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ABSTRACT: The surface fault ruptures are particularly damaging to buildings and lifelines sited across to active faults. These 
structures should be designed considering the fault rupture hazard or some strategies may be adopted to protect the structures from 
fault-induced damage. The effectiveness of two geotechnical mitigation measures for the hazard of reverse faulting on shallow 
embedded foundations were investigated in this paper by a series of centrifuge tests. These measures were included excavating the 
vertical trench adjacent to foundation and the geogrid layers beneath the foundation. The trench measure can be effective for a range 
of positions of foundations depending on the magnitude of fault offset, dip angle of fault, depth of trench and embedment depth of 
foundation. The reinforced zone by geogrid layers prevents a distinct fault rupture from reaching the ground surface but no have 
beneficial performance on foundation-fault rupture interaction. 

RÉSUMÉ: la Rupture des failles est particulièrement dangereuse pour les bâtiments et les infrastructures situés à travers des failles 
actives. Ces structures doivent être conçues en tenant compte du risque de la rupture ou certaines mesures peuvent être adoptées pour 
protéger les structures contre des dommages induits par la faille. L'efficacité de deux mesures préventives géotechniques contre le risque 
de failles inverses sur fondations superficielles a été étudiée dans cet article par une série d'essais en centrifugeuse. Ces mesures 
comprennent l'excavation de la tranchée verticale adjacente à la fondation et l’utilisation des couches de géotextiles sous la fondation. La 
mesure de tranchée peut être efficace pour une gamme de positions de fondations en fonction de la grandeur du décalage des failles, de 
l'angle d'inclinaison de la faille, de la profondeur de la tranchée et de la profondeur d'encastrement de la fondation. La zone renforcée par 
couches de géotextile empêche qu’une rupture de faille atteint la surface du sol, mais elle n’a pas d’action bénéfique sur l'interaction de 
fondation-faille. 
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1  INTRODUCTION 

Structures sometimes are built near or on active faults. Based on 
the case histories from previous earthquakes, the fault ruptures 
provided the devastating effects on the buildings when it 
reaches to the ground surface (Ulusay et al. 2002, Lin et al. 
2009). In addition to the avoidance from fault ruptures and/or 
strengthening the buildings near the active faults, there are 
mitigation measures to protect the structures from the hazards 
associated to surface fault rupture hazard. 

A number of hazard mitigation techniques were proposed by 
Bray et al. (1993), Fadaee et al. (2013) and Oettle and Bray 
(2013). Ground improvement, trenches and diaphragm walls are 
such examples of mitigation techniques. In this paper, two 
geotechnical measures were investigated for mitigating the 
potential hazards associated with reverse faulting on the 
shallow embedded foundations by centrifuge modeling. These 
measures were excavating the vertical trench adjacent to the 
foundation; and reinforcing the zone beneath the foundation 
with geogrid-type reinforcement layers. The aim of this paper is 
to investigate the performance of two above-mentioned 
mitigation measures for the hazard associated with reverse 
faulting on the shallow embedded foundations. 

2  CENTRIFUGE TESTS 

The model tests were prepared using Firoozkuh sand no. 161 
with a relative density of 60% and a depth of H=24 cm (see 
Ashtiani et. al 2015). A rigid shallow foundation with the 

breadth of B=17 cm and contact pressure of q=81 kPa (at 
prototype scale) was positioned at depth of D=5.2 cm (i.e. D/B 
= 0.3). The location of the foundation relative to the 
outcropping fault rupture is expressed by the parameter s, which 
is defined as the distance between the foundations left corner 
and the point where the free-field fault rupture crosses the 
foundation base. The dip angle of reverse fault rupture was 75° 
(at bedrock level). 

7 centrifuge tests (Table 1) were carried out at a centrifuge 
acceleration of 50g with a fault simulator (split-box, see Figure 
1). The split box container was 63 cm in length, 50 cm in width, 
and 34 cm in height. This split box can be adjusted for four dip 
angles of 45°, 60°, 75°, and 90°. The further information about 
the split-box presented by Ashtiani et al. (2015). 

 
Table 1. The list of centrifuge tests 

Test 
depth, 
D/B 

pressure, 
q (kPa) 

position, 
s/B 

Type of measure

MA-12 - - - free-field 

MA-13 0.3 81 0.8 Interaction 

MA-15 0.3 81 0.8 Trench - LECA 

MA-16 0.3 81 0.8 Trench - Clay 

MA-17 0.3 81 0.8 Trench - EPS 

MA-22 0.3 81 0.6 Trench - EPS 

MA-24 0.3 81 0.6 Reinforced zone
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2.1  Excavating the vertical trench 

The soil inside container was prepared for the centrifuge tests 
with a moist tamping method. This method was explained by 
Ashtiani et al. (2015) in details. After the completion of the 
model without mitigation measure by compaction of the sandy 
soil layers and placement of the foundation (i.e. unmitigated 
scenario), the trench was excavated at the desired location 
relative to the foundation. Then, the trenches were filled with 
the materials including (i) Light weight expanded clay 
aggregates (i.e. LECA); (ii) clay mixture with ratio of 0.57; and 
(iii) Expanded polystyrene foam sheets (i.e. EPS), in different 
tests. 
 

 
Figure 1. The split box: (a) schematic view; (b) photograph– front view 

2.2  Placement of geogrid layers 

The sand was compacted to the level of first geogrid and then 
the geogrid layers were placed at the desired locations. The 
geogrid used in this study has the percent of aperture of 75% 
and the tensile strength of 2.07kN/m at 5% strain. After placing 
all the geogrid layers, the rest of the model was constructed to 
obtain the test model. 

3  MODEL INSTRUMENTATION 

The rotation of foundations was calculated using the captured 
images. These images were analyzed by GeoPIV program 
(White et al. 2003). 

4  PERFORMANCE OF THE TRENCH MEASURE 

4.1  Embedded foundation at position s/B=0.8 

Figure 2a shows the interaction between the foundation and 
reverse fault rupture when the mitigation was not used (test 
MA-13). The rupture forced the foundation to follow the 
hanging wall block displacement and experiences significant 
rotation and distress. By using the trench adjacent to the 
foundation, as shown in Figure 2b, the trench filled by LECA 
(i.e. test MA-15) successfully absorbs the small fault 
movements. By increasing the movement, the trench was 
sheared because of the relatively high frictional strength of 
LECA. This leads the foundation experienced the larger rotation 
relative to unmitigated foundation. 

Figure 2c shows the proper performance of the trench filled 
by clay mixture (test MA-16). It should be noted, the strength 
and stiffness of clay was increased because of consolidation 
during centrifuge testing. Therefore, the second fault rupture 
(FR'2) was approximately propagated to the middle height of 
the soil depth, by increasing the fault movement. The 
effectiveness of trench filled by EPS in mitigating the surface 
fault rupture hazard is shown in Figure 2d. The trench most 
effectively diverted away the fault rupture and the foundation 
was remained in full contact with the soil (no gapping). 
Moreover, the effect of trench measure on the foundation 
rotation shown in Figure 3. 
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Figure 2. The effectiveness of the trench with different filling materials foundation (D/B=0.3, q=81 kPa, s/B=0.8): (a) test MA-13; (b) LECA-filled 
trench (test MA-15); (c) Clay-filled trench (test MA-16); (d) EPS-filled trench (test MA-17) 

 

 
Figure 3. The effect of vertical trench on the foundation rotation for D/B=0.3, q=81 kPa, s/B=0.8 and α=75° 
 

4.2  Embedded foundation at position s/B=0.6 

By changing the position of foundation to s/B= 0.6, a centrifuge 
model was conducted on shallow embedded foundation which 
three trenches were excavated between foundation and fault 
(test MA-22). The centrifuge model before testing and the 
deformed shape of model after applying the fault displacement 
are shown in Figures 4a and 4b, respectively.  

The first rupture (FR1) was deviated towards the trench for 
the small fault movement. By increasing the fault movement, 
the second fault rupture (FR2) was approximately propagated to 
the middle height of the soil depth for h=48 mm. As shown in 
Figure 4b, the foundation experienced some rotation. 
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Figure 4. The effect of multiple EPS-filling trenches– test MA-22: (a) before test; (b) after test 

 

4.3  Performance of reinforced soil layer 

The deformed centrifuge model resulting from bedrock 
dislocation h=48mm is shown in Figure 5. The foundation was 
placed at position s/B=0.6. The ductility of reinforced zone 
prevents a distinct fault rupture from reaching the ground 
surface. The geogrid layers were spread bedrock fault offset 
across a wider zone. A differential deformation was appeared 
beneath the foundation, which forces the foundation to 
experience more rotation. The results indicates that the geogrid 
layers as reinforcement had no beneficial performance in 
mitigating the surface fault rupture hazard on shallow 
embedded foundation. Figure 6 shows the rotation of the 
foundation reinforced by geogrid layers. The results indicate 
that geogrid layers did not mitigate the surface fault rupture 
hazard for a shallow embedded foundation. 
However, further investigation is required to study the 
effectiveness of different patterns of geogrid layers and create 
different ductile and deep fill on top of a bedrock fault. 
 

 
Figure 5. The effect of geogrid layers (test MA-24) 
 

 
Figure 6. Effect of geogrid reinforcement layers on foundation response 
to reverse fault rupture hazard for D/B = 0.3, q = 81 kPa and s/B = 0.6. 
 

5  CONCLUSION 

1- For shallow embedded foundation at position s/B=0.8, the 
trench acted as an effective hazard mitigation technique in 
diverting the fault rupture. However, the material with relatively 
high shear strength (e.g. LECA) would not be able to have the 
proper performance. Also, the clay mixture, as a material with 
time-dependent strength, can be beneficial in mitigating the 
surface fault rupture hazard in the short period after 
construction. The EPS with low shear strength and non-time 
dependent strength divert completely the reverse fault rupture 
away from the foundation. 

2- By moving the foundation towards the hanging wall (i.e., 
s/B=0.6), the multiple trenches were an effective hazard 
mitigation measure, for small fault movements. By increasing 
the fault displacement, the trench could not be able to 
completely divert the rupture. 

3- The geogrid layers prevent a distinct fault rupture from 
reaching the ground surface and spread bedrock fault offset 
across a wider zone. However, the geogrid layers had no 
beneficial performance in mitigating the surface fault rupture 
hazard on shallow embedded foundation. Further investigation 
is required to study the effectiveness of different patterns of 
geogrid-type reinforcement layers. 
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