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Abstract
The satisfactory performance of the soil-nailed walls during strong ground motions and their superior flexibility compared 
to the other guard structures makes them a preferable stabilizing alternative when the risk of seismic loading prevails. The 
dynamic performance of a deep excavation during a seismic event is greatly influenced by the characteristics of the input 
motion (fundamental frequency, amplitude, and duration) as well as the properties of geo-materials. Site effect is yet another 
factor capable of altering the dynamic response of such structures. It has been proven that such site effects as amplification 
factor and topography effect can be quite influential in the overall seismic performance of earth structure. The present study 
investigates the effects of mechanical (nails’ axial stiffness and soil–nail interface friction coefficient) and geometrical (angle, 
length, vertical and horizontal spacing) properties of the nails on the dynamic response and the amplification characteris-
tics of a retained trench wall in both loose and dense soil conditions. It was found that the factors leading to the increase in 
the stability of the reinforced wall would also lead to the increase in the wall’s amplification factor. Moreover, the greatest 
amplification factor has been computed in the immediate vicinity of the wall, and the factor decreases by moving farther 
away from the wall, converging to that of the free-field condition. It was also noted that the vertical spacing of the nails is 
more influential in the control of the settlement of the adjacent ground compared to the horizontal spacing.

Keywords  Soil-nailed walls · Finite element method · Safety factor · Amplification · Seismic response

Introduction

Its flexibility with regard to the construction conditions, 
cost-effectiveness, convenient implementation, and satis-
factory performance have made the soil nailing technique 
a popular and common earth retention method. The tech-
nique has been first introduced in the 1970s and since then 
has been widely used to retain natural or man-made excava-
tions under static or dynamic loading conditions. Previous 

post-earthquake observations have testified to the excellent 
performance of the soil-nailed wall systems during sturdy 
ground motions (Colin et al. 1992; Tatsuoka et al. 1995). For 
instance, during the 1989 Loma Prieta earthquake, nailed 
excavations in the vicinity of the earthquake epicenter func-
tioned remarkably well under intense ground shakings. Other 
examples of exceptionally well performance of soil-nailed 
wall systems (e.g., 1995 Kobe earthquake and 2001 Nis-
qually earthquakes) can confirm their intrinsically remark-
able dynamic response, which mainly stems from their high 
levels of flexibility—and to some extent from the conserva-
tive assumptions in their design (Yazdandoust 2017).

Typically, seismic considerations are not accounted for 
in the design of temporary excavations, yet when dealing 
with the design of permanent excavations or stabilization 
of steep slopes, seismic considerations should be taken into 
account—especially in earthquake-active areas. Pseudo-
static and dynamic analyses are often carried out in the 
stability assessment of stabilized trench walls. The pseudo-
static method is performed by considering the horizontal 
and vertical forces induced by earthquake vibrations in the 
center of the slope’s failure wedge (Kramer 1996). The 
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pseudo-static analysis method, unlike the dynamic method, 
is unable to capture the cyclic and time-dependent nature of 
actual seismic forces.

In recent years, the stability of trench walls reinforced 
by nails has been investigated using such methods as the 
limit equilibrium method (LEM) (Wei et al. 2010; Rawat 
and Gupta 2016; Deng et al. 2017), the limit analysis method 
(LAM) (Michalowski and You 2000; Giri and Sengupta 
2009; He et al. 2012), and the finite element method (FEM) 
(Bang and Chung 1999; Sivakumar Babu and Murthy 2002; 
Siva Kumar Babu et al. 2008; Fan and Luo 2008; Wu and 
Shi 2010; Jaya and Annie 2013; Johari et al. 2020), among 
which, the finite element method, capable of clearly reveal-
ing the stress–strain relationship of nail-reinforced slopes, 
is becoming standard practice in analyzing the stability of 
slopes (Sahoo et al. 2015; Chavan et al. 2017; Farrokhzad 
et al. 2017).

A fair few research studies have investigated the perfor-
mance of deep excavations under seismic loading in the last 
decades. Mark and Mladen (2000) performed a series of 
dynamic centrifuge tests to investigate the kinematics and 
failure mechanism of four soil-nailed excavation models 
under horizontal cyclic loading. They reported that large 
amplitudes of horizontal accelerations were needed to start 
off substantial displacements in the modeled soil-nailed 
wall, implying that prototype soil-nailed systems should 
be quite stable during intense seismic shakes. Chavan et al. 
(2017) have investigated the seismic behavior of typical 
nailed slopes by taking into account the soil nonlinearity and 
pressure dependency using a two-dimensional finite element 
model based on the OpenSees platform. They concluded that 
the modeling of the soil–nail interface could substantially 
influence the slopes’ permanent deformations after earth-
quake loading. They also showed that the overburden pres-
sure on the nail varies considerably during seismic loading, 
especially when sliding and separation occur at the soil–nail 
interface.

The effect of loading duration, peak acceleration, and 
nails’ length on the seismic performance of soil-nailed 
walls with regard to the distribution of the shear modulus 
and damping ratio in the soil mass has been investigated by 
Yazdandoust in a series of 1 g, shaking table tests (Yazdan-
doust 2017). He pointed out that the seismic response of 
the walls is largely dependent on the nails’ length and input 
motion parameters. Yang et al. (2020) assessed the stability 
of nail-reinforced slopes using the three-dimensional rota-
tional failure mechanism based on the strength reduction 
method (SRM) in combination with the kinematic approach 
of the limit analysis. The influence of such parameters as 
nails’ length and spacing, as well as the soil shear strength, 
on the stability of slopes has been evaluated. They finally 
presented a set of stability charts for a quick assessment of 
slope stability.

Babu et al. (2008) studied the seismic performance of a 
typical soil-nailed wall system, designed in accordance with 
the FHWA design procedure, through numerical simulation. 
They concluded that the pseudo-static analyses yield con-
servative results for displacements and safety factor values 
as compared to those acquired from the time histories of the 
considered earthquake vibrations. Debabrata and Aniruddha 
(2010) conducted a series of laboratory shaking table tests 
and numerical simulations to study the dynamic behavior of 
steep slopes reinforced by nails. Their results indicated that 
the induced nail forces vary nonlinearly with respect to load-
ing cycles. They also found out that, due to the inadequate 
soil confining pressure, the top row nails did not generate 
considerable force as compared to the other (lower) rows. 
Moniuddin et al. (2016) studied the performance of a nail-
stabilized excavation under static and seismic conditions 
using a numerical model. They also confirmed the satisfac-
tory seismic response of nail-stabilized trenches.

Tavakoli et al. (2019) studied the effect of embedded 
length of the sheet piles, underground water table, and shear 
wave velocity of soil on the amplification factor of a trench 
wall stabilized by a nailing system. They reported that the 
amplification factor increases as the embedment depth of the 
sheet piles and the length of the nails increase.

Sharma et al. (2020) investigated the performance of 
helical soil-nailed walls under static and seismic conditions 
through a detailed parametric study in which the effect of 
angle of internal friction of soil, nails’ inclination angle and 
vertical spacing, helix size, number of helices, and the face 
angle on the stability of the wall have been evaluated. The 
results obtained emphasized the importance of input exci-
tation frequency on the safety factor of helical soil-nailed 
walls.

Chatterjee (2022) studied the effect of surcharge loading 
on the seismic performance slopes reinforced by nails. They 
proposed close form expressions for obtaining the equiva-
lent pullout capacity of the nails and safety factor consider-
ing the influence of surcharge load, seismic forces, angle of 
the failure plane, slope angle, nails inclination angle, and 
nails spacing. They reported that the increase in the nails’ 
inclination angle increases the equivalent pullout capacity 
of the nails as well as the failure angle of the wedge. They 
also showed that the increase in the nails’ horizontal spacing 
decreases the equivalent pullout capacity of the nails and the 
angle of the failure wedge.

Chen et al. (2022) introduced a modified pseudo-dynamic 
approach capable of incorporating the impact of earthquake 
loads into the slope stability analysis of slopes reinforced by 
inclined nails. They showed that the ratios of seismic accel-
eration (for the slope crest to the slope toe) greatly influence 
the slope stability under seismic actions. They also reported 
that under a specific nail inclination angle, the best perfor-
mance for the reinforcement could be achieved.
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Despite a significant amount of research conducted on 
the stability of nailed slopes and excavations under static 
and dynamic loading conditions, their dynamic response 
considering the influence of such site effects as soil amplifi-
cation and topography effect has remained relatively unex-
plored in the literature, although they are expected to have a 
substantial impact on the overall performance of the nailed 
trench walls. This is addressed herein, numerically through 
a two-dimensional finite element analysis using equivalent 
linear behavior. The developed models have been used to 
investigate the effect of different mechanical and geometrical 
properties of the nails on the stability and deformation of the 
trench wall, the settlement of the adjacent ground, and the 
amplification factor of different locations on the model. The 
parameters investigated include the nails’ inclination angle, 
length, axial stiffness (EA), horizontal and vertical spacing, 
as well as soil–nail friction coefficient. The above-mentioned 
responses have been studied in both loose and dense sites 
at different locations on the wall and the adjacent ground.

Numerical modeling

In the present research, a series of seismic analyses have 
been performed based on a two-dimensional, plain-strain 
model developed using the Plaxis software. The numeri-
cal model is originally based on a man-made trench wall in 
downtown Tehran, Iran’s capital city. The city is located in 
a seismically active region on an alluvial plain immediately 
south of Alborz Mountains Range. The alluvial plain, com-
posed of Quaternary gravels, sands, silts, and boulder beds, 
is formed by flood erosion of the mountains. This process 
resulted in the settlement of large and small particles on high 
and low elevations, respectively, resulting in heterogeneous 
geological conditions (Knill and Jones 1968; Fakher et al. 
2007). The geometry of the excavation (including its rein-
forcements) and the adjacent building is illustrated in Fig. 1. 

Varying soil density conditions have been considered for the 
model. As no groundwater table has been witnessed during 
the excavation, no water table has been considered for the 
model. A three-story building in the immediate vicinity of 
the trench wall was also modeled.

The soil layer was modeled using 15-node triangular ele-
ments. For the structural components (i.e., the nails and the 
facing of the soil-nailed wall), nonvolume plate elements 
were used. In what follows, a description of the soil model, 
structural elements, boundary conditions, interface elements, 
and the created finite element mesh will be presented in 
detail.

The hardening soil model (HS), an advanced model for 
the simulation of different types of soils, is employed in 
the modeling of the soil medium in this study (Schanz 
et al. 1999). The major advantage of this behavioral model 
compared to others (e.g., the Mohr–Coulomb model) is its 
ability to take into account the stress dependency of the 
soil stiffness, enabling it to accurately model the stiffness 
and deformation behavior before the material failure. As 
shown in Fig. 2, the HS model proposed by Duncan and 

Fig. 1   Schematic of the model 
used in the present study
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Fig. 2   The hyperbolic stress–strain curve used in the Hardening soil 
model (Duncan and Chang 1970)
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Chang (1970) adopts a hyperbolic stress–strain relation 
between the vertical strain (ε1) and deviatoric stress (q) for 
the primary loading. The hardening soil behavioral model 
uses three different input stiffness parameters, namely; 
triaxial loading secant stiffness E50

ref, triaxial unloading/
reloading stiffness Eur

ref, and oedometer loading tangent 
stiffness Eoed

ref at a reference pressure (pref, usually taken 
as 100 kPa); to calculate soil stiffness (Peng et al. 2011). 
Other input parameters of HSM include cohesion (c (kN/
m2)), friction angle (φ (°)), dilatancy angle (ψ (°)), and 
Poisson’s ratio (ν). The coefficient of lateral earth pres-
sure at rest (K0) can be determined by Eq. (1) (Jaky 1994):

The dilation angle (ψ) of the cohesionless materials 
depends on their relative density and friction angle. For 
soil aggregates with an internal friction angle greater than 
30°, the dilation angle is estimated at about ψ = φ − 30° 
(Bolton 1986), and for soil aggregates with an internal 
friction angle less than 30°, the dilatation angle is ψ = 0°. 
The failure ratio (Rf) is considered 0.9 as a default value 
in the Plaxis software (reference manual of the Plaxis soft-
ware 2017). The friction angle (φ) for the sand layer was 
directly obtained from laboratory tests. Values of cohesion 
(c) for soil layers were assumed to be zero, but to avoid 
complications in software calculations, a very small value 
of c = 0.5 kPa was set for the soil layers. According to the 
suggestion of Khoiri and Ou (2013), the drained Poisson 
ratio was assumed to be 0.3 for the soil layers.

In the dynamic analyses, based on the type of analysis 
(nonlinear or linear equivalent), behavioral models capable 
of considering such parameters as shear modulus, shear 
strain, and damping coefficient should be used. Among 
different behavioral models defined in Plaxis software, 
Hardening soil with small strain (HS-Small) is the only 
behavioral model capable of considering such parameters, 
making it a perfect fit for modeling dynamic problems. 
In other words, alternative behavioral models fail to con-
sider damping before reaching plastic behavior as shear 
modulus and damping are not a model input in them. In the 
alternative behavioral models, it is essential to determine 
material damping. To this end, Rayleigh damping (Clough 
and Penzien 1993) is applied to materials in which damp-
ing matrix (C) is associated with the components of stiff-
ness (K) and mass (M) matrixes, using α and β factors, as 
shown in Eq. (2).

The α factor denotes the damping coefficient related to 
mass, and β stands for the damping coefficient connected to 
stiffness, and it can be calculated using Eq. (3) as follows:

(1)K0 = 1 − sin�.

(2)C = �M + �K.

where ξi is the critical damping ratio, which is 0.05 for all 
materials, and ωi is the angular frequency in two vibration 
modes.

Plotting soil stiffness against strain (log) yields a char-
acteristic s-shaped stiffness-reduction curve, as shown in 
Fig. 3. Brinkgreve et al. (2012) deduced that the strain 
range in which soils can be considered truly elastic is very 
small, and as the strain amplitude increases, soil stiffness 
decays nonlinearly (Atkinson and Sallfors 1991). The soil 
stiffness used in the analysis of geotechnical structures 
should consider the very small-strain stiffness and its 
nonlinear dependency on strain amplitude. Therefore, the 
Hardening Soil with small strain behavioral model (HS-
Small) was implemented for material modeling in the pre-
sent study.

The HS-Small model includes all of the input param-
eters in the HS behavioral model in addition to three extra 
material parameters, which are needed to be described 
to consider the variations in stiffness based on strain. 
These additional parameters are the initial or very-small-
strain shear modulus G0, reference shear modulus (G0

ref) 
at very small strains, and the shear strain (γ0.7), at which 
Gs = 0.722G0. The shear modulus in small strains (G0) can 
be determined either through field and laboratory tests 
(Atkinson and Sallfors 1991; Viggiani and Atkinson 1995; 
Rampello et al. 1997; Kurtulus and Stokoe 2008) or using 
theoretical equations. In the present study, the shear modu-
lus G0 is calculated from Eq. (4) (Brinkgreve et al. 2012):

The reference shear modulus G0
ref at very small strains 

(ε < 10−6) for pref = 100 kPa can be estimated from Eq. (5) 
(Benz 2007):

(3)� + ��2
i
= 2�i�i,

(4)G0 = G
ref

0

(

c cos� − ��
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Fig. 3   Characteristic stiffness-strain behavior in logarithmic scale 
(Atkinson and Sallfors 1991)
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The parameter γ0.7 can be calculated using Eq. (6) (Peng 
et al. 2011):

In the above equations, m = power for stress-level 
dependency of stiffness (m = 0.5 for dense soil and m = 1 
for loose soil); e = initial soil void ratio (–); E50

ref = secant 
stiffness in the standard drained triaxial test (kN/m2); 
Eoed

ref = tangent stiffness for primary oedometer loading 
(kN/m2); Eur

ref = unloading/reloading stiffness at engineer-
ing strains (kN/m2); νur = Poisson’s ratio for unloading/
reloading (νur = 0.3 in this study); G0

ref = reference shear 
modulus at very small strains (kN/m2); γ0.7 = shear strain at 
which Gs = 0.722G0; K0 = earth pressure coefficient at rest; 
σ'1 = vertical principal effective stress (pressure negative) 
(kN/m2); and σ'3 = horizontal principal effective stress (pres-
sure negative) (kN/m2). The values considered for HS-Small 
model parameters of sand layers are given in Table 1.

The design of the soil-nailed wall is carried out in accord-
ance with the allowable stress design procedure of the 
FHWA code. A shotcrete coating with a thickness of 20 cm 
was simulated by plate elements as the facing of the soil-
nailed wall. The facing, which is supported by the nail sys-
tem, can bear both horizontal forces and bending moments. 
The nails were simulated with geogrid elements, only able 
to bear tensile forces. The nails’ axial stiffness is determined 
by EeqA, where Eeq is the equivalent modulus of elasticity 
for the grouted soil nails, and A is the total cross-sectional 
area of the grouted soil nails. The soil-nailed wall system is 
generally 3D. For modeling grouted nails in 2D plane strain 
analysis, the use of equivalent nail parameters is necessary. 
The equivalent modulus of elasticity Eeq is expressed using 
Eq. (7) as follows (Singh and Sivakumar Babu 2010):

(5)Gref
0

= 33 ×
(2.97 − e)2

1 + e
(MPa).

(6)�0.7 ≈
1

9G0

[

2c�(1 + cos(2��)) − ��

1
(1 + K0) sin(2�

�)
]

.

where En is Young’s modulus of nails, which was taken to be 
2 × 105 (MPa), An is the cross-sectional area of a reinforce-
ment bar, A is the total cross-sectional area of the grouted 
soil nail, Eg is Young’s modulus of grout material, and Ag is 
the cross-sectional area of grout cover. The parameters A, An, 
and Ag can be calculated using Eqs. (8) to (10), respectively.

D
DH

 is the diameter of the drilled hole in the above-men-
tioned equation. By knowing the Eeq for the grouted soil–nail 
and the horizontal spacing of the nails (Sh), the axial stiffness 
can be calculated using Eq. (11):

For both the concrete facing and nails, the linear elastic 
model has been used. The modulus of elasticity of the con-
crete facing has been calculated using Eq. (12) (ACI Com-
mittee 318 1995):

where f'c is the standard compressive strength of the concrete 
facing.

The parameters of the modeled concrete facing and the 
nails are given in Tables 2 and 3, respectively.

(7)Eeq = En

(

An

A

)

+ Eg

(

Ag

A

)

,

(8)A =
�D2

DH

4
,

(9)An =
�d2

4
,

(10)Ag = A − An,

(11)EA =

Eeq

Sh

(

�D2
DH

4

)

.

(12)Ec = 4700

√

f �
c
,

Table 1   Soil parameters used in 
the finite element analysis

Parameter Dense soil Loose soil

Soil type SM SM
Soil unit weight, γ (kN/m3) 19.5 19
Cohesion, c (kN/m2) 0.5 0.1
Internal friction angle, φ (degree) 34° 24.5°
Dilatancy angle, ψ (degree) 4º 0°
Poisson’s ratio, ν 0.3 0.3
Reference secant stiffness from the drained triaxial test, E50

ref (kN/m2) 8.325 × 104 2 × 104

Reference tangent stiffness for oedometer primary loading,  Eoed
ref (kN/m2) 8.325 × 104 2 × 104

Reference unloading/reloading stiffness, Eur
ref (kN/m2) 2.498 × 105 6 × 104

Exponential power, m 0.5 1



1186	 Modeling Earth Systems and Environment (2023) 9:1181–1198

1 3

The geometry of the finite element model, along with 
its specifications, is presented in Fig. 4. The distance of 
the excavation from the boundaries was selected such that 
their effect on the results would be minimized (Lees 2007). 
Furthermore, the model’s left and right boundaries were 
fixed only in the horizontal direction, while the base of the 
models was fixed in both the horizontal and vertical direc-
tions (Fig. 4). After creating static boundary conditions, 
dynamic boundary conditions were created in the model. 
To avoid the reflection of the earthquake waves when they 
strike side boundaries, absorbing boundaries have been 
assigned to the model’s sides. On the other hand, a stand-
ard earthquake boundary has been created at the bottom of 
the model—where the acceleration history is applied to the 
model (prescribed displacement)—so that no energy dis-
sipation occurs when the acceleration history is applied to 
the model. The dynamic boundary conditions at the bottom 
boundary will let the waves pass through such that waves 
will not be reflected and trapped in the model.

Contact interfaces between different materials (i.e., 
soil and facing concrete, soil and grouted nails) have been 
simulated using interface elements. To do so, the shear 
strength reduction coefficient (Rinter), which is equal to the 
ratio of friction coefficient of two types of materials in 
contact with one another, has been used in the numeri-
cal model (Potyondy 1961). The soil–nail friction coef-
ficient values were determined using laboratory interface 
shear tests and pullout tests on a cement-grouted nail and 
the surrounding soil. The results showed that the ratio of 
nail interface friction angle over soil friction angle is in 
a range of 0.67–1.05. An approximate value of 0.73 is 
considered reasonable for the interface strength reduction 

Table 2   Shotcrete facing parameters used in the finite element analy-
sis

Parameter Value

Unit weight,  γ  (kN/m3) 24
Poisson’s ratio, ν 0.2
Young's modulus, Ec (kN/m2) 22 × 106

Compressive strength of concrete, f'c (MPa) 21.9
Normal stiffness of shotcrete coated wall, EA (kN) 4.4 × 106

Flexural rigidity of shotcrete coated wall, EI (kN m2) 1.47 × 104

Vertical height of the wall, H (m) 10
Facing thickness, t (cm) 20
Slope of backfill, β (degree) 0º
Face batter, α (degree) 0º

Table 3   Nail parameters used in the finite element analysis

Parameter Value

Nail spacing, Sv × Sh (m × m) 1.0 × 1.0
Nail inclination (with horizontal), i (degree) 15º
Length of nails, L (m) 7
Diameter of nails, d (mm) 20
Yield strength of nail, fy (MPa) 415
Drill hole diameter, DDH (mm) 100
Modulus of elasticity of nail, En (GPa) 200
Modulus of elasticity of grout (concrete), Eg (GPa) 20
Normal stiffness of nails, EeqA (kN) 2.136 × 105

Poisson’s ratio, ν 0.2

Fig. 4   The geometry and speci-
fications of the developed finite 
element model

NailsShotcrete wall Absorbing boundaries Free boundaries

10 m40 m

40 m

50 m

80 m

B C DA

E
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factor in the current study. For modeling the soil-concrete 
and soil–nail interactions, the interface strength reduction 
factors of 0.65 and 0.73 were considered in the numerical 
simulation, respectively.

A proper mesh was created based on the concept of an 
adequate number of elements fitting within the wavelength 
of a shear wave. This shear wave was calculated as the 
ratio of the lowest shear wave velocity, and the highest 
frequency desired to be resolved to obtain a maximum 
characteristic dimension of the elements, always satisfy-
ing the well-known condition by Kuhlmeyer and Lysmer 
(1973) (Eq. 14):

where VS_min is the lower shear wave velocity of the system, 
fmax the maximum frequency component of the input motion 
and Δl is the maximum spacing of the Finite Element nodes.

The procedure of simulating the excavation in the finite 
element software is as follows: first, a surcharge of 30 kN/
m2 generated by the three-story building adjacent to the 
trench wall is considered (each floor’s live + dead load = 10 
kN/m2). Next, the initial displacements due to the in situ 
stresses in the soil are considered zero. Then, the 10 m 
trench wall is excavated in five steps, each consisting of 
a 2 m excavation, nail installation, and performing the 
shotcrete facing. By the completion of the trench wall 
simulation, seismic analysis of the model with regard to 
earthquake loading in the form of acceleration history is 
performed. The Upland earthquake acceleration history, 
shown in Fig. 5, with a duration of 23.43 s and maximum 
peak ground acceleration of 0.25 g (PGA = 0.25 g), is con-
sidered for this purpose. The amplification factor (AF) was 
calculated by dividing the peak horizontal ground accel-
eration for points located on the ground surface (points 
A, B, C, and D in Fig. 4) by the peak horizontal ground 

(13)Δl <
𝜆min

10
=

Vsmin

10fmax

,

acceleration of the Upland earthquake acceleration history 
(point E, PGAE = 0.25 g) (Eq. 14).

In the last step of the numerical analysis, the safety factor 
will be considered. The strength reduction method (RSM) 
is adopted to obtain the safety factor of the models created 
in this study. The strength reduction method or otherwise 
known as the “Phi-c reduction” method, has been widely 
used to assess the seismic stability of soil slopes (Yang et al. 
2020).

In the RSM technique, the critical failure mechanism is 
identified automatically, which is typically assumed in the 
conventional analysis. According to Dawson et al. (2000), 
the safety factor obtained by this technique is quite close to 
that calculated using conventional methods. The Plaxis plat-
form uses a Phi-c reduction procedure, in which the strength 
parameters (i.e., c and φ) are reduced continually by a slight 
amount until reaching failure. The reduction ratio that satis-
fies Eq. (15) is equal to the safety coefficient.

where FR is the reduction ratio, φ0 and c0 are the initial 
strength parameters of soils, and φr and cr are the reduced 
strength parameters of soils.

Results and discussion

Figure 6 presents the maximum horizontal displacements 
obtained from site monitoring and numerical modeling 
for the five stages of excavation. Monitoring the displace-
ments of the wall has been carried out from top to bottom 
of the excavation using a series of reflectors and surveying 
instruments at definite time intervals. The field recordings 
were corrected by a relevant software to eliminate acciden-
tal errors. As shown in Fig. 6, there have been no large or 
abnormal deformations at the top or bottom of the wall dur-
ing excavation. Despite the limitations in numerical mod-
eling and the existing complexities of the soil profile, the 
numerical results are in relatively good agreement with those 
recorded in the field. After verifying the numerical results in 
the static condition, dynamic loading has been applied to the 
model to study soil amplification and dynamic response of 
the wall under varying soil nail conditions. The same meth-
odology for verifying numerical models has been adopted 
by Tavakoli et al. (2019).

The effect of mechanical (soil–nail friction coefficient 
(FC), axial stiffness of the nails (AE)) and geometrical 

(14)AF =
PGAsurface

PGAE

.

(15)K = FR =
tan�0

tan�r

=
c0

cr
,

-250

-200

-150

-100

-50

0

50

100

150

200

0 2 4 6 8 10 12 14 16 18 20 22 24

s/
mc( noitarelecc

A
2 

)

Time (s)

Fig. 5   The Upland earthquake acceleration history (Brinkgreve 2006)



1188	 Modeling Earth Systems and Environment (2023) 9:1181–1198

1 3

(angle (i), length (L), horizontal and vertical spacing (Sh, 
Sv)) parameters of the nails on the amplification factor and 
dynamic response of a restrained wall in loose and dense soil 
conditions have been investigated in a parametric manner in 
the following sections. The fixed and variable parameters 
considered in each section are presented in detail in Table 4.

Overall behavior of the soil‑nailed wall 
under dynamic loading

In what follows, the amplification factor and dynamic 
response (in terms of maximum horizontal displacement, 
safety factor, and settlement) of the trench wall will be inves-
tigated under varying soil–nail friction coefficients, as well 
as nails’ axial stiffness (EA), angle, length, and spacing. The 
amplification factor (AF) is calculated and studied in four 
distinctive points located on the top of the wall, each five 
meters apart (points A, B, C, and D in Fig. 4).

The results of Figs. 7a, 8, 9, 10, 11 and 12a indicate that 
in all cases studied, the amplification factor in point A on 
the top of the wall is the greatest. This is primarily due to the 
geometry of the excavation, which concentrates the energy 
flow of a seismic motion on the tip of the excavation. To be 
clear, according to the conservation of elastic energy, energy 
flux must be constant during the transmission of waves, and 
when seismic energy enters the excavation wall from a free-
field condition, the waves are concentrated at the tip of the 
wall (Tavakoli et al. 2019). Such topography effect amplifies 
the effect of the motions greatly. By moving away from the 
trench wall, the amplification factor and the effect of earth-
quake vibrations on the ground surface decrease, indicat-
ing a reduction in the topography effect by moving farther 
away from the excavation tip. The reduction rate, however, 
is not constant. Based on Figs. 7a, 8, 9, 10, 11 and 12a, one 
can observe that the drastic reduction in amplification factor 
from point A to point B has turned into a modest reduction 
from point C to D. It can be anticipated that by moving 
farther away from the point D (equal to twice the depth of 
the excavation), the amplification factor becomes quite close 
to that of free-filed condition. Another noteworthy trend in 
all cases studied is that the dense soil exhibited a smaller 
reduction in the amplification factor by moving away from 
the excavation tip than the loose soil, denoting that the dense 
ground is less influenced by the topography effect.

Moreover, it could be stated from Figs. 7a, 8, 9, 10, 11 
and 12a that the amplification factor for the loose site is 
greater than that of the dense site in all cases studied. Ampli-
fication of earthquake effects is greatly influenced by the 
properties of the soil and the nature of the excitations. In 
general, soft grounds are notorious for amplifying the effects 
of earthquakes greatly; hence engineers are often quite con-
servative when dealing with them.

Another general behavior observed in all cases studied 
in the following sections is that the maximum lateral dis-
placement and settlement of the loose soil is greater than 
that of the dense soil in all varying conditions of the trench 
wall nailing (Figs. 7b, 8, 9, 10, 11 and 12b, d). This result 
is in tune with the safety factor results, which is greater for 
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Fig. 6   Calculated and measured lateral displacement of the studied 
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Table 4   Fixed and varied parameters in each case studied

Parametric analyses no. Fixed parameters Variable parameters

FC (–) L (m) Sh (m) Sv (m) i (Deg) AE (kN) FC (–) L (m) Sh (m) Sv (m) i (Deg) AE (kN)

FC – 7 1 1 15 2.14 × 105 0.65–1.05 – – – – –
L 0.73 – 1 1 15 2.14 × 105 – 6–9 – – – –
Sh 0.73 7 – 1 15 2.14 × 105 – – 1–2.5 – – –
Sv 0.73 7 1 – 15 2.14 × 105 – – – 1–2.5 – –
i 0.73 7 1 1 – 2.14 × 105 – – – – 10–20 –
AE 0.73 7 1 1 15 – – – – – – 1.5 × 105 to 

− 3.5 × 105
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the dense soil than the loose soil in all cases studied under 
different nailing conditions. The relationship between the 
three mentioned responses is simply justified as the loose 
soil is in a more vulnerable stability condition, leading to 
greater lateral deformations and, finally, larger settlements 
in the adjacent ground.

The results also reveal that the maximum displacements 
in the lower portion of the wall under dynamic loading are 
greater than that in the top of the wall for both loose and 
dense sites in all cases studied. This is interestingly similar 
to the static results obtained from monitoring the actual 
excavation. The extent of difference between the top and 
bottom displacements, however, is not similar in the loose 
and dense sites. Based on the results of Figs. 7b, 8, 9, 10, 
11 and 12b, the lateral displacement on the top of the wall 
is significantly less than on the bottom in the dense site.

Having discussed the general and repetitive behaviors of 
the modeled soil-nailed wall, the dynamic response of the 
wall in terms of safety factor, maximum horizontal displace-
ment, and settlement, as well as the computed amplification 
factor, will be investigated parametrically considering spe-
cific conditions for the soil-nailed wall in each distinctive 
cases.

Effect of soil–nail interface friction

As already mentioned in Sect. “Numerical modeling”, the 
soil–nail interface friction coefficient is considered 0.73 in 
this study. To evaluate the effects of the soil-grouted nail 
interface friction coefficient on the amplification factor and 
dynamic response of the modeled trench walls, different 
coefficient values (0.65, 0.75, 0.85, 0.95, and 1.05) have been 
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considered in the numerical modeling. The fixed parameters 
considered in this section can be found in Table 4.

As shown in Fig. 7a, the increase in the soil–nail fric-
tion coefficient increases the amplification factor in points 
A, B, C, and D (shown in Fig. 4). The increasing trend of 
the amplification factor fully complies with the dynamic 
safety factor and horizontal displacement results, which 
increase (Fig. 7c) and decrease (Fig. 7b), respectively, as 
the soil–nail friction coefficient increases. The amplification 
factor enlargement is mainly due to the reduction in the soil 
shear strains resulting from the increase in the shear strength 
of the failure surface provided by the employed stabiliza-
tion. As a consequence, deformation of the wall decreases, 

and hence energy dissipation diminishes, all leading to the 
increase in the amplification factor.

As stated in Sect. “Overall behavior of the soil-nailed 
wall under dynamic loading”, results from Fig. 7b also 
show that the maximum lateral displacement in the lower 
portion of the wall is greater than that in the top of the 
wall. Loose soil, of course, exhibited greater maximum 
lateral displacements. According to Fig. 7d, the increase 
in the soil–nail friction coefficient in both dense and loose 
soils would lead to a reduction in settlement of the adja-
cent ground. According to Fig. 7d, the lowest friction coef-
ficient (friction coefficient of 0.65) in the loose site has 
established quite a considerable settlement (circa 7 cm) 
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in the adjacent ground, which can trigger severe damages 
to the existing buildings. It can also be noted that the set-
tlement of the loose site is more or less about 200 percent 
greater than the dense case. In the following sections, even 
higher levels of settlements have been obtained for the 
loose site with inappropriately low soil-nailed wall param-
eters. Therefore, proper soil–nail wall parameters should 
be considered to circumvent such problematic settlements 
in loose ground conditions under dynamic loading.

Effect of the length of the nails

According to Table 4, the dynamic response and amplifica-
tion factor of the simulated model, reinforced with nails 
of different lengths, are evaluated in this section. As can 
be seen in Fig. 8, the increase in the length of the inserted 

nails, in both loose and dense sites, results in an increase 
in the safety factor as well as a reduction in the deforma-
tions of the soil-nailed wall system. The increase in stabil-
ity and decrease in the displacements leads to a reduction 
in the shear strains and energy dissipation of the system 
under dynamic loading, both of which, in turn, increase 
the amplification factor (Fig. 8a).

The results of Fig. 8b, c, indicating a decrease in the 
lateral deformations and an increase in the safety factor, 
respectively, can be explained by the fact that as the nails’ 
length increases, the engagement of the failure wedge with 
the soil behind it increases through an increase in the fric-
tion created between the nails and the soil behind the fail-
ure wedge. This consequently enhances the wall’s stability 
and reduces its lateral displacements. The total friction 
force of the nails depends on the length of the conflict zone 
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behind and in front of the failure wedge. Therefore, the 
increase in the length of the nails would lead to an increase 
in the length of the nails behind the failure wedge, and in 
this state, the failure wedge will be properly connected to 
the soil behind it. The results presented in Fig. 8 indicate 
that the rate of increase in the safety factor and amplifica-
tion factor becomes gentler for the nails longer than 7 m. 
It also shows that the rate of settlement and horizontal 
displacement reduction drops for the nails longer than 7 m. 
So much so that the insertion of nails longer than 8 m is 
neither effective in increasing the safety factor nor control-
ling the horizontal displacements and ground settlements. 
This shows that the optimum length of the nails for the 
simulated wall is about 7 m, and at the length of 8 m, the 

failure wedge is properly connected to the soil behind it, 
longer than which the length of the nails becomes incon-
sequential in the mentioned parameters.

Effect of the horizontal and vertical nails’ spacing

Figures 9a and 10a illustrate the effect of the horizontal and 
vertical nails’ spacing on the amplification factor of both 
loose and dense reinforced grounds for different locations 
considered in the model (Fig. 4). It is clear at first glance 
that both plots are almost identical in their decreasing trend 
as their horizontal (Fig. 9a) and vertical (Fig. 10a) nails’ 
spacing increases. The amplification results are also per-
fectly in line with the results of the safety factor that show 
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a reduction as the horizontal and vertical nails’ spacing 
increase (Figs. 9c, 10c, respectively). As previously dis-
cussed, the amplification of earthquake effects is highly 
influenced by the energy dissipation that occurs in the sys-
tem. In this case, as the spacing of the nails becomes greater 
(undermining the wall’s stability), larger deformations and 
hence shear strains would materialize, leading to the dis-
sipation of a greater amount of energy in the system, which 
ultimately results in the amplification of smaller factors.

It can be observed that in both loose and dense sites, by 
increasing the horizontal and vertical distance of the nails 
from one another, the dynamic stability of the wall is com-
promised, and the maximum lateral displacement of the wall 
escalates (Figs. 9b, 10b). Similarly, the settlement results 
presented in Figs. 9d and 10d show an increase in settlement 

of the adjacent ground as the nails’ horizontal and vertical 
spacing increases, with the settlement of the loose ground 
being greater than that of the dense ground. In fact, the 
increase in the horizontal and vertical distance of the nails 
decreases the number of reinforcements inserted into the 
wall, which in turn, decreases the number of engagement 
factors that connects the failure wedge with the soil behind 
(decreasing the number of friction zones created between the 
nails and the surrounding soil) all of which ultimately lead 
to a decrease in total frictional forces acting behind and in 
front of the failure wedge.

It is worth noting that the increase in the horizontal 
distance of the nails is almost inconsequential in the ulti-
mate settlement of the adjacent ground. By comparing the 
Figs. 9d and 10d, one can observe that while the increase 
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in the vertical distance of the nails increased the settlement 
substantially, the increase in the horizontal nails’ spacing 
was almost uninfluential in the settlement of the adjacent 
ground. The results of maximum lateral displacement and 
safety factor for vertical and horizontal spacing (Figs. 9b, 
c, 10b, c), on the other hand, exhibit no tangible differ-
ence between the effect of the horizontal and vertical spac-
ing increase on the results. Therefore, based on the results 
obtained, it can be suggested that for controlling the settle-
ment of ground in the vicinity of excavations, the reduction 
in the vertical spacing of the nails should be considered.

Effect of the inclination angle of the nails

The influence of nails’ inclination angle on the amplification 
factor and dynamic response of the modeled soil-nailed wall 
system in both loose and dense sites has been investigated 

in this section. Figure 11a shows the effect of the nailing 
angle on the amplification factor (AF) for points A, B, C, 
and D in both loose and dense grounds. It can be seen that 
the amplification factor results, unlike the previous sections, 
do not indicate significant variations. Based on Fig. 11a, the 
amplification factor has dropped by a modest 6.8% from the 
angle of 5°–25°. The safety factor, horizontal displacement, 
and settlement results have also shown a minute reduction 
in the mentioned range, that is, a reduction of 14.8% for the 
safety factor, an increase of 8.5% for lateral displacement, 
and an increase of 20% for the settlement. It can be inferred 
from the mentioned results that the slight decrease in the 
stability and increase in deformations has yielded a modest 
increase in the shear strains and damping, all leading to an 
insignificant decrease in the amplification factor.

However, there is a discontinuity in the wall’s behavior 
in the mentioned range. Although, in general, the stability 
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of the wall diminished from angle 5 to 25, the trend was not 
continuous as the stability increased from the nail angle of 
5 to 15 and then decreased. This is due, in large part, to the 
fact that there is an optimum nail angle at which the perfor-
mance of the modeled soil-nailed wall in terms of dynamic 
stability and displacement is the best. Therefore, there is no 
definite increasing or decreasing trend in the shear strains 
and damping of the system that would result in a consider-
able and continuous variation in the amplification factor of 
the simulated model. It could be said that, at this specific 
turning point (angle of 15°), the installed nails have properly 
connected the failure wedge to the soil behind it. The same 
behavior has also been observed in the work of (Maleki and 
Mir Hosseini 2022).

The determination of an appropriate nailing angle 
becomes specifically important when working on very 
narrow margins in terms of the safety factor. For instance, 
according to Fig. 11c, it could be noted that for nailing 
angles of greater than 18° in the loose site, the safety fac-
tor of the wall could fall well below the permissible range 
proposed by the code (minimum safety factor for global 
stability of excavation is F.SG = 1.35, FHWA code 2017). 
The optimum nailing angle in the mentioned model, on the 
other hand, would offer an acceptable safety factor greater 
than 1.5.

Effect of the axial stiffness of the nails (EA)

In this section, the influence of the axial stiffness of the 
nails on the amplification factor and dynamic response of 
both sites modeled will be investigated. The fixed and vari-
able parameters considered herein are presented in detail in 
Table 4.

The result of the amplification factor under varying nails’ 
axial stiffness is presented in Fig. 12a for points consid-
ered on top of the wall for both loose and dense sites. In 
line with the safety factor results, which show an increase 
as the axial stiffness of the nails increases (Fig. 12c), the 
amplification factor also increases as the axial stiffness of 
the nails increases. The substantial limitation in the lateral 
displacement of the wall and the settlement of the adjacent 
ground (Fig. 12b, d) is the reason behind this behavior, as 
the drop in the mentioned deformations would directly result 
in a drop in the shear strains and energy dissipation in the 
system and hence the amplification factor enlarges. Dynamic 
response of the wall in terms of the maximum horizontal 
displacements, safety factor, and maximum settlement of 
the adjacent ground are presented in Fig. 12b–d, respec-
tively. The results demonstrate that the increase in the axial 
stiffness of the nails would yield a considerable increase in 
the safety factor and controls the lateral displacements and 
settlement of the system up to a great extent. The stability 
enhancement and displacement control are achieved owing 

to the increase in the tensile forces acting against the total 
active forces of the reinforced wall.

Economic evaluation

Economics is a very important component of civil engi-
neering. In order for a project to be successful, it must be 
affordable and return more value than it costs. Without a 
firm understanding of costs, one cannot properly evaluate 
the feasibility and cost-effectiveness of any project. There-
fore, the study is supplemented with a short discussion on 
the influence of each of the mentioned parameters on the 
economy of a typical trench wall stabilization project. The 
positive impact of some of the parameters studied thus far is 
achieved at the expense of either the use of a greater amount 
of resources or the use of materials with superior quality. 
For instance, installation of longer nails or insertion of a 
larger number of nails due to a reduction in the nails’ spac-
ing would, of course, enhance the performance but requires 
the use of more materials. The insertion of nails with higher 
axial stiffness, on the other hand, would require the use of 
materials with higher quality. All of the mentioned meas-
ures can jeopardize the economy of a project and put an 
extra burden on the environment due to the production of 
such materials. Nevertheless, through a smart design, such 
financial and environmental burdens can be averted without 
compromising the dynamic performance of a trench wall 
or slope. As discussed in Sect. “Effect of the inclination 
angle of the nails”, the insertion of nails at an optimum 
angle would certainly not be an expensive undertaking, yet 
it can improve the response in terms of stability, lateral dis-
placement, and settlement by an astonishing 9.2%, 15%, and 
34% on average for both loose and dense sites. In addition, 
through the use of proper adhesives, compliant with the nails 
and the specific type of soil being reinforced, the friction 
coefficient of both interacting materials can be improved 
substantially, which in turn, results in the improvement of 
the response by a great deal; in our case, for instance, the 
increase of 23% in the safety factor and the reduction of 
34% and 40% in the lateral displacements and settlement, 
respectively, can be achieved by a mere 12% increase in the 
soil–nail friction coefficient.

Conclusions

The influential parameters in dynamic response and ampli-
fication of an excavation restrained by a nailing system 
have been studied numerically. The investigation has been 
carried out by considering varying soil–nail conditions for 
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the developed model. Such conditions include the mechan-
ical (soil–nail friction coefficient and nail’s axial stiffness) 
and geometrical (angle, length, and spacing) properties 
of the nails installed in both loose and dense soils. The 
major findings of the present research are summarized in 
the following paragraphs.

It was observed that the factors leading to an increase in 
the stability and a decrease in the deformation of the wall 
would also lead to an increase in the amplification factor. 
This is due, in large part, to the fact that the increase in the 
stability causes a decrease in the wall’s tendency to exhibit 
greater nonlinear behavior through larger deformations, 
which in turn, results in the generation of smaller shear 
strains and dissipation of a smaller amount of energy in the 
created model. Based on the results obtained, the increase 
in the nails’ length, axial stiffness, and the soil–nail friction 
coefficient result in an increase in the stability and a decrease 
in the deformations under dynamic loading, all leading to 
an increase in the amplification factor of the trench wall. 
Conversely, the increase in the nails’ spacing would result in 
a decrease and increase in the wall’s stability and deforma-
tions, respectively, both increasing the nonlinear behavior, 
shear strains, and energy dissipation in the reinforced sys-
tem, all contributing to the amplification factor reduction. 
As for the nails’ angle of insertion, there is no continuous 
decreasing or increasing trend in the stability or deformation 
of the trench wall. There is, however, a turning point at the 
nailing angle of 15° at which the highest stability and the 
least deformation have been computed in the model.

The results also revealed that the highest amplification 
factor is expected in the immediate vicinity of the trench 
wall as a result of the topography effect and the concentra-
tion of the seismic waves at the tip of the excavation. By 
moving away from the tip of the wall, the amplification 
factor decreases, indicating a reduction in the topography 
effect. In addition, the reduction rate decreases by mov-
ing farther away from the tip of the excavation, so much 
so that, at a distance of twice the excavation depth, the 
amplification factor becomes quite close to that of the free-
field condition. The dense soil, compared to the loose soil, 
exhibited a smaller reduction in the amplification factor 
by moving away from the excavation tip. The presented 
results emphasize that special considerations should be 
taken into account for structures constructed in the vicinity 
of a reinforced excavation in the light of such site effects 
as amplification factor and topography effects.

Based on the results obtained, the effect of nails’ length 
on the performance of the wall wears off for nails longer 
than 8 m. Moreover, the amplification factor reduction rate 
drastically decreased for the vertical and horizontal nails’ 
spacing of more than 1 m. There is also an optimum nailing 

angle at which the response of the wall is the most desirable. 
It was also noted that the vertical spacing of the nails is more 
influential in the control of the settlement of the adjacent 
ground compared to the horizontal spacing.

The results also showed that, as expected, the loose site 
amplified the earthquake effects by a larger factor than the 
dense soil. It also exhibited inferior dynamic response in 
terms of safety factor and deformations compared to the 
dense site in all varying nailing conditions. The results also 
revealed that, similar to the monitoring results recorded 
under static loading, the displacements in the lower portion 
of the wall under dynamic loading are greater than that in 
the top of the wall for both loose soil and dense sites in all 
cases studied.
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