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ABSTRACT

This study conducts 1/15 reduced model tests to evaluate the performance of geosynthetic-reinforced
embankment and foundation systems under reverse fault displacement. It aims to assess the impact of
various reinforcing measures, including embankment types, foundation types, reinforcement length, and
vertical reinforcement spacing, on system stability under reverse fault displacement. Effective reinforcing
measures and design recommendations for anti-fault designs are proposed based on the findings. The test
results indicate that adopting GRS embankments instead of rigid retaining walls, using a geocell foundation,
and extending reinforcement length significantly enhance system stability. Compared to rigid retaining walls
used as embankments, the geosynthetic-reinforced embankment and geocell foundation system with
extended reinforcement length achieves the best disaster mitigation performance, reducing the maximum

normalized facing displacement by 68.6%.
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1 INTRODUCTION

Countries located at plate boundaries face
challenges in constructing linear infrastructure,
such as tunnels and embankments, across active
fault zones. During earthquakes, differential
settlement near fault zones can be significant. The
1999 Chi-Chi earthquake (M.=7.3) in central
Taiwan caused vertical surface displacement of
2-4 meters, on average (Chen et al.,, 2001). In
2017, a freeway project in central Taiwan
implemented geosynthetic-reinforced embankment
and foundation systems (Fig. 1), including a GRS
foundation and GRS wall, to cross the Chelungpu

Fault, which triggered the 1999 Chi-Chi earthquake.

The purpose was to design a flexible structure for
fault-crossing sections. In future earthquakes, the
geosynthetic-reinforced system is expected to
accommodate surface differential settlement while
maintaining freeway stability and serviceability.
Previous studies showed that when
reinforcement develop tensile strength, reinforced
soil effectively prevents shear ruptures from
propagating to the surface and disperses
differential settlements over a wider area, thereby
reducing surface angular distortion (Bray et al.
1993; Yang et al. 2020). Chiang et al. (2024)
conducted reduced model tests to evaluate the

performance of different geosynthetic-reinforced
foundation types subjected to reverse fault

movements. Test results revealed that the geocell
foundation proved to be the most effective in
reducing maximum angular distortion (Bmax) at the
ground surface, thereby enhancing superstructure
stability.
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Fig. 1. Geosynthetic-reinforced system constructed in
central Taiwan to mitigate hazards associated with surface
fault rupture.

This study further evaluates the effects of
various reinforcing measures on geosynthetic-
reinforced embankment and foundation systems in
mitigating hazards induced by reverse fault
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movements. The reinforcing measures include
foundation types, reinforcement length, and
vertical reinforcement spacing. Additionally, the
study assesses the effectiveness of replacing
traditional rigid retaining wall embankments with
geosynthetic-reinforced embankment and
foundation systems at the same site, focusing on
their impact on system stability. This study aims to
propose effective reinforcing measures and
recommendations for  geosynthetic-reinforced
embankment and foundation systems as an
anti-fault design.

2 MODEL TESTS

2.1 Test setup

The 1/15 scale reduced model tests were
conducted using a fault sandbox located at
National Taiwan University. Fig. 2 illustrates the
setup of the sandbox and test equipment. The
dimensions of the sandbox were 1.06 x 0.21 x 0.6
m (length x width x height). Transparent plexiglass
walls were installed on the front and back sides of
the sandbox for visual observations during the
tests. The bottom of the sandbox simulated the
bedrock and comprised a hanging wall and a
footwall, which allowed adjustment of the fault dip
angle. During the tests, the footwall remained
stationary, while the hanging wall was moved
upward by a driving motor to simulate reverse fault
movements.

In this study, the embankment height (He) was
12 cm (1.8 m in prototype) with an embedment
depth of 2 cm. The foundation thickness (Hr) was
20 cm (3 m in prototype), and the system was
subjected to a vertical reverse fault offset (S) of 7.5
cm (1.125 m in prototype). The initial location of
the fault tip in the bedrock was at x = 54 cm from
the left boundary, with a fixed fault dip angle of 60°.
Table 1 summarizes the test plan, which included
seven model tests. Among them, Test GRE+UF
served as the baseline case, and Test RCW+UF
represented the conventional case.
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Fig. 2. lllustration of sandbox and test setup.
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Table 1. Experimental program for tests.

Reinforcement

Test Types of Types of

ID Embankment ~ Foundation Iie(ré%t% ge?glr??)

RCW+UF RC wall unreinforced N/A N/A

RCW+GCF RC wall geocell N/A N/A
GRE+UF GRS wall unreinforced  0.7He 3
GRE_L+UF GRS wall  unreinforced  1.0He 3
GRE_S+UF GRS wall  unreinforced 0.7Hge 2
GRE+GCF GRS wall geocell 0.7He 3
GRE_L+GCF GRS wall geocell 1.0He 3

2.2 Material Properties

The reinforcement material used in this study
was a nonwoven polypropylene geotextile with an
ultimate tensile strength (Tu.) of 0.7 KN/m in the
machine direction and 0.28 kN/m in the
cross-machine direction. Its failure strain () was
32.4%, and the tensile stiffness (Js0) at 50% of the
ultimate tensile strength was 5.47 kN/m. The
ultimate tensile strength of the geotextile seam (7))
was 1.75 kN/m.

The test soil was uniform quartz sand, classified
as SP under the Unified Soil Classification System
(USCS), with a specific gravity (Gs) of 2.65, mean
particle size (Dsp) of 0.98 mm, and relative density
(Dr) of 70%, corresponding to a dry unit weight (yq)
of 15.3 kN/m3. Consolidated-drained (CD) triaxial
tests yielded an effective cohesion (c) of 0 kN/m?
and a peak friction angle (¢') of 39.2°. The
sand—geotextile interface showed a peak friction
angle (&') of 27.4°, with an efficiency factor (E) of
tan 0'/tan ¢' = 0.63.

Material properties in the 1g model tests were
scaled down wusing factors derived from
Buckingham Pi Theorem (Buckingham, 1914). To
meet similitude requirements, the tensile strength
and stiffness of the reinforcement were scaled by
1/N? relative to the prototype properties. Table 2
summarizes the scaling factors and corresponding
prototype values for model geometry and material
properties.

Table 2. Scaling factors and values based on the similarity
law.

Parameters ?aC(ft'('jr‘g Model Prototype
Geometry
Embankment height, He (m) 1/N 0.12 1.8
Foundation height, Hr (m) 1/N 0.2 3.0
Soil parameter
Target dry unit weight, ya (kN/m?3) 1 15.3 15.3
Friction angle, ¢' (°) 1 39.2 39.2
Reinforcement parameter
Ult. tensile strength, Tt (KN/m) 1/N? 0.70 157.5
Stiffness, Jso (kN/m) 1/N? 5.47 1231
Interface parameter
S'oil-geosynthetic friction angle, 1 274 274

5(%)

2 Target scaling factor N = 15
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2.3 Test and Analysis Methods

The model test was constructed following the
configuration shown in Fig. 3. The relative density
was maintained during model construction using
the volume control method, with sand distributed
through a rainfall device for uniform compaction.
Reinforcement materials were installed within the
sand layer once the specimen reached the
designated placement depth or location. The GRS
embankment (Fig. 3a) was built using practical
engineering methods, with reinforcement layers
wrapped-around. For the RC retaining wall (Fig.
3b), a cantilever retaining wall model made from
cement and steel shots was used to match the unit
weight of reinforced concrete. Both embankments
had identical model dimensions and included
foundation embedment. After model completion,
reverse fault displacement was generated by
moving the hanging wall upward at a constant rate
(4.8x10* m/s) > until S=7.5 cm.
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Fig. 3. lllustration of the conventional embankment and the
reinforced system tests: (a) Test GRE+GCF; (b) Test
RCW+UF.

This study aimed to investigate the
development of fault-induced shear rupture and
embankment facing displacement to analyze
system behavior under reverse fault movements.
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During testing, front and top views of the sandbox
were captured, and particle image velocimetry (PIV)
analysis of front-view images was performed to
track shear rupture propagation, as applied in
Yang et al. (2020). The top-view photos were
utilized to establish a digital terrain model (DTM),
allowing for an analysis of settlement changes at
the crest of the embankment. An infrared laser
displacement sensor was employed to measure
embankment facing displacement under various
fault displacements, providing insight into the
system's stability.

3 TEST RESULTS

3.1 Results of Test GRE+UF

During the testing, data were recorded at each
1.5 cm of fault offset. Fig. 4a presents images of
the GRS embankment with an unreinforced
foundation (Test GRE+UF) subjected to reverse
fault movement. The test results show that the
embankment facing displacement increased as the
fault offsets increased. The normalized maximum
facing displacement (Amax/He) was 4.17%, 7.50%,
12.50%, 15.83%, and 20.00% at S = 1.5, 3.0, 4.5,
6.0, and 7.5 cm, respectively. Due to the flexible
characteristics of the GRS embankment, only
localized deformation of the wrapped-around
facing was observed at S = 7.5 cm (S/Hr = 37.5%),
and no displacement occurred beyond the
influence zone. The maximum facing displacement
occurred at two-thirds of the facing height (i.e.,
2/3HE) due to insufficient reinforcement pullout
resistance, causing large deformation. The
influence length of the facing displacement of
embankment (L)) was 34.1cmat S=7.5cm.

The shear strain contours (Fig. 4a) show that
the shear rupture propagated upward from the fault
tip to the ground surface and decreased in dip as it
approached the ground surface. The development
of the primary shear rupture (labeled “SR1” in Fig.
4a) in the unreinforced foundation was constrained
by the overburden pressure, and a secondary
shear rupture (labeled “SR2” in Fig. 4a) was
developed to dissipate the energy of the fault
movement at larger fault displacements. At S=4.5
cm (S/HF = 22.5%), the shear rupture reached the
embankment soil, causing Amax/He to increase
from 7.5% to 12%, indicating a significant
decrease in system stability.

Fig. 4b shows the settlement curve at the
embankment crest, with the maximum slope being
7%, 16%, 23%, 32%, and 42% at S = 1.5, 3.0, 4.5,
6.0, and 7.5 cm, respectively. The embankment
crest exhibited steeper settlement at the shear
rupture location, while areas farther from the fault
outcrop remained relatively flat.
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Fig. 4. Results of Test GRE+UF at various fault
displacements: (a) Images and shear strain contours; (b)
Displacement profiles of the embankment crest.

The embankment facing displacement was
attributed to two factors: (1) an increase in lateral
earth pressure, caused by reverse fault movement,
acting on the facing because of compression; and
(2) the presence of differential settlements induced
by reverse fault movement, resulting in
deformation of the GRS embankment facing. Once
the shear rupture entered the embankment soil,
shear-induced loosening caused greater facing
displacement. The localized deformation of the
facing corresponded to the shear rupture outcrop,
where maximum shear stress occurred.

3.2 Results of Test GRE+GCF

Fig. 5a depicts the geosynthetic-reinforced
embankment and geocell foundation system (Test
GRE+GCF) subjected to reverse fault movement.
The test results show that the facing displacement
of embankment increased slowly as the fault
offsets increased. Amax/He was 3.33%, 4.17%,
7.50%, 10.00%, and 11.67% at S = 1.5, 3.0, 4.5,
6.0, and 7.5 cm, respectively. The maximum facing
displacement occurred at locations where the
shear  rupture propagated  through the
embankment, with the influence length of the
facing displacement (L) measuring 25.7 cm at S =
7.5cm.
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Fig. 5. Results of Test GRE+GCF at various fault
displacements: (a) Images and shear strain contours; (b)
Displacement profiles of the embankment crest.

The shear strain contours (Fig. 5a) show that
the shear rupture propagated upward from the fault
tip and was intercepted by the geocell-reinforced
soil upon reaching the geocell. An intense
concentration of shear strain was observed beyond
the geocell mattress, caused by the interception of
the shear rupture and the overburden pressure
from the GRS embankment, which restrained soil
deformation and increased shear strain. At larger
fault displacements, only minor shear rupture
propagated through the foundation and into the
embankment. At S = 7.5 cm, Apax/He was 11.67%,
representing a 41.7% reduction compared to
baseline case (Test GRE+UF).

Fig. 5b shows the settlement curve at the
embankment crest for Test GRE+GCF, with the
maximum slope being 5%, 12%, 23%, 30%, and
38% at S = 1.5, 3.0, 45, 6.0, and 7.5 cm,
respectively. The embankment crest settlement
exhibited a trend similar to baseline case, but its
localized maximum slope and influence length
were smaller. Increasing the thickness of the
overburden layer is considered to reduce
differential settlement induced by fault movement
(Bray 2001), which explains the similarity in crest
settlement with or without the geocell foundation.
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4 OVERALL COMPARISON

4.1 Flexible vs. rigid embankments

Fig. 6a shows photos and shear strain contours
of the RC retaining wall embankment with an
unreinforced foundation (Test RCW+UF) subjected
to reverse fault movement. The normalized
maximum facing displacement (Amax/He) was
5.00%, 8.33%, 13.33%, 23.33%, and 29.17% at S
=1.5, 3.0, 4.5, 6.0, and 7.5 cm, respectively, with
the largest facing displacement occurring on the
footwall, away from the fault outcrop. The failure
pattern is similar to the RC wall behavior observed
after the Chi-Chi earthquake (Fig. 7). The RC
retaining wall on the hanging wall was uplifted,
while the retaining wall on the footwall became
unstable due to increased lateral earth pressure
behind the wall. In contrast, the GRS embankment
exhibited only localized facing displacement at the
shear rupture outcrop.

§=7.5cm
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Fig. 6. Results of Test RCW+UF at various fault
displacements: (a) Images and shear strain contours; (b)
Displacement profiles of the embankment crest.

The shear strain contours (Fig. 6a) indicate that
the shear rupture could not propagate into the RC
retaining wall and instead accumulated beneath it.
At S = 6 cm, Amax/He increased from 13.33% to
23.33%, indicating  significant  differential
settlement at the ground surface, which caused
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insufficient overturning resistance of the retaining
wall and led to noticeable displacement.

Fig. 8 shows the normalized maximum
horizontal displacement (i.e., Amax/Hg) measured in
the longitudinal direction of the wrapped-around
facing of the GRS embankment at various fault
displacements. The comparison of Amax/He
between Test GRE+UF and Test RCW+UF shows
a significant difference in deformation patterns.
Amax/He was lower for the GRS embankment
because the embankment soil dissipated the shear
rupture rather than merely allowing it to
accumulate beneath the RC wall. Moreover, the
difference in embankment facing displacement is
clearly reflected in the settlement at the
embankment crest. As shown in Fig. 6b, the RC
retaining wall embankment crest exhibited a
steeper slope due to excessive facing
displacement of the RC wall. At the location of
Amax/He, the soil level even fell below its original
state, forming a "sinkhole."

In summary, under the same foundation soil
conditions, replacing the traditional RC retaining
wall embankment with a GRS embankment can
effectively reduce facing displacement, decrease
differential settlement at the embankment crest,
and confine the affected area to a localized zone
under reverse fault movement.

Fig. 7. Collapse of a RC retaining wall due to the
fault-induced ground surface deformation during the
Chi-Chi earthquake.

4.2 Unreinforced vs. geocell foundation

The effectiveness of instaling a geocell
foundation can be observed by comparing Test
GRE+UF with Test GRE+GCF or Test RCW+UF
with Test RCW+GCF. In both cases, replacing
unreinforced soil with geocell-reinforced soil
beneath the embankments significantly reduced
Amax/He. This reduction is primarily attributed to the
confining stress provided by the geocell, which
enhanced the shear strength of the infilled soil and
intercepted fault-induced shear ruptures. In
addition, the three-dimensional geocell-reinforced
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soil composite provides bending resistance, which
can constrain the deformation of the surrounding
soil (Khorsandiardebili and Ghazavi, 2021; Zhou
and Wen, 2008). Additionally, the bending stiffness
of the geocell mattress distributed the imposed
stress over a wider influential fault zone,
preventing the breakthrough of the shear rupture
through the ground surface then enhancing
stability of the superstructure.

A comparison between Test GRE+UF and Test
GRE+GCF (when a geocell was involved) showed
a 41.7% reduction in the Apax/He value at S =7.5
cm, and the influence length of the embankment
facing displacement (L)) at S = 7.5 cm decreased
from 34.1 cm to 25.7 cm. This improvement is
attributed to the geocell mattress intercepting most
of the shear rupture. For the same reason, in Test
RCW+GCF, the location of Amax/He shifted closer
to the fault outcrop, differing from Test RCW+UF,
where larger deformations occurred farther from
the outcrop.

Test results show that, regardless of the
embankment type, installing a geocell foundation
enhances the stability of the superstructure when
subjected to reverse fault movement, significantly
reducing Amax/HE.
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Fig. 8. Normalized maximum facing displacement
measured in the longitudinal direction of the embankment
at S = 7.5 cm: (a) Foundation/embankment types;
(b)Reinforcement configurations.

4.3 Reinforcement configuration

In the baseline case, the reinforcement length
was L = 0.7 Hg, and the vertical reinforcement
spacing was S, = 45 cm (prototype scale). This
study attempted two common methods to enhance
the internal stability of GRS structures: (1)
increasing reinforcement length and (2) reducing
reinforcement spacing.
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Fig. 8b shows that extending the reinforcement
length to L = 1.0 He (Test GRE_L+UF) enhanced
pullout resistance and significantly reduced
Amax/He. In contrast, reducing the vertical spacing
to Sy = 30 cm (prototype scale) (Test GRE_S+UF)
resulted in a relatively limited reduction in facing
displacement. Although reducing reinforcement
spacing increased the number of reinforcement
layers, the reduced weight of the soil in each
wrap-around layer limited the overall effectiveness
of the reinforcement.

Therefore, it is demonstrated that increasing the
reinforcement length is more effective. Moreover,
further extending the reinforcement length is
expected to yield additional positive results.

4.4 Summary of reinforcing mechanism

Fig. 9 provides an overall evaluation of the
effective improvement measures. As noted in
Section 3.1, the main cause of embankment facing
displacement is the lateral earth pressure change
induced by fault movement. When the shear
rupture breaks through the foundation, it causes
differential settlement at the surface, which
subsequently affects the overlying RC and GRS
structures. The facing of the RC retaining wall
showed gradual deformation under small surface
displacements but experienced significant failure
at larger displacements. In contrast, the shear
rupture propagated into the GRS embankment,
causing gradual deformation. Increasing the
reinforcement length improved the internal stability
of the GRS embankment and effectively reduced
the facing displacement.

Combining the results, the optimized design,
consisting of a GRS embankment with extended
reinforcement length and a geocell foundation
(Test GRE_L+GCF), achieved a Apmax/He of 9.17%
at S = 7.5 cm, representing a 54.1% reduction
compared to baseline case and 68.6% compared
to conventional case.

In summary, when a freeway needs to cross an
active fault, using a geosynthetic-reinforced
embankment and geocell foundation system that
consists of a wrapped-around GRS embankment
with extended reinforcement overlying a geocell
foundation is recommended to mitigate surface
fault hazards associated with reverse fault
movement. This system not only reduces
embankment facing displacement caused by
reverse fault movement but also localizes the
deformation influence zone, thereby enhancing the
overall stability of the reinforced system. Moreover,
localized deformation can be easily repaired after
an earthquake to restore the design function of a
freeway embankment.
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Fig. 9. Overall evaluation of effective improvement
measures for geosynthetic-reinforced system against
reverse fault movement.

5 CONCLUSIONS

The key findings of this study are as follows:

1. Reduced model tests showed that constructing
a GRS embankment instead of a rigid retaining
wall embankment, installing a geocell foundation,
and extending the reinforcement length of
embankments effectively improved overall
system stability.

2. The bending stiffness of the geocell mattress
dispersed the imposed stress over a wider area.

The confining stress provided by the
geocell-reinforced soil increased the shear
strength of the infilled soil, intercepted

fault-induced shear ruptures, prevented them
from breaking through to the ground surface,
and reduced shear stress in the embankment.

3. Rigid structures experience overall failure under
significant differential settlement due to their
rigid body movement characteristics, whereas
the flexible GRS embankment exhibits only
localized deformation at the shear rupture
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outcrop.

4. The optimized geosynthetic-reinforced
embankment and foundation system reduced
the normalized maximum facing displacement
from 29.17% to 9.17%, improving system
stability by 68.6% compared to the rigid retaining
wall embankment.
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