. Variation of the friction angle j  and dilation
angle Y  versus plastic shear strain [12].
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The variation of stress ratio and volume changes
versus horizontal displacement of the soil has been
shown in Figure (2). From this figure, it can be
seen that the soil beforereaching yied (OA) deforms
quasi eastically. In this region, a little nonlinear
deformation with no dilatation can be observed.
Between the points A and B, the soil yields and
enters into the plastic region, expands and reaches
to the peak point of B. sx,, is defined as horizontal
displacement for t/s, =max. In the BC zone, the
soil experiences softening, and on the right side of
the peak, a horizontal shear strip develops at the
middle of the soil sample height. The softening is
completed at the point C. is defined as the horizontal
displacement for - dy/dx=0. At the end, the shear
propagates along the shear strip in CD zone.
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Figure 2. Variation of stress ratio and volume changes
versus horizontal displacement in the direct shear
test[12].

In the case that the sample is in the region after
B (at the right side of the peak), the shear strip
has been made. Shibuya et al [17] assumed that
the entire plastic shear deformation occurs along the
strip shear while the rest of the soil remains dastic.
Assuming shear strip width (d;) equals to 16d,,
where d is the mean size of the sand grains, the
plastic shear strain where the softening is completed
defined as below:

dx; - dx, dx,-dx, dx;-dx
f P_""p y °f P )
16ds, D 16d5,

9f =gp+

3. Analysis M ethodology

Figure (3) shows the geometry and dimensions
of piles group. It is considered a uniform soil deposit
of thickness H at the base of which a normal
fault, with angle of dip a, produces downward
displacement of vertical amplitude h. The analysis
is conducted in two steps. First, fault rupture
propagation through soil is analyzed in the free-
fied, ignoring the presence of the structure. Then, a
capped piles group foundation placed on top of the
free-field fault outcrop at a specified distance S
(measured from the Ieft side of the pile cap), and
the analysis of deformation of the soil-structure
system due to the same base dislocation h is
performed. In order to highlight the interaction
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Figure 3. Piles group in the path of a rupturing fault, d = 1m,
L=15m.

v

between a piled foundation and an emerging fault
rupture, two typical foundation systems are
examined:

1) a3x3 capped vertical piles group,

2) a3x3 capped diagonal piles group.

As shown in Figure (3), the piles length (L) is
15 m with 1 m diameter (dp) that spaced 4 m apart
from center to center. The piles in system 2 are
divided into two groups, the piles in hanging wall
and footwall are diagonal with dip angle 10°
(measured from vertical), and piles in middle row
are vertical. Their cap is 10mx=10m in plan,
2.5 mthick, and carries a structural vertical load of
10 MN [18]. A rigid connection is assumed between
the cap and piles (fixed-head piles). The piles
modeled with linear astic beam eements.

A three-dimensional (3D) finite-element (FE)
mode, using eight-nodded dements, was developed
for this research. The model was created and
analyzed using a general finite-element software,
ABAQUS 6-11.

In both cases, the soil deposit consisted of dense
sand, of total thickness H = 20 m, normal fault
imposed with a =60°. Idealized soil materials are
utilizedintheanalysis: j ,=45°, Y , =15°, j ,&=32°,
g? =0.05 [18]. The optimum element size of the
modd in the free fiedd condition has been sdected
and compared with experimental results. The sdected
element size was then used in the final finite eement
model. The elements of soil and pile have tied
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together.

The relative location of outcropping is varied
parametrically through the distance S. Three
positions of the piles group with respect to the
outcropping fault in the free fied are examined:
S=2,4and8m.

4. Result
4.1. Fault Rupture Propagation in the Free-Field

To confirm the results of numerical modeling in
free fidd condition, the data of the centrifuge test
conducted at the University of Dundee [16] has
been used. In the centrifuge test, normal fault
with the angle of a =60° has been applied to the
compacted dry soil (Dr =80%). The parameters
and the dimension of the soil in centrifuge test are
shown in Table (1) and Figure (4). The parameters
used for numerical modeling are: j ,=39°,y  =11°,
| res=30°, gf =0.215.

Table 1. Summary of basic parameters and prototype dimen-
sions of centrifuge experiments [12].

Fault Type g(m/s) Dr(%) H(@m) L(m) W(@m) H (max)

Normal 100 80 25 68 20 1.91
9 d
e 4y
\"Zf*%ﬁf:::f:%:f:k:j:%:f:t:ﬁ::
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O H
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Figure 4. The model dimensions and the centrifuge test
definitions (normal fault) [12].

The deformed mesh of numerical analysis and
laboratory test can be shown in Figure (5). Besides,
the vertical deformation of the ground surface for
both cases can be shown in Figure (6). The small
variance in applied deformations (h) for finite
dement analysis (h=1) and for the centrifuge test
(h=1.08) can be acceptable. Neverthdess, there
are some differences between the analysis and
laboratory test results. This difference can berelated
to the second rupture line induced in experiment
(at the right side of the main fault in Figure (5b)),
which was not predicted by the analysis.
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Laboratory Test [12]

Figure 5. Comparison between the numerical deformed mesh
and photograph from centrifuge test.
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Figure 6. Comparing the vertical deformation of the ground
surface for numerical and experimental study.

4.2. Fault Rupture with Soil- Pile Interaction

After the confirmation of the numerical modeling
results in the free field condition, the deformation
analysis of the soil-structure system due to the
same base dislocation was performed. Based on the
analysis results, the distribution of plastic strains,
lateral displacement of cap, distortion angle (b)
of ground, the largest bending moment in the piles
for a parametrically variableratio of basedislocation
over layer thickness (h/H = 1-5%) has been
evaluated.
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4.2.1. Defor mation Response
The deformed mesh of piles group and the
distribution of plastic strains in 3D mode can be
shown in Figure (7). Figures (8) and (9) portray the
comparison between analysis results of vertical and

o

(a) Vertical

(b) Combined Vertical and Diagonal

diagonal piles for each Svalues (S= 2, 4, 8 m). In
all cases, the vertical pile results are compared
with diagonal pile results to visualize the effects of

dip angleof pile.
Figure (8) shows the lateral displacement of

Figure 7. Deformed mesh for the piles group (left side) and 3D FEM (right side) at the fault rupture.
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Figure 9. Largest bending moment in the piles.

cap and the distortion angle (b) of ground for each
S value. For S=2m, when the fault emerges
near the left edge of the piles group and the group
is therefore almost all in the footwall, in both cases
the rupture path hits the piles group. As a result, in
system 1, rupture path diverts to the right about 6m,
and in system 2 about 5m towards the footwall.
Therefore, diversion of the rupture path is about
20% higher in system 1. This magnitude is about
30% higher in system 2, for S=4m. There is no
considerable difference between displacement or
rotation of the vertical and diagonal pile's cap for
S=2m and S=4m. When the fault emerges near
the right edge of the piles group (S=8 m), diversion
of the rupture path is about 25% higher in the
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vertical pile. Displacement or rotation of thediagonal
pile's cap is about 30% higher than that in vertical

pile's cap.

4.2.2. Moment Response

Shown in Figure (9) are the largest bending
moment in the piles 1, 2 and 3. For S=2m, Pile 1
(completely in hanging wall) is being pulled
outward and downward by dropping the hanging wall
of the fault.

As a result, very large bending moments would
develop at the pilehead, in excess of 10 MNm in
system 1 and 11 MNm in system 2 for a dislocation
of 1m. Therefore, this magnitude is about 10%
higher in the system 2.

JSEE/ \Vol. 16, No. 2, 2014
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Piles 2 and 3 (almost in footwall) would experi-
ence much less distress. In pile 2, maximum bending
moment would occur at thetop, in excess of 4 MNm
in system 1 and 5 MNm in system 2. In pile 3,
maximum bending moment would occur at 8 m
depth, in excess of 6 MNmin system 1 and 7 MNm
in system 2 for a dislocation of 1 m. In both piles,
this magnitude is about 25% higher in the system 2.

Naturally, such large bending moments would
exceed the ultimate capacity (Mu) of the d=1m
piles. Infact, the ultimate design capacity is used for
comparing the performance of piles before reaching
failure and is described with moment-curvature
relationships. Such relationships are obtained using
standard cross-sectional analysis for reinforced
concrete.

With a very heavy reinforcement ratio on the
order of 4%, Mu was calculated as 6 MNm. This
means that, the hanging wall side piles (i.e. pile 1)
would be thefirst to fail, at h = 0.38 min system 1
and at h = 0.34 m in system 2. The following
failure would occur in footwall side piles (i.e. pile
3),ah=09minsysten1; andat h=0.8 min
system 2. Finally, the medium row (i.e. pile 2)
would fail at h> 1 m, in system 1 and system 2.

For S = 4 m, large bending moments would
exceed the ultimate capacity; the hanging wall side
piles(i.e pilel) wouldbethefirsttofail, ath=0.3m
in system 1 and at h = 0.38 m in system 2. The
following failure would occur in footwall side piles
(i,e pile3),ath=044 minsysten 1; and at h =
0.55 m in system 2. The medium row piles (i.e.
pile 2) would fail at h = 0.94 min system 1; and at
h>1minsystem 2.

Finally, for S= 8 m, the hanging wall side piles
(i.e pile 1) would be the first to fail, at h>1 min
system 1 and at h = 0.58 m in system 2. The
following failure would occur in medium side
piles (i.e. pile 2), at h > 1 min system 1; and at
h = 0.66 m in system 2. Finaly, the footwall side
row (i.e. pile3) wouldfail ath>1minsystem 1 and
system 2.

5. Conclusions

This paper has presented the results of a humeri-
cal study on normal surface fault rupture-piles
group interaction. Two typical foundation systems
including diagonal piles (system 1) and diagonal-
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vertical piles (system 2) were modeled. The key
findings obtained through numerical examinations
have been summarized as follows:

The angle between rupture and piles would
become different from initial angle of fault rupture.
When the fault emerges near the left center of the
cap (S<5m), the angle between rupture and pile
would beless than initial imposed angle in system 2.
Therefore, the transferred vertical component of the
forceto the pileis less than that in system 1. In this
casethat the piles group isalmost all in the footwall,
piles sustain larger imposed deformation before
reaching failure in system 2. For both systems at
S=4m, the rupture path hits the piles group and
diverts to the right. However, diversion of the
ruptureis higher in system 2.

In contrast, when S>5m for the recalled sys-
tems, the angle between rupture and piles is more
thaninitial anglein system 2. Thevertical component
of the force that is transferred to the piles is more
than that in system 1. Therefore, pilesin system 2
sustain smaller imposed deformation before reach-
ing failure. Besides, diversion of the rupture path is
smaller in system 2.

Based on the evidence of this paper, it can be
concluded that when S<5m, diagonal piles would
have better performance than vertical piles. In
contrast, when S>5m, the vertical piles would act
more satisfactory.
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