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Abstract 

Seismic design of soil-nailed walls requires demonstrations of tolerable ranges of wall movements, especially 

when a surcharge load exists near the wall. In this study, the effect of surcharge location on seismically induced 

wall movements was investigated using four centrifuge tests. The axial tensile forces, developed along the soil 

nails during the seismic loadings, were also measured during the tests. At 50g centrifugal acceleration, model 

tests represented a 12-m-high prototype wall reinforced with five rows of soil nails. To apply a surcharge stress 

of 30 kPa at the specified location relative to the wall for each model test, a rigid footing was placed on the soil 

surface. The model soil-nailed walls were subjected to three successive earthquake motions. Surprisingly, it was 

found that the model wall with the footing located behind the soil-nailed region experienced the largest seismic 

movements, even more than when the footing was directly behind the wall. Further, the tests showed that the 

lower soil nails played a key role in the wall stability during earthquake shaking, acting as a pivot for the pre-

collapse cases tested, whereas the upper soil nails needed to be sufficiently extended to properly contribute to 

the seismic stability of the wall. 

Keywords: centrifuge modeling; soil-nailed walls; footing; seismic response; wall movements; soil nail axial 

force 
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1. Introduction 

Soil nailing has been a construction method for retaining steep cutslopes and excavation 

walls for at least four decades. Many researchers have contributed to the understanding of 

stability mechanism of soil-nailed structures under static loading using investigation of full-

scale structures (e.g., Schlosser, 1982; Turner and Jensen, 2005; Li et al., 2008; Ehrlich and 

Silva, 2015), reduced-scale physical model tests (e.g., Tei et al., 1998; Zhang et al., 2001; 

Hong et al., 2005; Zhang et al., 2013; Zhao et al., 2014), and numerical modeling (e.g., Smith 

and Su, 1997; Cheuk et al., 2005; Fan and Luo, 2008; Wei and Cheng, 2010). 

The static design of soil-nailed walls is based on using the traditional limit equilibrium 

methods to avoid the global failure (Shen et al., 1981; Juran et al., 1990; Lazarte et al., 2015). 

For seismic design, a pseudo-static approach is often taken based on a seismic coefficient, kh 

(Kavazanjian et al., 2011; Lazarte et al., 2015). Tufenkjian & Vucetic (2000) performed a 

series of centrifuge model tests, followed by a supplementary centrifuge testing program 

(Kocijan & Vucetic, 2002) to determine the failure mechanism of a 7.6-m-high soil-nailed 

wall subjected to strong sinusoidal acceleration. The failure mechanism was identified in two 

steps. The first step was detected when the model tests showed a significant movement at the 

bottom of the wall, corresponding to the pullout of the bottom-row nails. The second step of 

the failure was the overall collapse of the model due to excessive displacements induced by 

large amplitudes of horizontal shakings. Similarly, Yazdandoust (2018) studied the seismic 

performance of soil-nailed walls using a series of 1g shaking table tests. In two above 

research works, the focus has been on the study of the failure mechanism. However, the post-

earthquake observations, following the 1989 Loma Prieta, California; 1995 Kobe, Japan; and 

2001 Nisqually, Washington earthquakes, indicated that soil-nailed retaining walls did not 

show excessive permanent movements or significant distress (Felio et al., 1990; Tatsuoka et 

al., 1997; and Tufenkjian, 2002). Therefore, apart from the avoidance of global failure, the 

performance-based seismic design of soil-nailed walls requires demonstration of tolerable 

deformation behavior (Huang et al. 2009; Wang et al., 2010) and tolerable axial tensile forces 

along the soil nails. This detail cannot be achieved in pseudo-static analyses, and requires 

consideration of more than just failure mechanism. 

Deformation is a serious concern when there is a structure (surcharge load) near a soil-nailed 

wall (Fig.1). In such a case, a careful assessment of the potential impact of the surcharge 

location on the wall movements is necessary and can be achieved using controlled 

experimental tests, especially for seismic loading. Distribution of axial force along the soil 

nails located at various wall elevations illustrates the contribution rate of each soil nail to the 

global wall stability (Fig.1). In this regard, the location of peak axial force (Tmax) along the 

soil nails occurs at the interface between active and resistant zones (Phear et al., 2005). Fig. 1 

shows that the resistant zone contains the length of a soil nail that can mobilize pullout 

resistance (Lpr) and consequently contribute to the wall stability. Increasing lateral 

deformations due to seismic excitations may cause the axial forces in different soil nails to 

redistribute and possibly change the location and value of Tmax. Since such changes may 

affect the contribution of the soil nails to the wall stability, it is necessary to examine the 

variation of Tmax values and their locations due to earthquake loading. 

In the current study, therefore, a series of dynamic centrifuge tests were conducted to 

investigate the effect of surcharge load on seismic response of a soil-nailed wall concerning 

wall movements and distribution of axial forces along the soil nails following three 

successive earthquake motions. The first test, as a reference test, was performed with no 
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surcharge on the top of the wall. To evaluate the effect of the surcharge location on the 

seismic displacement response of the wall, three subsequent centrifuge tests were carried out 

while supporting a footing on the top of the wall at various distance from the wall face. 

Measurements were also taken to demonstrate how the changes in values and locations of 

Tmax along the soil nails can affect the seismic stability level of the wall. 

Before presenting the centrifuge results, the stability analyses of the model tests were 

performed using the SLOPE/W software package (Geostudio, 2018) to gain insight into the 

initial condition of the model tests and further investigate the behavior of the soil-nailed wall 

models subjected to shaking excitations. 

2. Centrifuge modeling 

This section describes the model tests, materials and testing procedures adopted. More details 

can be found in Ghadamgahi et al., (2019). 

2.1. Scaling considerations of soil-nailed walls 

A scale factor of N=50 was adopted for current centrifuge study where N is the length scaling 

factor and is also equal to the selected centrifugal acceleration. Centrifuge scaling laws are 

presented in Table 1. Full discussion of scaling laws applied to geotechnical modeling can be 

found in (e.g.) Schofield (1980), Muir Wood (2004), and Iai et al., (2005). 

To obtain the proper material for the model soil nails in the present study, the main attention 

was given to scaling of the soil nail axial stiffness. The axial stiffness of the model and the 

prototype soil nails, (EnAn/Ln)m and (EnAn/Ln)p, respectively, were related using equation (1): 

(
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Where En, An, and Ln are Young modulus, cross-sectional area, and length of the soil nail, 

respectively. It was assumed that the grout cannot transfer any axial force, and the axial 

capacity of the prototype soil nail is provided only by the axial capacity of the steel bar. 

To achieve the proper modeling of the facing, the scaling considerations should be satisfied 

using flexural rigidity for the unit width of the facing element. The thickness and type of 

material required for the model facing can be obtained based on the following equation: 
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Where (tf)m and (tf)p are the thickness of facing in the model and prototype, respectively, 

(Ef)m and (Ef)p are the Young modulus of the facing material in the model and prototype, 

respectively. 

2.2. Model materials 

The type of soil used in the present study was HST 95 Congleton silica sand. The 

fundamental properties of this very fine, uniformly graded, rounded shape HST 95 sand are 

presented in Table 2. The air pluviation method (Ueno, 2000) was used to prepare a uniform 

soil deposit with its natural moisture conditions in the lab. A relative density of Dr=60±3% 

(medium dense state) was used in all the model tests. 
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For typical steel bars used in practice, having a Young modulus of 2.1×10
5 

MPa, a diameter 

of 32 mm, and a length of 9 m were considered. To model this using a rod of 5-mm-diameter 

and 180-mm-long, the required Young modulus value for the model nail material was 

determined to be 3.44×10
3
 MPa. Cast acrylic rods having a Young modulus of 3.3×10

3
 MPa 

were therefore selected as the model soil nails. To obtain tensile load-strain characteristics of 

the model soil nails, the tensile capacity test was conducted on the acrylic rods based on 

ASTM D638 (2010). Accordingly, the test specimen was 400 mm long and tested at a 

constant speed of 5 mm/min. The result of the tensile test on the model nail is presented in 

Fig. 2. The model nail showed an ultimate tensile force of 1560 N at an ultimate strain of 

5.1%. 

To simulate the soil-nail interaction, the model rods were coated with a thin film of epoxy 

adhesive, and then carefully rolled over in the sand for making a uniform sand coating. The 

final diameter of the sand-coated rod, affecting the bond strength of the soil-nail interface, 

ranged from 5.9 to 6.1 mm (6 mm in average). The bond strength of model nails was 

evaluated through pullout tests performed based on ASTM D6706 (2013). The tests were 

conducted at different overburden pressure corresponding to the stress level of the top, 

middle, and bottom soil nails in the centrifuge models. Fig. 3 presents the bond shear stresses 

as a function of relative pullout displacements. The pullout capacity is the product of the 

bond strength and the length of the soil nail at the resistant zone (Lpr). Accordingly, for 

Lpr=100 mm, the pullout capacity of bottom soil nails would be 455 N. When this value is 

noticed with the tensile capacity test result presented in Fig. 2, it can be concluded that the 

forces induced in the model soil nails during centrifuge tests would remain within the linear 

elastic range at the beginning of the curve, as intended. 

The model facing was made from a 2-mm-thick aluminum sheet having a Young modulus of 

7×10
4
 MPa, corresponding to the shotcrete facing of 140-mm-thick at the prototype scale 

with a Young modulus of 2.5×10
4
 MPa. 

2.3. Model description and testing program 

The tests reported in this study were conducted using the 3.5-m-radius beam geotechnical 

centrifuge at the University of Dundee, UK, equipped with an Actidyn Q67–2 earthquake 

simulator (Brennan et al., 2014). An equivalent shear beam (ESB) container with internal 

dimensions of 675 mm in length, 280 mm in width, and 334 mm in height was used (Bertalot, 

2012). The interior surfaces of the side walls of the container were covered by strips of a low 

friction self-adhesive polytetrafluoroethylene (PTFE) tape with a width of 100 mm and a 

thickness of 0.08 mm, to achieve the conditions of plane strain. 

Cross-sectional views of a model test package (Model 1) is schematically shown in Fig. 4. 

All the model soil-nailed walls had a height of 240 mm (12 m in prototype dimensions), sat 

on a 74-mm-thick base soil layer. The wall was reinforced with thirty-five horizontal soil 

nails of 180-mm-long and 5-mm-diameter, spaced at a distance of 40 mm as five rows of 

seven. This spacing was chosen to represent the prototype distance of 2 m between the soil 

nails used in the construction of soil-nailed walls (Lazarte et al., 2015). 

The soil-nailed wall models were instrumented with five linear variable differential 

transformers (LVDTs), thirteen miniature accelerometers (ACCs), and twelve pairs of strain 

gauges. LVDTs 1, 2, and 3 were placed horizontally in front of the wall at a distance of 40 m, 

120 mm, and 200 mm from the top of the wall, respectively, to measure the lateral movement 

of the wall. LVDTs 4 and 5 were positioned vertically at the top of the wall at a distance of 

50 mm and 150 mm from the wall face, respectively, to measure the settlement of soil 

surface. Twelve ACCs (ACC1 to ACC12) were placed within the soil to measure the 
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acceleration response at different elevations during the earthquake motions, while one ACC 

(ACC13) was mounted on the container base to monitor the assigned acceleration excitation 

input. To study the distribution of axial tensile force along the soil nails during earthquake 

motions when located at different stress levels, three of the model soil nails were 

instrumented with strain gauges (marked with a cross in Fig. 4b). These soil nails were 

instrumented with four pairs of strain gauges wired in a half-bridge circuit. Fig. 4c shows the 

position of four pairs of strain gauges (named as GP1-GP4) along the instrumented soil nails. 

As shown in Fig. 5a, the first reference model (Model 1) had no surcharge load on the top of 

the wall. Models 2, 3, and 4 included a rigid rectangular steel footing of 8-mm-thick, 100-

mm-wide, and 280-mm-long (B=5m and L=14m in prototype scale) resting on the soil 

surface at different distances from the wall face. Figs 5b-d show that the model footing was 

placed at a distance of 200 mm, 100 mm, and 0 mm from the wall face, in Models 2 to 4, 

respectively, exerting a bearing pressure of q=30 kPa. It is noted that while the width of the 

footing may also have effects on the wall response, this is beyond the scope of this study. 

2.4. Centrifuge model preparation and testing procedure 

The base layer, with a thickness of 74 mm, was first constructed utilizing the pluviation 

method. Then, the aluminum facing was positioned using temporary supports to hold it in the 

right place. The reinforced soil behind the wall was then poured in six 40-mm-thick layers in 

the same manner as the base layer. After achieving the desired level of each soil layer, the 

poured soil in front of the facing (excavation region) was vacuumed to create the excavated 

profile. Following this, seven soil nails for this level were horizontally installed through the 

pre-drilled holes on the facing, and the nail heads were assembled using a washer and a nut. 

Following the completion of model construction, the temporary supports were removed and 

before mounting the model container on the centrifuge basket, the steel footing was placed at 

the desired position for model tests 2 to 4. Fig. 6 shows the perspective view of the model 

soil-nailed wall (Model 1) mounted on the earthquake simulator. All the model tests were 

spun up to a centrifugal acceleration of 50g while recording all the measurements using the 

data acquisition system. Once the centrifuge reached 50g, three successive seismic motions, 

with a short break between each, were applied to the base of the model container where the 

first and the third input motions were identical. The readings of LVDTs, ACCs, and strain 

gauges were restarted just before applying each seismic motion. The target input motions 

were obtained from those experienced at Ab-bar station during the 1990 Rudbar-Manjil 

earthquake (Mw=7.4) (earthquake 1 and 3) and at Bam station during the 2003 Bam 

earthquake (Mw=6.6) (earthquake 2), both in Iran (Ghadamgahi et al., 2019). The input 

motions in time and frequency domains are shown in Fig. 7. 

3. Stability analysis of soil-nailed wall models 

Stability analysis was performed for centrifuge model tests to provide more information 

about the initial condition of the models and further examine the seismic response of soil-

nailed wall models. The static factor of safety (FS) against global stability was evaluated 

using the limit equilibrium approach by Slope/W software (Geostudio, 2018). The stability 

analysis was conducted on the soil-nailed wall models in prototype dimensions based on 

Spencer procedure, which satisfies all requirements for static equilibrium. For this purpose, 

the properties of the soil-nailed wall models, presented in section 2, were converted to the 

prototype dimensions based on the scaling laws. In the stability analysis, reduction factors of 
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1.5 and 1.35 were applied to the pullout resistance and tensile capacity of soil nails, 

respectively. 

Fig. 8 presents the results of limit equilibrium analysis in terms of FS against global stability, 

critical slip surface and axial force of each soil nail for all model tests. The soil nail axial 

force has been depicted at the end of each soil nail. For the reference soil-nailed wall (Model 

1, with no surcharge load), an FS of 1.65 is calculated where the critical slip surface 

intersects the ground surface at a distance of 0.63 H from the wall face. The same critical slip 

surface, FS and axial force value are evaluated for Model 2, showing that the presence of 

surcharge on the backfill region does not affect the static global stability of the soil-nailed 

wall. However, in Model 3, which supports the footing on the soil-nailed region, the FS is 

reduced to 1.45 with a larger sliding volume intersecting the ground surface at a distance of 

0.75H. The axial force value of soil nails for the three upper rows is lower in Model 3 

compared to Model 1 because a shorter length of theses nails is involved behind the slip 

surface.   Model 4 shows the lowest FS of 1.37 where the footing is placed directly behind the 

wall. Due to the shallower slip surface in Model 4, the length of all soil nails behind the slip 

surface is long enough to mobilize the pullout force to equal the full tensile capacity. The 

calculated FS for all models satisfies the minimum recommended FS of 1.35 given in FHWA 

(Lazarte et al., 2015). 

A similar analysis was carried out for the pseudo-static conditions, computing the critical 

seismic coefficient (kc) for each model. To obtain kc, a trial-and-error technique was used, 

with different values of seismic coefficient assumed in each analysis to reach the critical slip 

surface with the corresponding FS=1. Fig. 9 shows that the sliding volume of each model in 

the pseudo-static analysis is larger than that in the static conditions. The axial forces of the 

upper soil nails show lower values in the pseudo-static conditions than the static ones. This is 

mainly related to a larger mobilization of the soil shear strength along the slip surface. 

Models 1 and 2 have kc values of 0.37 and 0.35, respectively, and approximately the same 

sliding mass, indicating that the presence of the surcharge behind the reinforced region in 

Model 2 has no major effect on the seismic stability of the wall and, as a result, should not 

significantly affect the wall movements during earthquakes. In comparison with the reference 

model, the values of kC for Models 3 and 4 reduced to 0.30 and 0.26, respectively, showing 

that the presence of footing above the soil-nailed region reduces the seismic stability of the 

wall. 

Following each test, visual observations confirmed that some permanent displacements 

occurred but no wall experienced collapse. Therefore, the aim of measuring response of walls 

in pre-failure conditions could be pursued. 

4. Centrifuge test results and discussion 

The main indicators of seismic performance of the soil-nailed walls considered herein are 

acceleration response, the wall deformations, and the soil nail axial forces. All results are 

reported here in the prototype scale. 

4.1. Acceleration response 

The vertical distribution of acceleration during seismic loading plays an important role in 

assessing the seismic behavior of reinforced-soil structures. Fig. 10 shows the acceleration 

time histories of the reference model during the first earthquake measured by the vertical 

array of ACCs within the backfill and soil-nailed regions. Acceleration amplitudes are 

amplified once propagation within the backfill region. Accelerations are attenuated once they 
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reach the bottom of soil-nailed region and then slightly amplified within the reinforced 

region. At the same elevations, the time history responses in the backfill region show larger 

amplitudes than those in the soil-nailed region. This behavior is caused by the stiffness 

difference between the reinforced and backfill regions, which may result in possible 

activation of a plastic mechanism (local or global) in the soil-nailed wall system during the 

earthquakes. 

Examining the possibility of acceleration phase shift along the wall height can provide insight 

into the accuracy of the pseudo-static interpretation of the centrifuge results. To do so, the 

time history of the ACCs response was expanded in a Fourier integral representation to obtain 

their harmonic components, which includes amplitude and phase angle for each frequency. 

When the frequency value corresponding to the peak point of the Fourier spectrum of the 

base layer’s acceleration response (ACC1) was considered, it was discovered that the peak 

point of the Fourier spectrum of the other ACCs responses had approximately the same 

frequency. The peak point of the Fourier spectrum of the ACC1 and ACC11 responses, with 

approximately the same frequency of 2.93 Hz, is shown in Fig. 11. As a result, the phase 

angle of this frequency in the phase-scale of Fourier spectrum of the ACCs responses was 

taken into account to investigate possible phase shift of soil accelerations along the wall 

height. Fig. 12 presents the phase shift of the acceleration responses along the wall height 

relative to the acceleration response of the base layer for Model 1. The acceleration responses 

experience a phase shift of 3π/8 once they propagate to the bottom of soil-nailed region, but 

they remain in phase within the soil-nailed region. However, the accelerations exhibit phase 

shifts in the backfill region. 

To summarize and simplify the depiction of the acceleration response for all model tests, the 

acceleration amplification factors at different elevations are used. For this purpose, the 

acceleration amplification factors are computed by applying the root mean square (RMS) 

method to each accelerometer's acceleration time history at different elevations (Kramer 

1996). 

    [
 

  
∫  ( )   

  
 

]

 

 
 (3) 

Where a(t) is the acceleration time history and td is the acceleration record duration. The 

RMS acceleration amplification factor is defined as the ratio of RMS acceleration time 

history at each point to RMS acceleration time history of the base layer. Fig. 13 presents the 

magnitude of RMS acceleration amplification factors at different elevations of the backfill 

and soil-nailed regions during the first earthquake for all models. The accelerations are 

amplified along the wall height, with the highest acceleration amplification occurring at the 

top of the wall. The acceleration amplification factors increase by 23%, 26%, 25%, and 24% 

at the top of the soil-nailed region in models 1-4, respectively. Similarly, they increase by 

32%, 39%, 31%, and 34% at the top of the backfill region in models 1-4, respectively. The 

magnitudes of the amplification factors in all models are larger in the backfill region 

compared to those at the same elevations in the soil-nailed region. The amplification factor 

variations are nonlinear along the height of the wall and the nonlinearity is greater in the 

backfill region. It can be concluded that the assumption of a constant amplification factor at 

all elevations of the backfill region that is used in the common pseudo-static design may not 

be accurate. 
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4.2. Variation of wall deformation and soil nail axial force 

Having established the dynamic behavior of the backfill and soil-nailed regions, the 

permanent deformations are now considered, as these are the more important performance 

indicator in assessing wall behavior. Tension in the soil nails are also considered, to assist in 

explaining observations. Fig. 14 presents the measured data of all LVDTs, three pairs of 

strain gauges, and input base acceleration (ACC 13) during three successive earthquakes 

motions for Model 1. While the vertical measurements show a progressive accumulation of 

permanent settlements during the applied earthquakes, the horizontal displacements of the 

wall display a strange behavior. It seems that the wall recovers most of its dynamic 

displacement during each earthquake motion. A possible explanation of this behavior could 

be that the horizontal LVDTs are measuring the horizontal displacements of the wall 

(permanent) and those resulting from the elastic oscillations of the horizontal LVDTs support 

(transient). However, since only the final permanent horizontal displacements of the wall are 

of engineering significance, it does not affect the results presented in the following 

discussions. 

Fig. 14a compares variation of the measured lateral wall movements at the elevation of top, 

middle, and bottom soil nails during each earthquake motion, recorded by LVDTs 1, 2, and 3, 

respectively. In this regard, the wall experiences more significant deformations during the 

first earthquake (EQ1) compared with the second and third earthquake motions (EQ2 and 

EQ3, respectively). Additionally, the seismically induced movements at the top of the wall 

are more than the bottom, representing a rotation around the toe of the wall during each 

motion, consistent with Tufenkjian & Vucetic's (2000) observations. Displacement at the 

three levels is proportional to their relative depth, consistent with rigid body rotation. 

Fig. 14b represents the measured variation of ground surface settlements during earthquake 

shakings, recorded by LVDTs 4 and 5. The results show that the permanent ground surface 

settlements reduce during successive earthquakes. Furthermore, the LVDT5, located further 

away from the wall in the unreinforced backfill region, experiences higher vertical 

movements following each earthquake relative to the LVDT4 located above the soil-nailed 

region. This can be attributed to soil densification of the backfill during earthquakes, partially 

inhibited close to the wall due to the presence of the nail bars. 

Fig. 14c indicates the variation of measured soil nail axial force during earthquake shakings 

at gauge position 2 (GP2, see Fig. 4c) for the top, middle, and bottom instrumented nails 

(numbered 1, 2, and 3 in Fig. 4b, respectively). The axial forces are increasing during the first 

shake where the bottom nails experience greater axial forces due to the higher overburden 

stresses. During subsequent earthquakes, the difference between the mobilized axial forces in 

the top and bottom nails decreases. The reason for this is that despite the lower overburden 

stresses along the top nails, the wall rotation around the bottom nails has resulted in a larger 

increase in the axial forces of top nails. However, at the end of the third earthquake, the total 

amount of axial force mobilized in the top nails is less than that in the bottom nails. 

The seismic response of soil-nailed systems in terms of decreasing wall deformations during 

successive earthquakes can be attributed to two simultaneous effects. First, the axial forces in 

the soil nails are significantly increased in response to EQ1, which arises from the 

mobilization of significant frictional resistance at the interface between the nails and 

surrounding soil. This effect is substantial in EQ1 but moderate at the subsequent shakings 

because the axial forces in the soil nails do not change noticeably during the next excitations. 

The second effect can be regarded as general soil densification during the applied 

earthquakes, leading to an increase of both the shear strength and stiffness of the backfill. 
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This effect was similarly observed also by Zeng (1990) and Conti et al. (2012) in dynamic 

centrifuge experiments of other types of retaining structures. 

4.3. Influence of footing location on seismically induced wall movements 

The permanent deformation of the soil-nailed wall system in seismic loading can be 

described by simultaneous translational and rotational movements of the soil-nailed mass. 

Fig. 15 shows the seismically induced outward wall movements as a function of wall height 

for four models. The translational movements of soil-nailed mass following each earthquake 

correspond to the recorded lateral movement in the middle of the wall. The rotational 

movements of the wall were estimated by taking the arctan of the difference between the 

movements measured at the elevation of top and bottom nails divided by their vertical 

separation. Fig. 16 illustrates, for all models, the values of the rotational movements of the 

wall at the end of each earthquake motion. 

The most significant seismically induced translational deformations in all models occur in 

EQ1. During subsequent earthquakes of stronger and the same input, respectively, the soil-

nailed walls experience almost similar translational deformations, but with a much less value 

compared to EQ1. The seismically induced translational movement of the reference soil-

nailed wall following EQ1 is 0.625%H, increasing by one-third of this value during each of 

the next two earthquake motions. These observations were correlated with two concurrent 

effects during EQ1 in the previous section. 

When the footing is positioned on the backfill region in Model 2 (at a distance of 10 m from 

the wall face), the greatest amount of translational movements relative to the other three 

models are observed.  The translational movements due to EQ1 have increased by 36% 

compared to the reference model. Moreover, the wall in Model 2 experiences more noticeable 

permanent rotations than the reference model during earthquakes. These observations do not 

agree well with the pseudo-static analysis, which shows that the critical seismic coefficient of 

0.35 in Model 2 is only slightly lower than that of the reference model (kc=0.37). The 

observed deformations can be ascribed to the increased horizontal stresses at the backfill 

region caused by footing bearing pressure during shakings. The increased stresses, which are 

not effectively accounted for in the pseudo-static analysis, push the soil-nailed block towards 

the excavation. Furthermore, the acceleration response reveals the greatest acceleration 

amplification in the Model 2 backfill region, with an amplification factor of 1.39 at the top of 

the wall, which can further justify the observed deformations. 

The soil-nailed mass in Model 3 experiences translational movements of similar values to the 

reference model. This is due to the location of footing placed above the resistant zone of the 

reinforced soil. Accordingly, inertial forces in reinforced soil mass increased but apparently 

not much more than the increases in both shear strength at the interface between siding block 

and underlying soil and frictional resistance along the interface between soil nails and 

surrounding soil. In terms of wall rotational movements, the earthquake motions give rise to 

the lowest permanent rotations in Model 3 relative to all other model tests. Such behavior can 

be attributed to the resultant force of footing bearing stress, acting at the left-hand side of the 

center of gravity of the soil-nailed region and hence applying a restoring moment to the 

notional rigid block of the soil-nailed region. In comparison to the reference model, the 

pseudo-static analysis confirms the wall deformation behavior in Model 3 by providing a 

lower critical seismic coefficient (kc=0.30), resulting in larger movements at the bottom of 

the wall. 
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The most seismically induced wall rotations take place where the footing is sat on the edge of 

the soil-nailed wall (Model 4). This is because the resultant force of footing bearing stress 

acts at the right-hand side of the center of gravity of the soil-nailed region and hence applying 

an overturning moment to this notional rigid block. Besides, this model undergoes more 

considerable seismically induced translational movements than the reference model during 

successive shakings, especially in EQ2 and EQ3. This observation can be attributed to the 

surcharge position applied above the active zone of the reinforced soil. As a result, the 

increased inertial forces in the reinforced soil mass and the increased weight of the active 

zone result in a decrease in the wall stability, in comparison with the reference model, and 

thereby the translational movements of the soil-nailed system are increased. These findings 

are consistent with the pseudo-static analysis results, which estimate the lowest critical 

seismic coefficient of 0.26 in Model 4 compared to the other models. 

4.4. Influence of successive earthquakes on variations of mobilized axial forces along soil nails 

The axial force distribution along the instrumented soil nails in Model 1 before and after 

applying earthquake motions is shown in Fig. 17. The locus of peak nail axial force (Tmax) 

prior to and following earthquake events at the cross-section view of the wall is also depicted 

in Fig. 17. Considering the upper portion of the wall, the location of Tmax before earthquakes 

occurs at a distance of 0.34H behind the wall face while it moves by 0.11H towards the end 

of soil nails due to successive earthquake motions, leading to the increase of the active zone. 

The observed increase in the active zone during seismic loading is consistent with the 

findings of the pseudo-static analyses presented in section 3 and numerical studies of other 

earth structures (e.g. Masini et al., 2015), showing that a larger plastic volume is involved 

during seismic conditions than that associated to static conditions. 

Following EQ1, the relocation of Tmax throughout the wall is significant compared to the 

subsequent earthquakes. The locus of Tmax in the lower half of the wall remains unchanged 

following EQ2 and EQ3. However, the Tmax location in the upper portion of the wall 

experiences a further backward movement due to EQ2 and EQ3. Such relocation of Tmax 

reduces the length of the soil nail resistant zone (Lpr), which can result in less pullout strength 

and lower contribution to the wall stability. To gain a better understanding of the effect of 

seismically induced relocation of Tmax on the wall performance, the axial force distribution 

along the top and bottom soil nails is discussed in greater depth. The axial tensile force 

distribution along the instrumented soil nails has been expanded on the right side of Fig. 17. 

The resistant zone along the top and bottom soil nails before earthquake motions is 

schematically highlighted with a gray background. The mobilized tensile force along the top 

nail experiences a continuous increase following successive earthquakes. The value of Tmax in 

advance of applying earthquakes is 35 kN, increasing to the values of 101 kN, 133 kN, and 

162 kN following each earthquake shaking, respectively. The location of Tmax shifts towards 

the end of soil nail after applying each earthquake. The length of the resistant zone, 

Lpr=5.05m, prior to earthquakes, is reduced to 4.28 m, 3.92 m, and 3.75 m at the end of each 

earthquake motion, respectively. While the Lpr declines following each earthquake, the 

contribution of the top nail in the stability rises due to a steady increase in the value of Tmax. 

In EQ1, this is schematically depicted by a larger zone with a dotted background. 

With respect to the bottom soil nail, the mobilized tensile force experiences a substantial 

increase after EQ1 and it follows by a further slight increase due to EQ2. However, EQ3 does 

not cause a noticeable change in the axial force distribution along the soil nail. The Tmax value 

of 90 kN before applying earthquake motions, increases to 231 kN, 239 kN, and 242 kN at 

the end of each earthquake motion. In EQ1, the value of Lpr declines from 7.4 m to 6.7 m, but 
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because of a considerable rise in the Tmax value, the contribution of the bottom soil nail in the 

stability increases noticeably following EQ1, which is schematically shown with a greater 

dotted background. Following the next two earthquakes, the value of Lpr decreases to 6.65 m 

and 6.64 m. Since the value of Tmax also experiences slight change during EQ2 and EQ3, it 

can be concluded that the stability contribution of the bottom nail remains unchanged in EQ2 

and EQ3. This can be attributed to the onset of soil yielding around the bottom soil nail after 

EQ1 because there is continuing wall movement in subsequent earthquakes with a negligible 

rise in axial force of the bottom soil nail. 

Further analysis of seismically induced axial forces along the bottom nail reveals that the 

observed axial forces at GP1 and GP2, which are located between the wall face and the 

intermediate length of the soil nail, are nearly equal before earthquakes and also after each 

shaking. A similar trend is also observed in the other model tests, showing that this portion of 

the bottom nails acts like the unbounded length of ground anchors during earthquake 

shakings. Such an anchoring mechanism restricts the movements of the reinforced block and 

causes the soil-nailed system to rotate around the bottom soil nails, so the top of the wall 

displaces more than the bottom, as described earlier. 

4.5. Influence of footing location on nail axial force distribution during successive earthquakes 

The axial force distribution along the instrumented nails as well as the locus of Tmax at the 

cross-section view of the wall before and after earthquake motions for Models 2, 3, and 4 are 

shown in Figs 18-20, respectively. Fig. 18 shows the result of Model 2 in which the footing 

was placed on the soil surface at a distance of 10 m from the wall face. Prior to shaking, the 

load distribution is very similar to that for Model 1 (no footing) (Fig. 17). However, 

following each earthquake motion, the value of the axial forces along the instrumented soil 

nails in Model 2 indicates higher values than Model 1. This is in line with the larger 

seismically induced movements in Model 2 relative to Model 1. However, in terms of 

distribution, the locations of Tmax are very similar between Models 2 and 1. As the load 

distribution is similar within the soil-nailed region, this indicates that the presence of the 

footing is not changing the soil behavior within the reinforced block, but is instead acting as 

an additional external overturning load applied through horizontal stresses behind the soil 

nails. 

Fig. 19 illustrates the distribution of axial force along the instrumented soil nails in Model 3, 

where the footing was placed on the soil surface at a distance of 5 m from the wall face. 

Before applying earthquakes and in comparison with Model 1, the axial forces along the top 

and middle instrumented nails experience higher values as well as marginal changes in the 

axial force distribution of the bottom nail. After applying earthquakes, the axial forces along 

the end furthest from the wall of the top and middle soil nails show larger values in Model 3 

compared with Model 1. This is to be expected as the additional load is now directly bearing 

on the soil-nailed region. However, post-earthquake axial forces along the whole length of 

the bottom nail show larger values in model 3 relative to Model 1. This is a reaction to the 

wall experiencing less rotation in Model 3, as shown in Fig. 16. The footing applies a 

moment in a restoring sense, thus displacements and hence loads are reduced at the top but 

increased at the bottom. In terms of the location of Tmax at the upper portion of the wall, it 

occurs at a distance of 0.42H behind the wall face prior to applying earthquakes, undergoing 

a relocation of 0.08H towards the end of soil nails due to EQ1. The locus of Tmax throughout 

the wall remains approximately unchanged following the next two earthquakes. 

Fig. 20 indicates the variation of axial forces along the instrumented soil nails in Model 4, 

containing the footing on the edge of the wall. The value of the axial forces along the 
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instrumented soil nails in Model 4 before and after earthquakes is greater than the 

corresponding values in Model 1. However, noticeable changes are only observed from the 

wall face to the intermediate length of the instrumented nails that arise from increased 

vertical stresses and correspondingly larger frictional resistance along this length of the soil 

nails. Such changes result in the location of Tmax in Model 4, in comparison with Model 1, to 

be moved towards the nail heads (wall face) prior to and after earthquake motions. Before 

earthquakes, the Tmax location at the upper part of the wall happens at a distance of 0.27H 

from the wall face, undergoing 0.08H movement towards the end of soil nails following EQ1. 

The relocation of Tmax throughout the wall is insignificant after EQ2 and EQ3. 

The footings appear to act as external loads on the soil-nailed region, which responds 

predominantly as a block because there is no nail-soil slip. Thus, the two cases where the 

footing provides overturning moment (Model 4 and, more surprisingly, Model 2) experience 

greater rotation. When the footing is placed between these locations (Model 3), rather than 

delivering an intermediate result, the soil block rotates less and experiences more movement 

at the bottom level because the footing is acting as a restoring moment. This should be 

accounted in analysis of construction above soil-nailed walls in seismic regions, as well as 

when considering new excavations near existing structures. 

5. Conclusions 

The main findings obtained from the centrifuge tests results and their analyses are as follows: 

1. The observation of nonlinear distributions of acceleration amplification revealed that the 

traditional pseudo-static design assumption of a constant seismic coefficient at all elevations 

of the backfill region may not be realistic. 

2. The soil-nailed system at different model tests underwent a sharp translational movement 

due to the initial earthquake motion. The second and third motions of higher and equal 

acceleration amplitudes, respectively, caused similar translational movements but with a 

significant lower value relative to EQ1. This was justified by two simultaneous effects. First, 

the significant mobilization of the bond stresses at the interface between the nails and 

surrounding soil during EQ1. Second, general soil densification during applied earthquakes. 

Having displaced the system to mobilize the nails most effectively in the first earthquake, it 

appears that the system capacity for subsequent events is increased, indicating satisfactory 

response of soil-nailed walls for earthquake loading. 

3. The location of footing on the ground surface is an important influencing factor on the 

seismically induced movements of soil-nailed walls. In EQ1, a translational movement of 

0.625%H occurred for the soil-nailed wall with no surcharge load, while it increased to 

0.685%H and 0.85%H for the soil-nailed walls supporting a surcharge load of 30 kPa on the 

edge of the wall and behind the soil-nailed zone in the backfill region (see Figs 4 and 5 for 

position), respectively. 
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4. The increased movements in the model tests with the footing above the soil-nailed region 

were discovered to be consistent with lower critical seismic coefficients obtained from 

traditional pseudo-static method. However, the deformation response of the soil-nailed wall 

system supporting the footing on the backfill region did not match the results of the pseudo-

static analysis. This is due to the inability of the pseudo-static method to account for the 

increase in horizontal soil stresses behind the sliding volume induced by the footing bearing 

stress on the backfill region. The limit equilibrium approach, in general, provides a relatively 

simple approximation of the problem and cannot capture the actual distributions of soil nail 

forces, load redistribution due to deformation response, acceleration amplification and 

presence of possible phase shifts along the wall height. Seismic and deformation analyses 

may be required, particularly for deep soil nailed walls supporting a surcharge load. 

5. Irrespective of the existence of the footing or its location on the top of the wall, the locus 

of peak nail axial force at the upper portion of the wall moved back from the wall face due to 

earthquake motions. Consequently, the length of the resistant zone for the upper soil nails 

experienced considerable decline due to earthquake events. The length of the upper soil nails 

should be extended by at least 0.1 H in the seismic design of soil-nailed walls, compared to 

the required length in the static design. 

6. The nail length to wall height ratio (Ln/H) of 0.75 for soil-nailed walls used in the current 

study provided satisfactory levels of wall stability during strong seismic loadings, having peak 

accelerations as high as 0.64g. 
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Notations 
a Acceleration (g) 

ag Peak ground acceleration (g) 

A Area (m
2
) 

An Cross-sectional area of soil nail (mm
2
) 

B Width of footing (m) 

Dr Relative density 

D10 The diameter of the soil particles for which 10% of the particles are finer (mm) 

D30 The diameter of the soil particles for which 30% of the particles are finer (mm) 

D60 The diameter of the soil particles for which 60% of the particles are finer (mm) 

emax Maximum void ratio 

emin Minimum void ratio 

E Young modulus (Pa) 

(Ef)m Young modulus of facing material in model scale (MPa) 

(Ef)p Young modulus of facing material in prototype scale (MPa) 

En Young modulus of soil nail (MPa) 

EA/L Axial stiffness (N.m
-1

)   

(EnAn/Ln)m Axial stiffness of the model soil nail (N.m
-1

)   

(EnAn/Ln)p Axial stiffness of the prototype soil nail (N.m
-1

) 

EI Flexural rigidity (N.m
2
) 

F Force (N) 

g Gravity acceleration  

Gmax Maximum shear modulus (MPa) 

Gs Specific gravity 

H Height of wall (m) 

I Moment of Inertia (m
4
) 

Kc Critical seismic coefficient 

 
Kh Seismic coefficient 

 
L Length of footing (m) 

Ln Length of soil nail (m) 

Lpr The length of a soil nail that can mobilize pullout resistance (m) 

Mw Moment magnitude 

N Scale factor between prototype and physical model 

q Footing bearing pressure (kPa) 
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t Time (s) 

td Acceleration record duration 

(tf)m The thickness of facing in the model scale (mm) 

(tf)p The thickness of facing in the prototype scale (mm) 

Tmax Maximum mobilized axial force along the soil nails (kN) 

 
σ Stress (Pa) 

σv  Vertical stress (KPa) 

ε Strain 

δ Displacement (m) 

ρ Density (kg/m
3
) 

ϕ
’
crit Critical state angle of friction (degree) 

ϕ
’
peak Peak angle of friction (degree) 

Abbreviations 
ACC Miniature accelerometer 

EQ1 First earthquake motion 

EQ2 Second earthquake motion 

EQ3 Third earthquake motion 

ESB Equivalent shear beam 

FS Factor of safety 

GP Gauge position 

LVDT Linear variable differential transformer 

PTFE Polytetrafluoroethylene 

RMS Root mean square 
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Table 1. Centrifuge scaling laws 

Quantity Unit Prototype Model 

Gravity acceleration, g 
Stress, σ 
Strain, ε 
Linear dimension, L 
Area, A 
Moment of Inertia, I 
Displacement, δ 
Density, ρ 
Young modulus, E 
Axial stiffness, EA/L 
Flexural rigidity, EI 
Force, F 
Acceleration, a 
Time, t (dynamic) 

m/s
2 

Pa 
- 
m 
m

2 

m
4
 

m 
kg/m

3 

Pa 
N/m 
N.m

2 

N 
m/s

2 

s 

1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 

N 
1 
1 
1/N 
1/N

2 

1/N
4 

1/N 
1 
1 
1/N 
1/N

4 

1/N
2 

N 
1/N 

 
Table 2. Properties of HST95 Congleton sand  

Property (unit) Value 

State-independent physical properties 

Specific gravity, Gs 

Minimum void ratio, emin 

Maximum void ratio, emax 

D10 (mm) 

D30 (mm) 

D60 (mm) 

Shear strength properties 

Peak angle of friction
*
,      

  (
°
) 

Critical state angle of friction,      
 (

°
) 

Small strain properties 

Maximum shear modulus
**

, Gmax (MPa)
 

 

2.63 

0.467 

0.769 

0.09 

0.12 

0.17 

 

38 

32 

 

94  

*      
  was estimated at relative density of 60% 

** Gmax was estimated using the relationship proposed by Hardin & Drnevich (1972), at the mean effective 

stress corresponding to the middle of wall height and using at-rest earth pressure coefficient of 0.53 
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Model 4 

Fig. 16. Post-earthquakes rotational movements of the wall in different model tests 

Fig. 17. Distribution of soil nail axial force in Model 1 before and after successive earthquakes 
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