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Abstract: This paper presents reduced model tests on geosynthetic-reinforced soil (GRS) embankment and foundation systems subjected to
reverse fault movements. Three types of reinforced foundations—soil foundations reinforced with planar geotextiles, geosynthetic encased
granular columns (GECs), and geocells—were examined to investigate the effectiveness and reinforcing mechanisms in mitigating reverse
fault-induced ground deformation. Digital image analysis (DIA) techniques were adopted to evaluate the surface displacement profiles,
maximum angular distortion (βmax), and shear strain contours at different magnitudes of reverse fault displacement. The maximum horizontal
facing displacement (Δmax) of the overlying GRS embankment was also determined to evaluate the overall performance of the GRS embank-
ment and foundation systems. Test results indicated that different reinforcing mechanisms and the development of fault-induced shear
ruptures were observed for three types of reinforced foundations. The geocell foundation had the most optimal effects in minimizing the
βmax at the ground surface, as well as theΔmax of the GRS embankment. Compared with the unreinforced foundation, a reduction of 39.1% in
the Δmax value of the GRS embankment was observed at a fault movement to foundation thickness ratio (S=HF) of 37.5%. For all the
reinforced embankment and foundation systems, the overlying GRS embankment remained stable, and only localized deformation on the
wrapped-around facing was observed. The influence of overburden pressure applied by the GRS embankment on the performance of each
reinforced foundation, as well as the design implications of the embankment and foundation systems, were discussed in the present study.
DOI: 10.1061/JGGEFK.GTENG-12785. © 2025 American Society of Civil Engineers.
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Introduction

Distinct surface ruptures are recognized as a critical hazard associ-
ated with earthquake fault movements. Severe ground surface defor-
mation could result in extensive damage to buildings or infrastructure
located on active fault zones. Generally, construction across active
faults should be avoided. Regulations have imposed restrictions on
the construction of buildings within fault setback areas. However,
avoidance is often challenging for linear infrastructure such as high-
way and railway embankments. In such scenarios, flexible and resil-
ient earth structures, such as geosynthetic-reinforced soil (GRS)
structures, can effectively mitigate the effects of fault-induced ground

deformation and differential settlement (Delli Carpini et al. 2024;
Ahmadi and Fadaee 2023; Al Heib et al. 2021; Rasouli and Fatahi
2021; Ardah et al. 2018; Moosavi and Jafari 2012).

GRS structures are implemented in engineering practice to mit-
igate surface fault hazards. An iconic project, which involved a GRS
highway embankment across the Chelungpu active fault (Fig. 1),
was carried out in central Taiwan. In the 1999 Chi-Chi earthquake
(ML ¼ 7.3), a rigid gravity retaining wall across the Chelungpu
fault experienced collapse due to ground surface deformation re-
sulting from the fault movement. The average vertical displacement
measured at the ground surface in the Chi-Chi earthquake was
2–4 m (Chen et al. 2001). This incident led to the adoption of a
relatively flexible GRS embankment and foundation system across
the Chelungpu fault to reduce the risk of embankment collapse due
to fault-induced ground deformation. This reinforced system com-
prises a GRS embankment overlying a reinforced foundation. The
function of the GRS embankment was to accommodate differential
settlement and preserve the stability and serviceability of the em-
bankment, while the reinforced foundation was designed to limit
fault-induced angular distortion to an acceptable extent.

Studies have demonstrated that increasing the ductility of the soil
layers overlying bedrock faults can prevent fault-induced ground
deformation to a certain degree (Bray and Garcia 2022; Garcia
and Bray 2018; Ashtiani et al. 2018; Oettle and Bray 2013;
Anastasopoulos et al. 2007; Bray 2001, 2009; Lazarte and Bray
1996; Lazarte et al. 1994; Bray et al. 1993). Specifically, a com-
pacted soil layer reinforced by planar reinforcements (referred to as
a GRS foundation in this paper) may be the most viable and cost-
effective option to enhance the ductility of the soil layers overlying a
bedrock fault. Yang et al. (2020) explored the performance of GRS
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foundations under normal faulting conditions through a series of
reduced model tests. The test results revealed that the GRS foun-
dations reduced fault-induced angular distortion at ground surface
level by 60% in comparison with unreinforced compacted soil
layers. In addition, the fault-induced shear rupture was intercepted
by the reinforcements and spread over a relatively wide influential
fault zone, resulting in a gentle ground surface deformation profile.
Although the efficacy of GRS foundations in mitigating normal
fault-induced ground deformation has been well-documented, there
are few studies that explore their performance under reverse faulting
conditions. Furthermore, GRS foundations may be ineffective in
reducing ground deformation induced by reverse fault movement
because tensile force is not expected to develop in planar reinforce-
ments given that a GRS foundation is primarily subjected to com-
pression as the hanging wall moves toward the footwall. Other
types of reinforced foundations, soil foundations reinforced by ge-
osynthetic encased granular columns (GECs) and geocells, which
provide bending stiffness against compressive forces induced by
bending deformation, may be able to overcome the aforementioned
deficiencies; thus, these types of reinforced foundations were as-
sessed in the present study.

Geosynthetic encased granular columns are commonly used to
support highway embankments that overlie weak cohesive sub-
grade soils. Experimental and numerical studies have revealed that
GECs can provide sufficient vertical support to embankments and
can enhance the load-bearing capacity of subgrade soils (Abid et al.
2022; Rathod et al. 2021; Chen et al. 2018; Gu et al. 2017; Hasan
and Samadhiya 2017; Hong et al. 2016; Almeida et al. 2014; Chen
et al. 2015; Hosseinpour et al. 2015). Studies have also evaluated
the performance of GECs under shear loading conditions and the
benefits of using GECs to provide lateral resistance in slope sta-
bilization (Zhang et al. 2022; Hajiazizi et al. 2020; Cengiz et al.
2019; Hajiazizi et al. 2018; Zhang and Wang 2017; Gu et al. 2016;
Mohapatra et al. 2016). These studies have demonstrated that en-
casing granular columns with geotextile can significantly enhance
shear and bending resistances, thereby improving overall perfor-
mance under shear loading.

Similarly, geocells have been used in the foundations of highway
embankments to increase the bearing capacity of subgrade soils.
Studies have reported that geocells can provide high confinement
to infilled soils and increase the soil shear strength while distrib-
uting the imposed stress over a relatively wide area in the lateral

direction (Yin et al. 2024; Khan et al. 2023; Ari and Misir 2021;
Gedela et al. 2021; Mehdipour et al. 2013; Thallak et al. 2007;
Biabani et al. 2016; Hegde and Sitharam 2015). Furthermore, un-
like the planar reinforcement embedded in GRS foundations, the
three-dimensional geocell-soil composite provides bending resis-
tance, which can constrain the deformation of the surrounding soil
(Khorsandiardebili and Ghazavi 2021; Zhang et al. 2018; Mehdipour
et al. 2013; Tang and Yang 2013; Pokharel et al. 2010). Although
related studies have validated the benefits of using GEC and geocell
foundations to increase the bearing capacity of subsoils, the perfor-
mance of GEC and geocell foundations in mitigating fault-induced
ground deformation has yet to be fully understood. Furthermore, no
study has investigated the performance or mechanical behaviors of
reinforced embankment and foundation systems against reverse fault
movement.

To fill the identified research gaps, this study carried out a series
of reduced model tests on three types of reinforced foundations:
GRS, GEC, and geocell foundations. For comparison purposes, a
reduced model test was also conducted on an unreinforced founda-
tion. The effectiveness and reinforcing mechanisms of GRS, GEC,
and geocell foundations in minimizing ground surface deforma-
tion due to reverse faulting were studied. The reduced model tests,
based on relevant scaling laws, simulated 3-m-thick prototype rein-
forced foundations subjected to reverse fault displacements reaching
up to 1.12 m. Digital image analysis (DIA) techniques were adopted
to evaluate the surface displacement profile, maximum angular dis-
tortion, and shear strain contours at different magnitudes of reverse
fault displacement. Furthermore, another series of reduced model
tests were conducted on the reinforced embankment and foundation
systems comprising a GRS embankment overlying the unreinforced
foundations and reinforced foundations (i.e., GRS, GEC, and geo-
cell foundations) to investigate the overall performance of the rein-
forced systems against reverse fault movement. Each of the reduced
models simulated a 1.8-m-high GRS embankment in prototype
constructed on a reinforced foundation. The maximum horizontal
displacement of the GRS embankment facing was determined to
evaluate the stability of the embankment. This study primarily
aimed to (1) evaluate the effectiveness of the GRS, GEC, and geo-
cell foundations; (2) investigate the reinforcing mechanisms of the
reinforced foundations; and (3) evaluate the overall stability of the
reinforced embankment and foundation systems against reverse
fault movement. Design implications for reinforced embankment
and foundation systems are discussed in this paper on the basis of
the findings of this study.

Reduced Model Tests

Reduced Scale Model and Test Program

In this study, the reduced model tests were conducted with the use
of a sandbox in the geotechnical research laboratory at National
Taiwan University. Fig. 2 shows a schematic of the sandbox and
the experimental setup. The dimensions of the sandbox were
1.06 × 0.21 × 0.60 m (length × width × height). The front wall of
the sandbox was made of transparent plexiglass to enable visual
observation during testing. To ensure that the models were tested
under plane strain conditions, lubricant sandwiched between two
thin PE sheets was attached to both sides of the plexiglass walls of
the sandbox to minimize the soil-wall interface friction. Liu et al.
(2014) have quantified the effect of interface treatments on reduc-
ing interface friction by conducting large-scale direct shear tests.
Test results indicated that lubricant sandwiched between PE sheets
could reduce up to 80% of interface friction. The bottom of the

GRS embankment and foundation system

Chelungpu fault

Fig. 1. Reinforced system constructed in central Taiwan to mitigate
hazards associated with surface fault rupture. (Image by authors.)
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sandbox consisted of a movable hanging wall and a fixed footwall.
A driving motor was installed underneath the hanging wall [see
Fig. 2(a)] to generate reverse fault displacement by moving the
hanging wall upward. The fault tip was initially located at x ¼
58 cm from the left boundary, and a fault dip angle of 60° was
examined in the study.

Reduced model tests were first conducted on the unreinforced
foundation and the three types of reinforced foundations (i.e., GRS,
GEC, and geocell foundations). The dimensions of the prototype
foundations were reduced by a factor of 15 in the reduced model
tests (i.e., target scaling ratio N ¼ 15) in accordance with the
relevant scaling laws (to be discussed). Table 1 summarizes the test-
ing program and design parameters for the reduced model tests.
The abbreviation GRE shown in Table 1 stands for the overlying

GRS embankment, while UF, GRF, GECF, and GCF stand for un-
reinforced, GRS, GEC, and geocell foundations, respectively. The
height of both the unreinforced and reinforced foundations was
HF ¼ 20 cm, corresponding to 3 m in the prototype. Fig. 3
presents images of the reinforcements and schematics of the
GRS, GEC, and geocell foundation tests. Subsequently, a series
of reduced model tests were conducted on the reinforced embank-
ment and foundation systems. Fig. 4 shows a test model of the re-
inforced embankment and foundation systems. A 12-cm-high GRS
embankment (HE ¼ 12 cm, corresponding to 1.8 m in the proto-
type) was constructed on each of the three reinforced foundations
(HF ¼ 20 cm, corresponding to 3 m in the prototype). For com-
parison, a GRS embankment with an unreinforced foundation was
also tested.

Material Properties

The soil material used in this study was quartz sand, which is clas-
sified as poorly graded sand (SP) in the Unified Soil Classification
System (USCS). Fig. 5 shows the grain size distribution curve of
the sand. Table 2 summarizes the material properties of the sand,
which were determined on the basis of the American Society for
Testing and Materials (ASTM) standards. In the present study, the
foundations and overlying GRS embankment were constructed
layer-by-layer at a target relative density of Dr ¼ 70%. The re-
quired weight for each soil layer was calculated based on a target
dry unit weight (i.e., γd ¼ 15.3 kN=m3 at Dr ¼ 70%) and the vol-
ume of the soil layers. A known amount of sand was pluviated from
a hopper into the sandbox at a specified drop height to achieve uni-
form density. This technique was utilized by Li et al. (2019) in re-
duced model tests to prepare fairly uniform sand deposits. Triaxial
consolidated–drained compression tests [ASTM D7181 (ASTM
2015)] were conducted to determine the shear strength properties
of the sand. The sand had an effective cohesion of c 0 ¼ 0 kN=m2

and an effective friction angle of ϕ 0 ¼ 39°.
The reinforcing material used was a nonwoven geotextile made

of polypropylene. This material is not a commercial geotextile used
in engineering practice; rather, it was originally designed for use in
the inner lining of shoes. Table 2 shows the material properties of
the nonwoven geotextile. The planar geotextile, geotextile encase-
ment, and geocell placed in the GRS, GEC, and geocell founda-
tions, respectively, were made from the same nonwoven geotextile,
which was also used as the reinforcing material for the overlying
GRS embankment. Wide-width tensile tests [ASTMD4595 (ASTM
2011)] were conducted to evaluate the tensile strength properties of
the nonwoven geotextile. Fig. 6 presents the tensile test results for
the nonwoven geotextile tested in the machine and cross-machine
directions. The nonwoven geotextile exhibited an ultimate tensile
strength of Tult ¼ 0.7 kN=m and a failure strain of εf ¼ 32.39% in

(a)

(b)

Fig. 2. Sandbox and reduced model test setup: (a) illustration; and
(b) panorama.

Table 1. Experimental program of reduced model tests

Description Test ID

Foundation
height, HF

(cm)

GRS embankment
height, HE

(cm)

Total area of foundation
reinforcement, AR

(cm2)

Unreinforced foundation UF 20 — —
GRS foundation GRF 20 — 6,614
GEC foundation GECF 20 — 2,545
Geocell foundation GCF 20 — 6,336
GRS embankment with unreinforced foundation GREþ UF 20 12 —
GRS embankment with GRS foundation GREþ GRF 20 12 6,614
GRS embankment with GEC foundation GREþ GECF 20 12 2,545
GRS embankment with geocell foundation GREþ GCF 20 12 6,336
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the machine direction, with a tensile stiffness at half of the ultimate
tensile strength being J50 ¼ 5.47 kN=m. In the cross-machine direc-
tion, the ultimate tensile strength was Tult ¼ 0.29 kN=m, with a fail-
ure strain of εf ¼ 87.4% and tensile stiffness of J50 ¼ 0.46 kN=m.

Fig. 5. Grain size distribution curve and the image of test sand.

Table 2. Properties of soil and reinforcement materials

Property Value

Soil
USCS soil classification SP
Specific gravity, Gs 2.65
Mean particle size, D50 (mm) 0.98
Relative density, Dr (%) 70
Target dry unit weight, γd (kN=m3) 15.3
Cohesion, c 0 (kPa) 0
Peak friction angle, ϕ 0 (degrees) 39

Reinforcement
Material Polypropylene (PP)
Mass per unit area (g=m2) 29.6
Thickness (mm) 0.235
Ultimate tensile strength, Tult (kN=m) 0.70
Ultimate tensile strain, εult (%) 32.39
Stiffness, J50 (kN=m) 5.47
Joint ultimate tensile strength, Tj (kN=m) 1.75

Soil—Reinforcement interface
Peak interface friction angle, δ 0 (degrees) 27.4
Efficiency factor, Eϕ 0.63

Fig. 6. Results of wide-width tensile tests for nonwoven geotextile.

(a)

(b)

(c)

Fig. 3. Reinforced foundation tests (not in scale): (a) test GRF; (b) test
GECF; and (c) test GCF.

Fig. 4. Reinforced system tests (test GREþ GCF).
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In the GRS foundation tests, the machine direction of the geo-
textile was oriented perpendicular to the fault rupture to achieve
high mobilized tensile force against reverse fault movement. For
the geotextile encasement used in the GEC foundation tests, the
machine direction of the geotextile was oriented along the circum-
ferential direction of the GECs to achieve high hoop stress. For the
fabrication of the geocells, tailored geotextile strips were firmly
sewn to a cellular shape to provide high confinement to the infilled
sand. The machine direction of the geotextile strips was oriented in
the longitudinal direction of the geocells. The ultimate tensile
strength of the joints was Tj ¼ 1.75 kN=m, which was higher than
that of the nonwoven geotextile (i.e., Tult ¼ 0.7 kN=m) to prevent
failure at the seam. A similar approach was employed in past stud-
ies (Changizi et al. 2021; Rahimi et al. 2018; Tafreshi and Dawson
2010; Sitharam and Sireesh 2005) to prepare geocell materials in
different scales of testing.

Model Preparation and Testing Procedures

In practice, reinforced foundations can extend over long distances
and cover potential fault zones because fault-induced shear ruptures
are often difficult to predict. Linear reinforced foundations can not
only reduce fault-induced ground deformation but also enhance the
bearing capacity of the foundation soils. This study focuses on re-
inforced foundations fully covered with planar geotextiles, GECs,
and geocells, as shown in Figs. 3(a–c). The effects of the length and
location of the planar geotextile, GEC, and geocell were not evalu-
ated in the present study.

The GRS foundation was constructed by placing an initial sand
layer followed by a planar geotextile. Specifically, three layers of
the planar geotextile were installed in the GRS foundation with ver-
tical spacing of Sv ¼ 6.5 cm [Fig. 3(a)]. The planar geotextile was
placed from the left boundary to the right boundary of the sandbox
to simulate the field condition in which the reinforcement was em-
bedded long enough in the soil beyond the influential fault zone.
Regarding the GEC foundations, lubricated thin-walled steel tubes
were used to construct the GECs. The sand in GECs was con-
structed using the volume control method to reach the target relative
density (i.e., Dr ¼ 70%). The known quantity of sand was filled
into the geotextile encasement layer-by-layer and carefully com-
pacted to a specific height by a small-size compaction hammer.
Once the GEC construction was finalized, the steel tubes were ex-
tracted from the soil layer with utmost care to minimize disturb-
ance. A 1.5-cm-thick soil layer was then placed over the GEC
foundations to provide adequate overburden pressure and avoid
the pulling up of GECs during testing. The overlying soil layer
has a minor effect on the performance of the GEC foundation in
reducing fault-induced ground deformation since the thickness of
the soil layer was relatively thin, compared with the foundation
height (i.e., HF ¼ 20 cm). The configuration of the GECs was de-
termined by considering the influential fault zone generated at the
maximum fault displacement (i.e., S ¼ 7.5 cm). The GECs fea-
tured a diameter of dc ¼ 3 cm, and the length of the GECs was
Lg ¼ 18 cm (yielding a length-to-diameter ratio of Lg=dc ¼ 6),
as shown in Fig. 3(b). The horizontal spacing of the GECs was
determined to be Sh ¼ 10 cm on the basis of the reduced model
test results reported by Chiang et al. (2023), which suggested that
a GEC foundation with a GEC spacing-to-diameter ratio (Sh=dc)
of 3.3 yielded the most substantial reduction in maximum fault-
induced angular distortion. Regarding the geocell foundation, a
3-cm-thick geocell was installed in this foundation [Fig. 3(c)]. The
geocell had a square shape and a 3.2 cm × 3.2 cm aperture opening
size. The geocell was filled with sand, which was then carefully
compacted to the target relative density of 70%. A 3.5-cm-thick

overburden soil layer was covered on the geocell layer to provide
a buffer for proper compaction on the geocell layer and prevent
geocell damage in the compaction.

Fig. 4 presents a schematic of the reduced model tests conducted
on the reinforced embankment and foundation systems. For the test
model of the GRS embankment, the configuration of the reinforce-
ment was determined by following the conventional design of a
GRS structure. Specifically, the reinforcement length wasLe ¼ 9 cm
(Le ¼ 0.7HE), and the vertical spacing was Sv ¼ 3 cm. The GRS
embankment was constructed under a relative density of Dr ¼ 70%

to comply with prevailing design guidelines.
After the test models were constructed, the fault displacement

was applied to the right and bottom boundaries of the hanging wall
to simulate 60° dip reverse fault movement. The maximum fault
displacement was up to S ¼ 7.5 cm (i.e., S ¼ 1.12 m in prototype
scale), which was determined based on the fault displacement cor-
responding to a strong earthquake (ML ¼ 6.0-7.0) according to
the U.S. Geological Survey (Bonilla 1967). A series of images
was captured at S ¼ 1.5, 3, 4.5, 6, and 7.5 cm to investigate the
mechanical behaviors of the reinforced foundations and systems
at multiple magnitudes of reverse fault displacement. The maxi-
mum ratio of fault displacement to the height of the foundations
was S=HF ¼ 37.5%.

Similitude Requirements

To ensure the comparable behaviors of the prototype and the test
models, the similarity of the reduced model tests was carefully
considered in the present study. Scaling factors derived from the
Buckingham Pi Theorem (Buckingham 1914) were used to scale
down the material properties for the reduced model tests. Table 3
provides a summary of these scaling factors along with the corre-
sponding values for geometry and material properties. These scaling
factors have also been employed in various studies (Yoo et al. 2022;
Garcia et al. 2007; Yasuhara and Recio-Molina 2007; Viswanadham
and Konig 2004) to account for the degree of similarity among re-
duced scaled models for GRS structures. On the basis of the relevant
scaling factors, the tensile properties of the reinforcing material used
in the reduced model tests were scaled down by a factor of N2,
where N is the target scaling ratio. A target scaling ratio of N ¼ 15

was selected in the present study, meaning that the tensile properties
of the nonwoven geotextile were scaled down by a factor of 225 in
the reduced model tests. A nonwoven geotextile with a low tensile
strength and stiffness was employed to fulfill the similitude laws,
which fall in the range of commercially available reinforcement
materials.

Table 3. Scaling factors and corresponding values determined by scaling law

Parameters
Scaling
factora Model Prototype

Geometry
GRS embankment height, HE (m) 1=N 0.12 1.8
Foundation height, HF (m) 1=N 0.2 3.0

Reinforcement parameter
Ultimate tensile strength, Tult (kN=m) 1=N2 0.70 157.5
Stiffness, J50 (kN=m) 1=N2 5.47 1,231

Soil parameter
Target dry unit weight, γd (kN=m3) 1 15.3 15.3
Friction angle, ϕ 0 (degrees) 1 39 39

Interface parameter
Soil-geosynthetic friction angle, δ 0 (degrees) 1 27.4 27.4

aTarget scaling factor N ¼ 15.
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Digital Image Analyses

In the unreinforced and reinforced foundation tests, the surface
displacement profiles and shear strain contours induced by various
magnitudes of reverse fault displacement were obtained using DIA
techniques. Digital terrain models (DTMs) were established using
images captured from the tops of the foundations during testing
through the image analysis software PhotoScan (Agisoft LLC
2016) to determine the surface displacement profiles. Because defor-
mation at the surface of a foundation induced by fault displacement
critically influences the stability of a corresponding superstructure,
βmax, defined as the maximum angular distortion at the ground sur-
face, was employed in this study as a primary parameter to evaluate
the performance of unreinforced and reinforced foundations. The an-
gular distortion at the ground surface was derived from the surface
displacement profile through the following formula:

β ¼ dδ
dx

ð1Þ

where dδ and dx = vertical displacement and horizontal distance at
two close points, respectively. βmax was then determined as the maxi-
mum value of β (i.e., the steepest slope) along the surface displace-
ment profile. Furthermore, to evaluate the effectiveness of the GRS,
GEC, and geocell foundations in reducing βmax, a percentage reduc-
tion in βmax was adopted in this study; this reduction was calculated
as follows:

Rd ¼
βmax;u − βmax;r

βmax;u
ð2Þ

where βmax;u and βmax;r = maximum angular distortions of the
unreinforced and reinforced foundations, respectively. The fault
influence length, LI , defined as the horizontal distance between
two points across the fault outcrop that have β ¼ 0 of the surface
displacement, was also evaluated.

The shear strain contours were determined to explore the propa-
gation of fault-induced shear rupture, and were obtained by analyzing
the photographs captured from the front side of the foundations using
a digital image correlation (DIC) software, Ncorr (Blaber et al. 2015).
Black sand was uniformly mixed into the foundation soil and the
movement of the soil particles was tracked by comparing the gray
level of the images captured for the initial and deformed states. The
shear strain contours were then determined using the established
displacement field of each foundation. Notably, the shear strain
contours were determined from the Lagrangian perspective to
avoid noisy strain data. The shear strain developed in the founda-
tions at a specific fault displacement was calculated based on the
initial condition (i.e., before the occurrence of fault displacement).
Details regarding the DIA technique for determination of surface
displacement profiles, maximum angular distortion, and shear strain
contours are discussed in the authors’ contributed papers (Chiang
et al. 2023; Yang et al. 2020).

In the reduced model tests conducted on the reinforced embank-
ment and foundation systems, the horizontal displacement of the
facing of the GRS embankment was measured using a Leica Geo-
systems laser distance meter (accuracy: �1 mm). Measuring points
were marked on the facing of the GRS embankment in matrix form,
and the horizontal displacement at various fault displacements was
determined. The maximum horizontal displacement of the facing
(Δmax) was then determined to evaluate the performance of the over-
lying GRS embankment when subjected to reverse fault movement.

Results of Reinforced Foundation Tests

This section presents the results of the unreinforced, GRS, GEC,
and geocell foundation tests. The effectiveness and reinforcing mech-
anisms of the reinforced foundations for reducing the maximum
angular distortion at the ground surface are discussed and compared.
Table 4 summarizes the results of the unreinforced and reinforced
foundation tests at maximum fault displacement (i.e., S ¼ 7.5 cm).
The test ID of the unreinforced and reinforced foundations shown
in Table 4 are used hereinafter to simplify the discussion.

Results and Comparison of Shear Ruptures

Fig. 7 presents a series of images and shear strain contours for Test
UF at various fault displacements. As the reverse fault displacement
increased, the ground surface deformation became more evident
(Fig. 8). The fault-induced shear rupture developed from the fault
tip, and decreased in dip as it propagated toward the ground sur-
face. The fault influence length was LI ¼ 28.2 cm at S ¼ 7.5 cm.
Notably, the width of the shear band, and hence the fault influence
length, was affected by the particle size of the soil material (Garcia
and Bray 2019; Anastasopoulos et al. 2007; Stone and Muir Wood
1992). The LI values were employed to analyze the reinforcing
mechanisms of reinforced foundations under reverse faulting. More-
over, the surface displacement profiles and shear strain contours
indicate that there was no displacement at the left and right boun-
daries, and the fault-induced shear rupture did not extend to these
boundaries. This observation suggests that the boundary condi-
tions had a limited impact on ground surface deformation and the
development of shear rupture.

Figs. 9–11 present a series of images and shear strain contours
at various fault displacements for Test GRF, GECF, and GCF,
respectively. Different reinforcing mechanisms and the development
of fault-induced shear ruptures were observed for the different types
of reinforced foundations. For the GRS foundation involving small
fault displacements (i.e., S=HF < 15%), the fault-induced shear
rupture was intercepted by the planar reinforcement [Fig. 9(b)].
However, the GRS foundation became ineffective at large fault dis-
placements because the planar reinforcement can sustain only ten-
sion and not compression, and lost its reinforcing function when
the GRS foundation was primarily subjected to compression at large
fault movement (i.e., the hanging wall moved toward the footwall).
The fault-induced shear rupture passed through the planar reinforce-
ment and reached the ground at S ¼ 7.5 cm (S=HF ¼ 37.5%), as
shown in Fig. 9(c).

For the GEC foundation, the fault-induced shear rupture was
first diffused and then diverted by the GECs, resulting in a secon-
dary shear rupture [Figs. 10(b and c)] and a stepped surface dis-
placement profile (Fig. 8). The diffusion of the shear rupture
was caused by the bending of the GECs, leading to the fault-
induced shear rupture being distributed over a relatively wide in-
fluential fault zone. The fault influence length was LI ¼ 40.5 cm at

Table 4. Experimental results of reinforced foundations at maximum fault
displacement

Test ID

Maximum
angular distortion

βmax

Percentage
reductiona Rd

(%)

Influence
length LI
(cm)

UF 1.07 — 28.2
GRF 1.07 0 34.1
GECF 0.78 27.1 40.5
GCF 0.62 42.1 31.8
aCompared to test UF.
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S ¼ 7.5 cm, which was considerably longer than that observed in
the unreinforced foundation (i.e., LI ¼ 28.2 cm). As the reverse
fault further displaced, the lateral earth pressure (confining pres-
sure) acting on the GECs increased, resulting in an increase in GEC
stiffness. The GECs with high stiffness diverted the fault-induced
shear rupture backward away from the GECs at large fault displace-
ment [Fig. 10(c)], which further dissipated the energy of the fault
movement.

For the geocell foundation, the fault-induced shear rupture was
intercepted by the geocell mattress [Figs. 11(b and c)]. The confin-
ing stress provided by the geocell reinforcement increased the shear
strength of the soil material inside the geocell and therefore inter-
cepted the shear rupture. Furthermore, compared with a planar geo-
textile, the three-dimensional geocell mattress can provide bending
stiffness against compressive forces induced by bending deforma-
tion and thus was able to disperse the imposed stress over a wider
influential fault zone. Stress dispersion prevents the breakthrough
of the shear rupture through the ground surface. Shear stress concen-
tration was not observed at the ground surface, resulting in smooth
surface displacement profiles (Fig. 8).

Results and Comparison of Ground Surface
Deformation

Fig. 12 presents a comparison of βmax values at various fault dis-
placements for the unreinforced and reinforced (GRS, GEC, and
geocell) foundations. In test UF, the βmax value significantly in-
creased from 0.25 to 0.75 as the fault-induced shear rupture

Fig. 8. Ground surface displacement profiles of foundations at
S = (a) 1.5 cm; (b) 4.5 cm; and (c) 7.5 cm.

(a)

(b)

(c)

Fig. 7. Images and shear strain contours of test UF (unreinforced foundation) at S = (a) 1.5 cm; (b) 4.5 cm; and (c) 7.5 cm.
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(a)

(b)

(c)

Fig. 10. Images and shear strain contours of test GECF (GEC foundation) at S = (a) 1.5 cm; (b) 4.5 cm; and (c) 7.5 cm.

(a)

(b)

(c)

Fig. 9. Images and shear strain contours of test GRF (GRS foundation) at S = (a) 1.5 cm; (b) 4.5 cm; and (c) 7.5 cm.
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approached the ground surface at S ¼ 3 cm (S=HF ¼ 15%). This
value (i.e., βmax ¼ 0.75) exceeds the angular distortion limits of no
evident damage observed for wrapped-around GRS structures sub-
jected to differential settlement (Miao et al. 2014; Viswanadham
and Konig 2009), implying a high risk of surface fault hazard.
However, with the inclusion of different types of reinforcement, the
βmax at the ground surface considerably reduced to some extent.

Among all the reinforced foundations, the geocell foundation
proved to be the most effective in reducing fault-induced angular
distortion at the ground surface. The corresponding Rd value at the
maximum fault displacement of S ¼ 7.5 cm (S=HF ¼ 37.5%) was
42.1%, which was higher than those of the GRS and GEC foun-
dations, as summarized in Table 4. The GEC foundation had the
second-best performance in reducing βmax, which had an Rd value
of 27.1% at S ¼ 7.5 cm (S=HF ¼ 37.5%). The GRS foundation
was able to reduce βmax only at small fault displacements (S=HF <
15%). However, the Rd value decreased to 0% when the fault dis-
placement reached S ¼ 7.5 cm (S=HF ¼ 37.5%), meaning that the
reinforcement was ineffective at larger fault displacements.

Results of Reinforced System Tests

This section presents the results of the reduced model tests con-
ducted on the reinforced embankment and foundation systems,
comprising a GRS embankment overlying an unreinforced founda-
tion or a reinforced (GRS, GEC, or geocell) foundation. The maxi-
mum horizontal displacement measured on the wrapped-around
facing of the GRS embankment (Δmax), as well as the shear rup-
tures developed within the underlying unreinforced and reinforced
foundations were compared and discussed. Table 5 summarizes the
results corresponding to the GRS embankment and foundation
systems at maximum fault displacement (i.e., S ¼ 7.5 cm). For
simplicity, the test ID of the reinforced embankment and founda-
tion systems shown in Table 5 are used hereinafter. In other words,

Fig. 12.Maximum angular distortion at the ground surface of different
types of foundations.

(a)

(b)

(c)

Fig. 11. Images and shear strain contours of test GCF (geocell foundation) at S = (a) 1.5 cm; (b) 4.5 cm; and (c) 7.5 cm.
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the GRS embankment with unreinforced, GRS, GEC, and geocell
foundations is referred to as test GREþ UF, test GREþ GRF, test
GREþ GECF, and test GREþ GCF, respectively.

Results and Comparison of Shear Ruptures

Figs. 13–16 present the propagation of fault-induced shear ruptures
at various fault displacements for tests GRE þ UF, GRE þ GRF,
GRE þ GECF, and GREþ GCF, respectively. The test results in-
dicated that the development of shear ruptures was affected by the
overburden pressure applied by the overlying GRS embankment.
In test GREþ UF, in contrast to the development of a single
shear rupture in test UF, two shear ruptures were observed in the
unreinforced foundation with the GRS embankment (Figs. 7 and
13). The development of the primary shear rupture (labeled SR1
in Fig. 13) in the unreinforced foundation was constrained by the
overburden pressure, and a secondary shear rupture (labeled SR2

in Fig. 13) was developed to dissipate the energy of the fault move-
ment at larger fault displacements. For test GREþ GRF, compared
with test GRF, a more pronounced interception of the shear rupture
was observed in the GRS foundation with the GRS embankment
(Figs. 9 and 14). The overburden pressure acting on the GRS
foundation enhanced the soil–geosynthetics interaction and sub-
sequently enhanced the shear rupture interception ability of the pla-
nar reinforcement.

For test GREþ GECF, similar to test GECF, the shear rupture
was first diffused and then diverted by the GECs (Figs. 10 and 15).
However, less diffusion [Fig. 15(b)] and more significant diversion
[Fig. 15(c)] of shear ruptures were observed in test GRE þ GECF
than in test GECF at the same magnitude of fault displacement.
The overburden pressure applied by the GRS embankment in-
creased the degree of confinement acting on the GECs and thus also
increased the GEC stiffness, resulting in considerable diversion of
the shear rupture. Finally, the shear rupture interception was more
significant in test GREþ GCF than in test GCF (Figs. 11 and 16).
An intense concentration of shear strain was observed in the soil
layer between the geocell mattress and the GRS embankment owing
to the effect of overburden pressure, which restrained soil deforma-
tion and thus increased the soil shear strain.

Results and Comparison of Wall Facing Deformation

The facing deformation was attributed to two factors: (1) an in-
crease in lateral earth pressure acting on the facing because of com-
pression; and (2) the presence of different settlements induced by
the reverse fault movement, resulting in the deformation of the GRS
embankment facing. Fig. 17 shows the normalized maximum

Table 5. Experimental results of reinforced systems at maximum fault
displacement

Test ID

Normalized maxi.
facing displacement

Δmax=HE (%)

Percentage
reductiona Rd

(%)

GREþ UF 19.17 —
GREþ GRF 17.50 8.7
GREþ GECF 12.50 34.8
GREþ GCF 11.67 39.1
aCompared to test GREþ UF.

(a)

(b)

(c)

Fig. 13. Images and shear strain contours of test GREþ UF at S = (a) 1.5 cm; (b) 4.5 cm; and (c) 7.5 cm.

© ASCE 04025018-10 J. Geotech. Geoenviron. Eng.

 J. Geotech. Geoenviron. Eng., 2025, 151(4): 04025018 

 D
ow

nl
oa

de
d 

fr
om

 a
sc

el
ib

ra
ry

.o
rg

 b
y 

N
at

io
na

l T
ai

w
an

 U
ni

ve
rs

ity
 o

n 
02

/1
3/

25
. C

op
yr

ig
ht

 A
SC

E
. F

or
 p

er
so

na
l u

se
 o

nl
y;

 a
ll 

ri
gh

ts
 r

es
er

ve
d.

 



(a)

(b)

(c)

Fig. 15. Images and shear strain contours of test GREþ GECF at S = (a) 1.5 cm; (b) 4.5 cm; and (c) 7.5 cm.

(a)

(b)

(c)

Fig. 14. Images and shear strain contours of test GREþ GRF at S = (a) 1.5 cm; (b) 4.5 cm; and (c) 7.5 cm.
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horizontal displacement (i.e., Δmax=HE) measured in the longitu-
dinal direction of the wrapped-around facing of the GRS embank-
ment at various fault displacements. The test results revealed that
for all the GRS embankment and foundation systems, the overlying
GRS embankment remained stable, and only localized deformation
on the wrapped-around facing was observed as the fault displace-
ment was applied up to S ¼ 7.5 cm. The localized deformation of
the facing corresponded to the location of the shear rupture outcrop,
where the facing experienced maximum shear stress.

Fig. 18 presents comparisons of maximum facing displacement
profiles for all the reinforced embankment and foundation systems
at various fault displacements. These profiles were determined at
the cross-section where the facing exhibited maximum horizontal
displacement and was normalized by the height of the GRS em-
bankment. Fig. 18 indicates that the facing of the GRS embankment
gradually deformed with the fault displacement. Because the folded
back length of the top reinforcement layer (Fig. 4) and the overbur-
den pressure acting on the bottom reinforcement layers were suffi-
cient, the Δmax occurred at the second reinforcement layer of the
GRS embankment owing to relatively low pullout resistance, which
was located at two-thirds of the facing height (i.e., 2=3HE) from the
bottom of the GRS embankment.

Fig. 18 also indicates that the geocell foundation had the most
optimal effects in minimizing the maximum facing displacement of
the GRS embankment, especially at larger fault displacements. The
normalized maximum facing displacements for tests GREþ UF,
GREþ GRF, GREþ GECF, and GREþ GCF at S ¼ 7.5 cm were
Δmax=HE ¼ 19.17%, 17.5%, 12.5%, and 11.67%, respectively.

(a)

(b)

(c)

Fig. 17. Normalized maximum facing displacement measured in the
longitudinal direction of the GRS embankment at S = (a) 1.5 cm;
(b) 4.5 cm; and (c) 7.5 cm.

(a)

(b)

(c)

Fig. 16. Images and shear strain contours of test GREþ GCF at S = (a) 1.5 cm; (b) 4.5 cm; and (c) 7.5 cm.
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The order of the magnitude of Δmax was GREþ UF > GRE þ
GRF > GREþ GECF > GREþ GCF, corresponding to the mag-
nitude of βmax induced by reverse fault movement (see Fig. 12).
Compared with test GREþ UF, test GREþ GCF (when a geocell

was involved) had a 39.1% reduction in the Δmax value at
S ¼ 7.5 cm. The GEC foundation (test GREþ GECF) exhibited
the second-best performance in reducing the maximum facing dis-
placement of the GRS embankment, achieving a reduction of 34.8%
in the Δmax value at S ¼ 7.5 cm. Notably, although the test GRF
(i.e., GRS foundation) results indicated that the GRS foundation
lost its effectiveness at large fault displacements (i.e., Rd ¼ 0% at
S ≥ 6 cm), the Δmax determined in test GREþ GRF was observed
to be lower than that of test GREþ UF. This finding suggests that
the GRS foundation can still provide a reinforcing function to a cer-
tain extent at large fault displacement when placed under the GRS
embankment.

Design Implications

Fig. 19 illustrates the variations in normalized maximum facing dis-
placement with fault displacements for all reinforced embankment
and foundation systems. The Δmax=HE ranges for serviceability
(Δmax=HE ¼ 1.5%–3.5%) and limit states (Δmax=HE ¼ 8%–12%)
of GRS walls are presented as green and red zones in Fig. 19, re-
spectively. The Δmax=HE range for the serviceability state of GRS
walls was determined based on design guidelines for GRS walls
(AASHTO 2012; NCMA 2010; Berg et al. 2009; WSDOT 2005;
Elias et al. 2001), which suggest that GRS walls can remain stable
as the maximum facing displacement remains between 1.5% and
3.5% of the wall height (Δmax=HE ¼ 1.5%–3.5%). Additionally,
theΔmax=HE range for the limit state of GRS walls was determined
based on centrifuge tests conducted by Hung et al. (2020), which
indicated that GRS walls reach the limit state as the normalized
maximum facing displacement was Δmax=HE ¼ 8%–12%. Fur-
thermore, the corresponding Richter magnitudes (ML) and earth-
quake classifications (i.e., strong, moderate, and light earthquakes)
for different fault displacements are also presented in Fig. 19. The
conversion between fault displacement and earthquake magnitude,
as well as the earthquake classifications, were discussed in Chiang
et al. (2023).

Fig. 19 revealed that when a moderate earthquake (5.0 ≤
ML < 6.0) occurs, all reinforced embankment and foundation sys-
tems (i.e., GRS embankments with unreinforced, GRS, GEC, and
geocell foundations) can maintain their stability and serviceability
as theΔmax=HE induced by the fault movement remains in the green
zone. However, as a strong earthquake (ML ≥ 6.0) occurs, the GRS
embankment with unreinforced, GRS, or GEC foundations exceeds
the limit state because of the excessive horizontal facing displace-
ment, indicating that the GRS embankment may collapse because of
the influence of fault displacement at this level. This finding was
also proven by the reduced model tests conducted on the reinforced
systems, which revealed that at large fault displacement, substantial
facing displacement occurred at the second reinforcement layer in
tests GREþ UF, GREþ GRF, and GREþ GECF [see Fig. 18(c)],
whereas gradual facing displacement was observed in test GREþ
GCF. Notably, the GRS embankments with underlaid geocell foun-
dations remained within the Δmax=HE range for the limit state
when a strong earthquake was simulated, suggesting that the GRS
embankment may experience large deformation but collapse may
not occur. Local deformation can easily be repaired after an earth-
quake to restore the design function of a highway embankment.
In summary, when a highway is required to cross an active fault,
a reinforced embankment and foundation system consisting of a
wrapped-around GRS embankment overlying a geocell foundation
is recommended to mitigate the surface fault hazards associated
with reverse fault movement.

Fig. 18. Normalized maximum facing displacement profiles for each
reinforced system at S = (a) 1.5 cm; (b) 4.5 cm; and (c) 7.5 cm.
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Conclusions

This paper presents a series of reduced model tests on three types of
reinforced foundations, including GRS, GEC, and geocell founda-
tions. For comparison, a reduced model test was also performed
on an unreinforced foundation. The effectiveness and reinforcing
mechanisms of the GRS, GEC, and geocell foundations in reducing
the maximum angular distortion induced by reverse fault displace-
ment were investigated. Furthermore, another series of reduced
model tests were conducted on the reinforced embankment and
foundation systems comprising a GRS embankment overlying the
unreinforced and reinforced foundations to analyze the overall per-
formance of the reinforced systems against reverse fault move-
ment. On the basis of the results of the reduced model tests, the
following conclusions of the present study are presented:
• The geocell foundation proved to be the most effective in reduc-

ing βmax at the ground surface. The corresponding Rd value
at S=HF ¼ 37.5% was 42.1%. The GEC foundation had the
second-best performance in reducing the βmax value, which
had an Rd value of 27.1% at S=HF ¼ 37.5%. The GRS foun-
dation was only able to minimize the βmax value at small fault
displacements (S=HF < 15%). The Rd value decreased to 0% at
S=HF ¼ 37.5%.

• Different reinforcing mechanisms for the reinforced foundations
subject to reverse fault movement were identified. The fault-
induced shear rupture was intercepted by the GRS foundation
at small fault displacement, while diffusion and diversion effects
were observed for GEC foundations. For the geocell founda-
tion, the bending stiffness of the geocell mattress dispersed the
imposed stress over a wider influential area and prevented the
breakthrough of the shear rupture through the ground surface.

• For all the reinforced embankment and foundation systems, the
overlying GRS embankment remained stable. Only localized de-
formation on the wrapped-around facing was observed at where
the facing experienced the maximum shear stress. The Δmax
occurred at two-thirds of the facing height (i.e., 2=3HE) from
the bottom of the GRS embankment because of the insuffi-
cient pullout resistance of the reinforcement, resulting in large
deformation.

• The geocell foundation had the most optimal effects in mini-
mizing the Δmax of the GRS embankment. Compared with test
GRE+UF, the Δmax at S=HF ¼ 37.5% was reduced by 39.1%
when a geocell foundation was involved. The GEC foundation

exhibited the second-best performance in reducingΔmax, which
had a reduction of 34.8% at S=HF ¼ 37.5%.

• All of the reinforced embankment and foundation systems evalu-
ated in the present study can remain serviceable when a moderate
earthquake occurs (5.0 ≤ ML < 6.0). When a strong earthquake
occurs (ML ≥ 6.0), the GRS embankment with unreinforced,
GRS, and GEC foundations exceeds the limit state; only the
GRS embankment with an underlaid geocell foundation remains
within the limit state in such a case, indicating that even if the
GRS embankment experiences large deformation, collapse may
not occur.

• This study aimed to understand the overall effectiveness and re-
inforcing mechanisms of reinforced systems in mitigating ground
surface deformation associated with reverse fault movement. The
influences of material properties, design parameters (e.g., dimen-
sions and reinforcement layout of reinforced systems), and stress
levels on the performance of reinforced systems in response to
reverse fault movement need to be further studied by numerical
simulations and centrifuge modelings.
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