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Abstract

Surface fault ruptures damage structures which are located at the intersecting zones of active faults. It is essential to consider the
undesirable effects of surface fault ruptures when designing structures. Geotechnical measures such as reinforced soil foundations
effectively mitigate the hazards related to surface faults. The present work conducted a series of tests on foundations reinforced
with geosynthetics, including geogrids, geocells and geogrid-geocell layers. These tests simulated the behavior of 1.5 m-wide strip
footings located in 6-m thick alluvium that had been displaced 60 cm. A total of 12 disparate tests in terms of the number and type
of reinforcement were conducted at a scale factor of 10. Image analysis of the results indicated desirable behavior for reinforced soil
foundations in terms of reduced angular distortion, uniform settlement and deviation of the fault path. For normal fault rupture, the
angular distortion of foundations reinforced by one geogrid layer, one geocell layer, one geogrid-geocell layer or two or three geo-
grid layers decreased by 60%, 30%, 70%, 80% and 80%, respectively. These results also revealed that an increase in the number of
geogrid layers to more than two layers caused an insignificant decrease in angular distortion. The decrease in angular distortions
observed for soil foundations reinforced by one geogrid layer, one geocell layer and one geogrid-geocell layer were 7%, 16% and 40%,

respectively, for reverse faulting. The performance of a reinforced soil foundation subjected to normal faulting was more acceptable

than that for reverse faulting.
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1 Introduction
Differential settlement of the ground in a fault rupture
zone during an earthquake will cause the ground surface
to undergo surface faulting. Structures in the vicinity or on
the fault surface could experience substantial damage [1].
During an earthquake, both transient seismic waves and
permanent ground deformation (faulting) occur; however,
most studies have emphasized the performance of struc-
tures in response to transient seismic waves [2—3]. Numer-
ical modeling and case studies also have been carried out
on the behavior of structures near fault rupture zones [4, 5].
High-magnitude earthquakes can expand fault ruptures
and cause surface faulting, which can cause severe damage
to structures and installations and lead to casualties [6].
Notable examples of surface faulting caused by earthquakes
occurred in Kocaeli (Turkey) in 1999, Diizce (Turkey) in
1999, Chi-Chi (M = 7.6, Taiwan) in 1990 and Wenchuan
(M =179, China) in 2008. The Chi-Chi earthquake caused

a rupture with an approximate length of 90 km and a ver-
tical fault outcrop in some areas of approximately 10 m.
In the Wenchuan earthquake, three massive parallel faults
ruptured simultaneously, resulting in a surface fault with
a length of 285 km. A permanent vertical offset of up to 6 m
was reported in one of the lengthiest faults of this earth-
quake. This fault passed through several urban regions and
inflicted damage to bridges, vital lines and buildings [7, 8].
Shear rupture and angular distortion are two main compo-
nents affecting surface faulting [9-12].

The first recommendation of building design standards
is to avoid constructing buildings near or on active faults
because of the risk of fractures occurring at the ground sur-
face during an earthquake. In most cases, the emergence of
surface faulting next to or on submerged active faults can-
not be precisely predicted. Thus, with increases in devel-
opment in urban areas, particularly in areas with limited
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land and economic options, feasibility studies should be
done to determine safe methods for construction of struc-
tures in active fault zones. Such studies do not prioritize
avoidance of construction in active fault zones as the sim-
plest solution. They instead investigate and propose geo-
technical and structural measures to construct buildings in
areas prone to surface faulting that can be controlled by
engineering methods. This includes construction of linear
infrastructures such as roads, expressways and tunnels that
may pass over areas prone to surface faulting.

In recent decades, numerous studies have been con-
ducted on foundation-fault rupture interaction and faulting
simulation, including the use of case histories from past
earthquakes [1, 6-8, 9-24], physical modeling [23, 25-29]
and numerical analysis [29]. The majority of earlier stud-
ies which were concerned with geological investigation
and to understand the effect of faulting of structures were
carried out using sandbox models [30]. The results demon-
strated that, depending on the faulting offset, surface fault-
ing did not occur or was localized and did not reach the
ground surface in cases of slight displacement. However,
for large displacements, surface faulting was observed.
Furthermore, footings and changes in the amount of over-
burden could cause deviation in the faulting path [26].
Ahmed and Bransby [31] modeled surface faulting prop-
agation using a centrifuge with and without footings for
reverse faulting. Their results suggested that the location
of the footings could affect angular distortion relative to
the surface faulting location.

Recently, more attention has been paid to mitigation of
fault deformation. Existing mitigation strategies include
strengthening of foundations, diffusion of fault deforma-
tion and deviation of the fault rupture path. The second
and third strategies are geotechnical methods designed to
protect structures against fault rupture. Diffusion of fault
deformation requires spreading of the differential settle-
ment to a wider zone of influence. Deviation of the fault
rupture path aims to divert the fault rupture away from the
foundation so that the structure remains practically unaf-
fected by differential settlement.

Fadace et al. [20] proposed a method to deviate the fault
path from its original path with the use of a soil benton-
ite wall (SBW) between a structure and the faulting path.
They conducted 1-g modeling to introduce a soft deform-
able wall barrier that could divert the fault rupture away
from the structure and protect surface foundations against
reverse faulting.

Studies have demonstrated the efficiency of geosyn-
thetic reinforced soil for reducing the total and differential
settlement under consolidated saturated soil, expansive soil
experiencing considerable volume change over wet—dry
cycles and for preserving road stability [32-37]. The pri-
mary reinforcement mechanism used has been the tensile
membrane effect which refers to the use of geosynthet-
ics and the overlaying earth to deform and absorb tensile
forces to reduce the effects of ground settlement [38—40].

Bray [9] numerically studied the risk of surface fault-
ing on geogrid-reinforced soil foundations. The results
showed that a soil foundation reinforced by two or four
geogrid layers reduced angular distortion of the soil at the
ground surface caused by small offsets in normal faulting.

Ghalandarzadeh and Ashtiani [41] carried out centri-
fuge tests to study the effects of reinforcing a soil founda-
tion with a geogrid and the use of trenches to reduce the
risk of reverse faulting on surface footings. These mea-
sures included excavating vertical trenches next to footings
to deviate the fault path and the use of a geogrid to expand
faulting over a broader range. Their results revealed the
significant effectiveness of the multiple trenches method
for fault deviation. However, the geogrid layers did not
significantly affect reverse faulting or the behavior of sur-
face footings.

Moosavi et al. [42] examined the effects of geosynthet-
ics on reducing differential displacement caused by reverse
faulting using physical and numerical methods. They con-
cluded that the use of a layer of geogrid in the soil founda-
tion slightly reduced the magnitude of angular distortion at
the ground surface.

Geosynthetics have previously been used to reduce the
risk of surface faulting. One example is plans for a high-
way in Taiwan where a section would cross a fault where
remarkable displacement had occurred along a long
surface rupture during the 1999 Chi-Chi earthquake.
Highway officials required that the seismic performance
of this highway should be functional after a future earth-
quake. Experience had shown that gravity-type retaining
walls were too rigid to withstand large differential set-
tlement induced by fault displacement. The final deci-
sion of this highway extension project was, therefore, to
design a ductile highway embankment to traverse the
surface fault rupture zone using geosynthetic-reinforced
soil (GRS) foundations instead of conventional concrete
retaining walls. The GRS structure consists of a GRS wall
and an underlying GRS foundation. This foundation was



adopted to improve the load bearing capacity of the foun-
dation soil and reduce the extent of fault-induced angu-
lar distortion to an acceptable level. The GRS wall was
constructed to accommodate differential settlement at the
ground surface and maintain the stability and serviceabil-
ity of the highway embankment [43].

The current study focused on 1-g modeling to examine
the effects of geogrid, geocell and geogrid-geocell-rein-
forced soil foundations subjected to normal and reverse
faulting on angular distortion, fault-path deviation and dif-
ferential settlement. As only a limited number of studies
have been conducted on normal faulting, a larger sandbox
was built to allow simulation of alluvia at greater scales.

2 Test model and device

The reduced-scale model (1-g model) was tested on rein-
forced and unreinforced soil foundations using a sandbox.
The dimensions of the sandbox were 190 x 80 x 60 cm
(length x width x height). Transparent glass walls were
installed in the longitudinal directions to observe and
allow digital imaging of soil deformation. The bottom of
the sandbox consisted of a movable hanging wall and a
fixed footwall. Normal and reverse faulting was modeled
by moving the hanging wall up and down by means of
a hydraulic cylinder (P = 500 bar) installed beneath the
hanging wall. The hydraulic jack was able to displace the
soil samples vertically up to 6 cm.

The amount of offset (#) was measured using a digi-
tal ruler (LVDT) with 0.1 mm of accuracy. The distor-
tion angle of the foundation was measured using a digital
level with 0.1° of accuracy that was installed on the foot-
ing. This study investigated unreinforced foundations and
those reinforced with geocells and geogrids under normal
and reverse faulting conditions. The primary location of
the fault tip at the sandbox roof was X = 72 cm from the
left boundary. The faulting angle was set at 60°.

A sand rainer device was used to simulate the sandy
soil foundation. This device produced sand foundations
at a range of relative densities from loose to dense sand.
The density of the sand foundations varied according to
the width of the sand rainer slot/curtain (1-3 mm), the
height from which the sand "rained" and the speed of
raining. Fig. 1(a) shows a schematic of the sandbox and
Fig. (1(b) shows an image of the sandbox and sand rainer.

The sand rainer capacity was about 500 kg. The length
of the rainer curtain was equal to that of the sandbox, i.e.,
80 cm. This device was used to form the traveling curtain
rainer for large soil specimens.

Ahmadi and Fadaee | /I 25
Period. Polytech. Civ. Eng., 67(1), pp. 123-140, 2023

The reinforced layers were positioned at a height of B/3
beneath the foundation, where B denotes the foundation
width (15 cm in this test). At a scale factor of N = 10, the
strip foundation was modeled at a width of 1.5 m. Where
more than one layer was applied, the distance between lay-
ers was considered to be B/3.

3 Material characterization

3.1 Soil

This study used common Firuzkuh #161 sand (R ,= 70%) that
was collected from Firuzkuh quarry in northeastern Tehran.
The ASTM grain-size analysis and physical properties of the
Firuzkuh sand are presented in Fig. 2 and Table 1, respec-
tively. The F-161 sand is well sorted but poorly graded, with
grains ranging in size from 0.1 to 1 mm with no evidence of
clay mineral components. The mechanical strength of the
sand was obtained using its internal friction angle of 32°.

Fig. 1 (a) schematic of sandbox; (b) image of sandbox and sand rainer
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Fig. 2 Grain-size distribution curve for Firuzkuh #161 sand
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Table 1 Properties of Firuzkuh #161 sand

Properties Notation Value
Soil type SP -
Grain density G, 2.61
Maximum dry unit weight ¥ max 1.65
Minimum dry unit weight Y min 1.37
Cohesion C 0
Internal friction angle o 32°

Table 2 Physical and mechanical properties of geocell

Test description Test result Standard [44]
Tensile strength 1.29 kN/strip ASTM D4595
Percent elongation 138.93% ASTM D4595
Shear strength >1.46 kN ASTM D4595
Peel strength 0.72 kN ASTM D4595

3.2 Reinforcements

The industrial reinforced geogrid and geocell materials
used for this study were monofilament polyester and poly-
ethylene compounds.

3.2.1 Geocell
The prototype geocell was perforated and manufactured by
Energy Anasor Ayandeh (Geosakht; Iran). Table 2 demon-
strates the physical and mechanical properties of geocell.
In order to select the geocell model, tensile strength
testing was done of geocells composed of seven materials,
five were made of isinglass and plastic and two were made
of plastic floor covering. The tensile strength tests of the
samples were carried out using a Geotech AI-3000 device
with a velocity of 50 mm/min. After examining the results
of all selected materials, one floor covering sample was
selected as the geocell model because it recorded approxi-
mately one-tenth of the tensile strength relative to the pro-
totype geocell. Fig. 3 shows a sample of the geocell used.

3.2.2 Geogrid

The geogrid used was manufactured by the Energy Anasor
Ayandeh (Geosakht; Iran). It was square in shape, perfo-
rated and arranged in a two-dimensional net. Table 3 lists
the characteristics of this product. The tensile strength of
the geogrid was tested and the results of the final strength
test and failure strain for the samples were 7, = 1.5 kN/m?
and & = 15%, respectively. A geogrid with low tensile
strength was used to allow observation of the simulation
at scale for the 1-g model as per the scale laws in the test
model. The tensile strength of the reinforcements and their
hardness had to be reduced to 1/N? (N = 10) for the main

Fig. 3 Sample geocell used in laboratory model

Table 3 Scaling factors according for simulation requirements

Parameters Scaling  Simulated

i P

Geometry Notation factor sample rototype
Foundation height H (m) 1/N 0.6 m 6m
Soil N

P
Target dry unit 5 5
weight Vs 1 1.53 g/cm®  1.53 g/em
Angle of internal o o
friction 4 ! 32 32
Reinforcement
Ultimate tensile T (kN/md) N2 15 150
strength ult
Failure strain € 1 15% 15%

f

Fig. 4 Sample of geogrid used in laboratory model

sample [45]. Table 3 shows the factors of scale and equiv-
alent amounts for the geometry of the problem parameters
of the original sample and model. Fig. 4 shows the mesh
geogrid used in the laboratory tests.

4 Preparation of model and test method

Each soil layer was approximately 10 cm in thickness.
A thin black sand layer was spread between each layer to
delineate the change in layers. The model soil foundation
was 60 cm in height and comprised fixed-density F-161
sand (R, = 70%). Considering a scale factor of 10, a height
of 60 cm is equal to a height of 6 m in the original model.
During modeling the sand fall height was set at 1 m, rainer
curtain width at 3 mm and rainer velocity at 0.3 m/s.



After the completion of layering, the fault was offset
by the downward movement of the hanging wall at a fixed
velocity. The maximum vertical offset was 6 cm. Based on
the laws of simulation, the model tests simulated a vertical
fault offset of up to 60 cm in the prototype. A camera was
fixed in front of the box to allow observation and recording
of the process of soil deformation. The geogrid, geocell or
geocell-geogrid layer was placed in a specified position to
prepare the reinforced foundations according to the test plan.

The data recorded by digital imaging techniques were
used to obtain the soil settlement profile, angular distor-
tion and propagation of faulting and shear failure in the
reinforced and unreinforced foundations for different fault
offsets. After obtaining the soil settlement profile, the
angular distortion (ﬁij) resulting from the difference in set-
tlement was calculated using Eq. (1) as:

5.
,B;',' = Z_U > M

i
where 5” is the difference in settlement between two ref-
erence points on the footing and L is the distance between
the two reference points (Fig. 5).

The maximum angular distortion, £__, is based on the
maximum value of . Considering the significant effect of
angular distortion on structural performance and dam-
age, f_is regarded as a key indicator when evaluating
a reinforced soil foundation [14]. A fault offset will lead
to shear failure at the fault tip which then propagates up to
the ground surface, resulting in apparent shear failure [9].
This is usually associated with considerable angular dis-
tortion at the ground surface.

Fault propagation inside the foundation model was
observed in several high-quality images. Consecutive digital
images were used to determine the settlement, displacement
and angular distortion. The effect of each type of soil foun-
dation reinforcement on _ was quantified as the percent-
age of decrease, R , and can be expressed as in Eq. (2) [14].

Rd _ ﬂ maxu ﬁ maxr (2)
ﬂmaxu

where g is the maximum angular distortion of the
is the maximum

maxr

unreinforced soil foundation and S
angular distortion of the reinforced soil foundation.

5 Physical modeling 1-g tests
A total of 12 physical models were made on unreinforced
and reinforced soil foundations. The models 1 and 2 were
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Fig. 5 Schematic of difference between base points on the foundation

free-field test types for normal and reverse faulting, respec-
tively. The models 3 and 4 were both unreinforced soil
foundation types for normal and reverse faulting, respec-
tively. The remaining eight models examined the behavior
of reinforced soil foundations against normal and reverse
faulting. In models 3 through 12, the center of the footing
was located over the free-field outcrop point (S/B = 0.5).
The testing was done under a distributed load of 0.8 kPa.
Based on a scale factor of N = 10, the model simulated
8 kPa in the prototype.

5.1 Free-field foundation test for normal fault rupture
(FFTNF)
The free-field foundation test was initially carried out
without reinforcement to obtain the faulting outcrops at
the ground surface. Fig. 6 shows the test images for nor-
mal fault rupture in the free field.

The first shear rupture (SR1) occurred at the fault tip and
a distinct surface fault rupture occurred with an increase
in the fault offset. The results suggest that the outcrop area
was X = 93 cm from the left boundary of the box. Shear
rupture propagating due to the fault offset can be observed
by the relative movement of the black sand layers.

The second shear failure (SR2) occurred at 2 = 4 cm.
It is clear that surface faulting expansion occurred as SR1
progressed in a narrow shear band. With the development
of SR2, a graben was generated at the ground surface
which was restricted from both sides by shearing failure
of SR1 and SR2. The fault-induced influence zone was
nearly 42 cm at its maximum offset of # = 6 cm. Note that
the free-field faulting results are consistent with the cen-
trifuge results [15, 22]. The field observations confirmed
these results [46]. It can be seen that the maximum sur-
face settlement at the graben occurred at the top of the
normal fault tip (Fig. 6(d)). The results suggest that, with
an increase in fault deformation, a narrow shear band pro-
gressed up to the fault outcrop area. The surface fault rup-
ture was sharp and the fault outcrop location was marked
on the box for comparison with later experiments.
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Fig. 6 Images of free-field foundation tests at different offsets:
(@h=0cm;(b)h=2cm; () h=4cm;(d)h=6cm

5.2 Free-field foundation test for reverse fault rupture
(FFTRF)
The free-field foundation test was performed without rein-
forcement to achieve fault outcrops at the ground surface.
Fig. 7 shows the test images for reverse fault rupture in
the free field. The shear rupture began at the fault tip,
developed as the offset increased and a surface fault rup-
ture finally appeared at the ground surface (Fig. 7(d)). The
results suggest that the outcrop area is X = 115 cm from
the left boundary of the box.

The maximum surface displacement occurred at the
surface of the hanging wall (Fig. 7(d)). The test results
show that, as the offset increased, a narrow shear band

FFTRF

(@

(®)

FFTRF

©

FFTRF

(d
Fig. 7 Images from reverse-fault free-field foundation tests by offset
value: (a) A=0cm; (b)A=2cm; (c) h=4cm; (d) h=6 cm

appeared. The surface fault rupture was sharp and the
fault outcrop location was marked on the box for com-
parison with the experiments relating to reverse faulting.
With the results of the next experiments related to reverse
faulting, the width of the shear band can be compared
with the results of the reverse free-field test.

5.3 Unreinforced foundation with footing and
distributed load for normal fault rupture (URFNF)
Fig. 8 shows images of an unreinforced foundation with
loading and a footing equivalent to that of a normal fault



URFNF
{i

@
Fig. 8 Images from unreinforced foundation test with footing and
overburden pressure at different fault offsets: (a) #=0 cm; (b) =2 cm;
(¢)h=4cm;(d)h=6cm

rupture. The results show that SR1 shear failure started
with an offset (). When the results of this test are com-
pared with those from the free-field test, more uniform set-
tlement can be observed. The surface fault rupture was not
sharp and the SR1 shear band was broader than in the free-
field state, indicating the effect of the footing and distrib-
uted load on increasing the tension distribution range and
shear bandwidth. Field studies indicate that the presence
of overburden pressure can cause a decrease in angular
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distortion [26]. Thus, the existence of a footing and over-
burden effectively improved the behavior of the soil.

In these tests, the maximum surface settlement occurred
at the top of the faulting tip and at the end of the left side
of the footing, in the hanging wall. The angular distortion
was measured from points i and j on the footing and the
digital level points. The angular distortion (8, ) at the
maximum vertical offset (A = 6 cm) was 0.33.

5.4 Unreinforced foundation with footing and
distributed load for reverse fault rupture (URFRF)

Fig. 9 shows the images of an unreinforced foundation
with equivalent loading and a footing under reverse fault
rupture. The results indicate that shear failure initiated at
the beginning of offset application and developed as the
fault offset progressed.

The sharpness of the surface fault was less than that of
the reverse free-field test because of the presence of the foot-
ing and the distributed load. However, the width of the shear
band was narrower than in the free-field test for reverse fault-
ing. In the layers near the footing, an increase in the width
of the shear band was observed, relative to the free-field
reverse faulting. The angular distortion decreased slightly.

No second shear band (SR2) was observed. The maxi-
mum surface displacement occurred at the top of the fault
tip and on the left side of the footing. The maximum dis-
tortion angle (B ) was 0.46 for the maximum vertical
offset (6 cm). The results of this test were compared with
those of the unreinforced foundations with footings and
distributed loads for normal fault rupture. It was observed
that the effects of distributed loading contributed less to
the soil foundation behavior.

5.5 Foundation reinforced with one geogrid layer for
normal fault rupture (FR1-GLNF)
One layer of geogrid having a width of four times the footing
width (4B) was placed at a depth of B/3 beneath the footing.
Fig. 10 shows the results for a foundation reinforced with
one geogrid layer. It can be seen that soil settlement occurred
more uniformly, especially beneath the footing and at the
geogrid width (60 cm), compared to the unreinforced test.
With an increase in the fault offset for the normal fault
rupture, more uniform settlement of the reinforced speci-
men was observed compared to the unreinforced founda-
tion. Maximum settlement occurred at the end of the left
side of the geogrid towards the hanging wall. In this situa-
tion, the zone of influence of the fault rupture equaled the
geogrid width (60 cm).
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Fig. 9. Unreinforced foundation test for reverse faulting and

overburden pressure at different offsets: (a) 2 =0 cm; (b) 7 =2 cm;
(¢c)h=4cm;(d)h=6cm

The results show that the shear band of SRI began
with an increase in the offset of the fault tip and gradually
reached the ground surface (Figs. 10(a) to 10(d). However,
in this condition, the surface rupture was not sharp and
deviated towards the left end of the geogrid. These effects
were due to the presence of a footing, distributed load-
ing and the geogrid layer. These results are very import-
ant with regard to fault deviation from the position of the
structure to protect it against fault rupture.

TR, W |

l 1 L;ygut;;:griﬂ FRI—GLNF‘

~ FRI-GLNF

|
T e

~ FRI-GLNF

@
Fig. 10 Images of foundation reinforced with one layer of geogrid at
different offsets: (@) =0 cm; (b) z=2cm; (c) h=4cm; (d) h=6 cm

In this test, the shear band of SR1 was wider than for
the unreinforced foundation, leading to more uniform set-
tlement. These effects demonstrate the influence of the
geogrid on the foundation performance.

Figs. 10(e) and 11 show that the right side of the shear
band beneath the middle of the footing, which caused angu-
lar distortion that was far less than for unreinforced foun-
dations. The difference in settlement of the footing sepa-
rated it from the foundation at the center of the footing.



Fig. 11 Loss of support in foundation reinforced with one layer of geogrid

For this reason, deviation of faulting required more study
and was investigated through testing with two and three
geogrid layers. For normal faulting and a soil foundation
reinforced with a geogrid layer, reinforcement was under
extension. The appropriate tensile strength of geogrid was
a major factor in decreasing the angular distortion of rein-
forced foundations. It distributed the differential settle-
ment over a wider range which was equal to the width of
the geogrid (60 cm). The maximum distortion angle (5, )
was 0.13 at the maximum vertical offset (6 cm). This was
less than that of the unreinforced foundation.

A decrease in the angular distortion (R)) of 60% has
occurred.

5.6 Foundation reinforced with one geogrid layer in
reverse fault rupture (FR1-GLRF)

Fig. 12 shows the results for a soil foundation reinforced
with a geogrid layer against reverse faulting. As in the
case of a soil foundation reinforced with a geogrid layer
against normal faulting, a geogrid layer with a width of
four times the width of the foundation (4B) was placed at
depth B/3 below the foundation. The test results show that
a slight decrease in angular distortion occurred compared
to the unreinforced foundation and that maximum offset
occurred at the left end of the footing.

There was no effect on the deviation of the fault path
compared to the test for normal faulting. These results
are very important with regard to fault deviation from the
position of the footing or structure to protect it against
fault rupture. However, the geogrid did not perform well
for deviating the fault from the foundation position under
reverse faulting.

The shear band was narrow, similar to that for the unre-
inforced soil foundation and the outline sharpness was
similar to that of an unreinforced soil foundation sub-
jected to reverse faulting.

The maximum angular distortion at a vertical offset of
6 cm (B ) was 0.43 and the percentage of decrease in
angular distortion was 7%. The difference in behavior of the
models under normal and reverse faulting occurred because,
under normal faulting, the geogrid layer was subjected to
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Fig. 12 Images from reverse faulting of foundation reinforced with one

geogrid layer at different offsets: (a) #=0 cm; (b) 2 =2 cm;
(c)h=4cm;(d)h=6cm

tension. The tensile strength of the geogrid layer improved
the performance of the soil foundation reinforced with
a geogrid for distribution of shear deformation and devi-
ation of the fault path. However, under reverse faulting,
the geogrid layer was under pressure. The very low com-
pressive strength of the geogrid caused poor performance
of the soil foundation reinforced with a geogrid layer.
The results of this research confirm these results.
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5.7 Foundation reinforced with one geocell layer for
normal fault rupture (FR1-GLLNF)
At simulated scale, one geocell layer with a width of four
times the footing width (4B) was placed beneath the foot-
ing at a depth of B/3. The geocell layer was placed in the
middle of the footing at the outcrop point in the normal
free-field test. Fig. 13 shows images of a soil foundation
reinforced with one geocell layer. The maximum distor-
tion angle (B, ) at the maximum vertical offset (6 cm) was
0.23, which was less than that for an unreinforced founda-
tion. This indicates that a decrease in angular distortion
(R of 30% has occurred due to the interaction between
the soil and geocell. This interaction caused spreading of
the shear band in the soil above the reinforcement layer.
The fault path was similar to that of the unreinforced
soil foundation. The results show that the geocell layer had
a limited effect on tension distribution, expansion of the
shear band and decreasing the angular distortion compared
to the unreinforced soil foundation. Furthermore, the sur-
face outcrop was not sharp due to the presence of the footing
and the geocell layer. The maximum settlement occurred at
the left end of the footing towards the hanging wall.

5.8 Foundation reinforced with one geocell layer in
reverse fault rupture (FR1-GLLRF)

In this test, the reinforced soil foundation with one geo-
cell layer was prepared in the same manner as that of the
soil foundation reinforced with one geocell layer under the
normal fault rupture test (Section 5.7). It was then exposed
to reverse faulting. Figs. 14(a) to 14(d) show images of the
soil foundation reinforced with one geocell layer under the
effect of a reverse fault rupture.

The maximum distortion angle (8, ) at the maximum
vertical offset (6 cm) was 0.39, which was less than that of
the unreinforced foundation, indicating that a decrease in
angular distortion (R ) of 15% has occurred. The decrease
in angular distortion was due to the interaction between
the soil and geocell and from the compressional strength
of the geocell and soil, which caused spreading of the rup-
ture and development of a shear band.

The fault path was similar to that of the unreinforced soil
foundation. The results indicate that reinforcement of the soil
foundation with one geocell layer is more effective for ten-
sion distribution, expansion of the shear band and decreas-
ing the angular distortion when compared with the soil
foundation reinforced with one geogrid layer for the reverse
fault rupture. The decrease in the angular distortion in the
soil foundation reinforced with one geocell layer under the
normal fault rupture was 30%. The surface outcrop was not
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Fig. 13 Images for foundation reinforced with one geocell layer at
different offsets: (@) =0 cm; (b) z=2cm; (c) h=4cm; (d) h=6 cm

sharp due to the presence of the foundation and the interac-
tion of the geocell and soil, leading to a slight uniform out-
crop relative to the unreinforced soil foundation.

5.9 Foundation reinforced with one geogrid-geocell
layer for normal fault rupture (FR1-GGLLNF)

In this test, one layer in which the geocell was positioned
under the geogrid was used for reinforcement. The aim of
combining these two layers was to obtain greater stiffness
and tension resistance. This layer was located at a depth of
2B/3 beneath the footing.
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Fig. 14 Images reverse faulting foundation reinforced with one geocell
layer at different offsets: (a) #=0cm; (b) A=2 cm; (c) h=4 cm;
(dh=6cm

Fig. 15 shows that the fault path deviated towards the
left of the reinforced layer relative to the unreinforced
foundation. The fault path was similar to that of the foun-
dation reinforced with one geogrid layer. Soil settlement
beneath the footing was more uniform than for the unrein-
forced foundation. The maximum distortion angle ()
in the maximum vertical offset (6 cm) was 0.1, which was
less than for the unreinforced foundation; thus, a decrease

in the angular distortion (R ) of 70% has occurred.
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Fig. 15 Images from foundation reinforced with one geocell-geogrid
layer at different offsets: (a) #=0 cm; (b) 2#=2 cm; (c) h=4 cm;
(dh=6cm

When compared with the soil foundation reinforced
with one geogrid layer under normal faulting, a consid-
erable 10% decrease can be observed for angular distor-
tion. The maximum settlement occurred at the end of the
reinforcement layer towards the hanging wall. The shear
band was narrower than for the foundation with one
geogrid layer and it also transferred to the left side of
the footing relative to the foundation reinforced with one
geogrid layer.
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Both shear boundaries of SR1 were located on the left
side of the footing. Contrary to the performance of the
one-layer geogrid, the boundary of the right side of the
shear band transferred to the left side of the footing.

Foundation separation occurred with an increase in
the offset on the right side of the footing, which increased
the deviation of the faulting towards the left side com-
pared to the foundation with one geogrid layer (Fig. 16).
The increase in stiffness was due to the combined geo-
cell and geogrid. The compressive strength of the geocell
affected the performance of the foundation behavior rein-
forced with one geocell-geogrid layer.

5.10 Foundation reinforced with one geogrid-geocell
layer for reverse fault rupture (FR1-GGLLRF)

The geocell-geogrid layers were placed one over the other
with the geocell on top. The aim of this was to increase
the stiffness and tension resistance. This combined layer
was located at a depth of 2B/3 beneath the footing. In this
case, the footing was in the middle of the reinforced layer
with the midpoint of the footing on the outcrop point in
the free-field test. Fig. 17 shows negligible deviation in the
fault path relative to the unreinforced soil foundation under
reverse faulting. The maximum distortion angle (5, ) at
the maximum vertical offset (6 cm) was 0.27, which was
less than that of the unreinforced foundation; thus, a reduc-
tion of 40% in angular distortion (R ) has occurred.

The reduction in the angular distortion in the soil foun-
dation reinforced with a geogrid-geocell layer under nor-
mal fault rupture was 70%. The surface outcrop was not
sharp due to the presence of the foundation and the inter-
action of the geogrid-geocell and the soil. A slight uniform
outcrop can be observed relative to the unreinforced soil
foundation. The compressive strength of the geocell and
the increase in stiffness resulting from the effect of the
combined geogrid-geocell layer improved the behavior of
the reinforced soil foundation exposed to reverse faulting.

5.11 Foundation reinforced with two geogrid layers for
normal fault rupture (FR2-GLNF)

Two geogrid layers with widths of four times the footing
width (4B) were located at depths of B/3 and 2B/3 beneath
the footing. Figs. 18(a) to 18(d) show images of the founda-
tion reinforced by two geogrid layers. It can be seen that the
soil settlement was more uniform than for the unreinforced
foundation and the angular distortion decreased significantly
compared to the unreinforced foundation. The angular dis-
tortion was less than for the foundation reinforced with one

Fig. 16 Foundation reinforced with one geocell-geogrid layer
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Fig. 17 Images from reverse faulting on foundation reinforced with one

geocell-geogrid layer at different offsets: (a) # =0 cm; (b) 2 =2 cm;
(c)h=4cm; (d)h=6cm

geogrid layer. The maximum distortion angle (8, ) was
0.07 at the maximum vertical offset (6 cm), which is less
than that of the unreinforced foundation; thus, a reduction

in angular distortion (R,) of 80% has occurred. Maximum
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Fig. 18 Images from foundation reinforced with two geogrid layers at
different offsets: (a) A=0cm; (b) A=1.4cm; (c) h=2.9 cm; (d) h =6 cm

settlement occurred on the left side of the reinforced layer,
corresponding to the states of the geogrid-reinforced foun-
dations where the width of all reinforcements was 4B. The
zone of influence of the geogrid was 4B and the shear band-
width increased compared to the foundation reinforced with
one geogrid layer. The faulting path fully deviated towards
the left side of the footing. The right boundary of the fault-
ing shear band in the middle of the foundation reinforced
with one geogrid layer transferred about 2(B/3) towards
the left footing. This resulted in greater faulting deviation.
Consequently, more uniform settlement was observed rel-
ative to the foundation reinforced with one geogrid layer.
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An increase in the number of geogrid layers effectively
decreased the structural damage because of the decrease
in angular distortion, which caused uniform settlement
and increased the broader distribution of the shear band.
The fault deviated towards the left side of the footing at
a point where the footing exhibited little settlement and
angular distortion at the foundation footwall and soil set-
tlement mainly transferred to the left end of the geogrid
because of the fault deviation.

5.12 Foundation reinforced with three geogrid layers
for normal fault rupture (FR3-GLNF)

Three geogrid layers with widths of four times the footing
width (4B) were located at depths of B/3, 2(B/3) and B
beneath the footing, The footing midpoint was located at
the center of geogrid and the midpoints of the geogrid lay-
ers were at the outcrop point of the fault in the free-field
state. Figs. 19(a) to 19(d) show images of foundations rein-
forced by three geogrid layers.

The results show that soil settlement occurred more uni-
formly relative to the previously reinforced foundations.
However, the fault deviation was similar to that observed
in the foundation reinforced by two geogrid layers.

The difference between this test and the foundations
reinforced by one and two geogrid layers is the occurrence
of outcrops on the left and right sides of the geogrid; how-
ever, the differential settlement moved toward the left side
of the geogrid in this state. This caused the footing to rest
completely on the foundation footwall and faulting had lit-
tle effect on the performance of the foundation.

The maximum distortion angle (f_, ) at the maximum
vertical offset (6 cm) was 0.07, which was substantially less
than that of the unreinforced foundation; thus, a decrease in
the angular distortion (R ) of 80% has occurred. Moreover,
the fault deviation was inclined more towards the left of
the footing such that it rested on the foundation footwall
with almost no settlement or angular distortion. Soil set-
tlement transferred to the left end of the geogrid with the
fault deviation. Comparison with the results of foundations
reinforced by two or three geogrid layers revealed that the
increase to three geogrid layers had little effect on the set-
tlement, angular distortion or fault path deviation.

Fig. 20 shows the quantitative decrease in angular dis-
tortion in the soil foundations reinforced with one geog-
rid layer, one geocell layer and one geocell-geogrid layer
compared with that of the unreinforced soil foundation
for a normal fault rupture. The results indicate that the
minimum value of g occurred in the soil foundation



1 36 | Ahmadi and Fadaee
Period. Polytech. Civ. Eng., 67(1), pp. 123-140, 2023

Pl eomid " FR3-GLNF

s FR3-GLNF ~

FR3-GLNF

"FR3-GLNF

@
Fig. 19 Images from foundation reinforced with three geogrid layers at
different offsets: (a) #=0cm; (b) #=1.2 cm; (c) h=2.6 cm; (d) =52 cm

reinforced with one geocell-geogrid layer; however, the
maximum value of #___ was for soil foundation reinforced
with one geocell layer. The acceptable behavior of soil
foundation reinforced with geogrid layer against normal
faulting related to the high tensile strength of the geogrid.

Fig. 21 shows a quantitative decrease in angular distor-
tion in the soil foundations reinforced by one geogrid layer,
one geocell layer and one geocell-geogrid layer compared
with the performance of the unreinforced soil founda-
tion under reverse fault rupture. The results indicate that
soil foundations reinforced by the geocell-geogrid layer
showed only a slight decrease in angular distortion. The

minimum and maximum f__ values were for soil foun-
dations reinforced by one geocell-geogrid layer and one
geogrid layer, respectively. The unacceptable behavior
of the soil foundation reinforced with one geogrid layer
against reverse faulting was due to the low compressive
strength of the geogrid layer.

Fig. 22 shows the quantitative decreases in angular dis-
tortion for the soil foundations reinforced by one, two and
three geogrid layers compared to the performance of the
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Fig. 20 Fault offset and maximum angular distortion for foundations
reinforced with one geogrid layer, one geocell layer and one geogrid-
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unreinforced soil foundation for reverse fault rupture. The

smaller §  values occurred because the acceptable ten-

max
sile strength of one geogrid layer increased with the use of
two or three layers.

Table 4 summarizes the list of experiments and major
findings obtained in this study. The major findings include
the percentages of decrease in the maximum angular dis-
tortion of the reinforced soil foundations exposed to nor-

mal and reverse fault rupture.

6 Conclusions

Twelve physical models were built to evaluate and com-
pare the performance of reinforced and unreinforced soil
foundations to determine the best methods of reducing the
risk of surface rupture under normal and reverse faulting.
The data recorded by digital imaging techniques were used
to obtain the soil settlement profiles, angular distortion and
fault propagation and shear failure in the reinforced and
unreinforced foundations at different fault offsets.

The angular distortion at different offsets was recorded
by a digital level mounted on the footing during the tests.
The amount of offset corresponding to each angular dis-
tortion was recorded by an LVDT mounted on the hydrau-
lic jack. Quantitative investigation was then carried out
to examine the effect an increase the number of geogrid
layers on the performance of the reinforced foundations.
The main experimental results were as follows:

1. In the free field foundation test under normal fault-
ing, the shear failure began at the fault tip with the
onset of fault movement. Shear failure occurred at
the ground surface with the progression of faulting.
Secondary shear failure occurred on the hanging wall
and resulted in a graben at the ground surface. This
test was performed to obtain the fault outcrops at the
ground surface. The results showed that the outcrop
area was X =93 cm from the left boundary of the box.

2. In unreinforced soil foundations, distributed load-
ing reduced the sharpness of the surface outcrop.
However, the fault rupture in this test was the same
as for the free-field foundation. In this test, the mid-
point of the footing was placed over the midpoint
of the surface outcrop. The footing and overburden
caused expansion of the shear band and the maximum
angular distortion (8_ = 0.33) occurred at the max-

imum offset caused by fault rupture (2= 6 cm).

3. In the soil foundation reinforced by one geogrid
layer for the normal fault mode, the geogrid layer

significantly affected faulting distribution. The
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Table 4 Test results at maximum offset (2 = 6 cm) compared to
unreinforced foundation

Type of test B e R, (%)

Free-field foundation in normal faulting - -

Free-field foundation in reverse faulting - -

Unreinforced foundation in normal fault 0.33 -
Unreinforced foundation in reverse faulting 0.46 -
Reinforced foundation with a layer of geogrid
. . 0.13 60
in normal faulting
Reinforced foundation with a layer of geogrid
. . 0.43 7
in reverse faulting
Reinforced ff)undatlon with a geocell layer in 023 30
normal faulting
Reinforced foundation with a geocell layer in
. 0.39 15

reverse faulting
Reinforced foundation with a geogrid-geocell

. . 0.1 70
layer in normal faulting
Reinforced foundation with a geogrid-geocell

. . 0.27 40
layer in reverse faulting
Reinforced foundation with a layer of geogrid
. . 0.07 80
in normal faulting
Reinforced foundation with a layer of geogrid 0.07 20

in normal faulting

maximum angular distortion decreased (8, = 0.13)
and uniform settlement occurred. Moreover, settle-
ment expanded over a wider area and the angular
distortion decreased by 60% relative to the unrein-
forced foundation.

4. In a soil foundation reinforced with a geocell layer
under the normal fault mode, the maximum angle

= 0.23) by about 30%

relative to the unreinforced soil foundation, but the

of distortion decreased (5,
uniform settlement increased. No deviation of the
faulting path relative to the unreinforced foundation
was observed.

5. Inthe normal faulting mode, the soil foundation rein-
forced by one geogrid-geocell layer performed simi-
larly to the soil foundation reinforced by one geogrid
layer. The stiffness of the geocell caused the shear
band to deviate further to the left of the soil foun-
dation relative to the soil foundation reinforced by
one geogrid layer. The geogrid-geocell layer reduced
the maximum angular distortion (8 _ = 0.1) by 70%
relative to the unreinforced soil foundation, but the
uniform settlement increased.

6. The results showed that, when two or three geog-
rid layers were used to reinforce a soil foundation
exposed to a normal fault rupture, the maximum



1 38 | Ahmadi and Fadaee

Period. Polytech. Civ. Eng., 67(1), pp. 123-140, 2023

angular distortion (f___ = 0.07) decreased by 80%
relative to the unreinforced foundation. At this stage,
greater deviation in the faulting path was recorded
and significant uniform settlement was observed.
The addition of more than two layers had no signifi-
cant effect on reinforcing the foundation exposed to
normal faulting.

In the free-field foundation test for reverse faulting,
shear failure began at the fault tip at the onset of fault
movement. Shear failure occurred at the ground sur-
face with the progression of faulting. This test was
performed to obtain the fault outcrops at the ground
surface. The results show that the outcrop area was
X =115 cm from the left boundary of the box.

In unreinforced soil foundations under the reverse
fault mode, the distributed load decreased the sharp-
ness of the surface outcrop. However, the fault path
was similar to that for the reverse free-field foun-
dation path. In this test, the midpoint of the footing
was placed over the midpoint of the surface outcrop.
It was observed that the footing and the overburden
had limited effects on increasing the shear bandwidth
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