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Abstract: Soil nailing is a prevalent and cost-effective technique employed to reinforce and enhance
the stability of precarious natural or cut slopes; however, its application as a primary support system
to prevent collapses or cave-ins during foundation excavation could be more frequent. To better
understand the behavior of such a support system, this study simulated a full-scale nail-supported
excavation for the foundation pit of a 20-story building to examine the effect of placing a strip
footing with various combinations of configurations on the crest of the excavation pit. The results
are discussed in terms of the nail axial force, wall horizontal deflection, basal heave, and safety
factor against sliding. The results show that the footing width and setback distance are the two
most significant factors dominating the wall horizontal deflection. This study also reveals that the
maximum axial force is closely related to the apparent active earth pressure, which accounts for the
presence of a tension crack, at nail depth. Such a finding allows engineers to assess and mitigate the
risks of structural failure more effectively and optimize the design of nail-retaining structures.

Keywords: nail-supported excavation; nail axial force; wall horizontal deflection; tension crack;
numerical modeling of excavation

1. Introduction

Soil nailing is a sustainable and effective method for stabilizing unstable slopes and
excavation faces. It is preferred by engineers due to its quick and easy installation, cost-
effectiveness, and long-term sustainability. Many studies have analyzed the performance
of nailed structures under different conditions, such as surcharge load, staged excavation,
seismic conditions, foreign soil, and foundation configurations. These studies have shown
positive results and support for using soil nailing to reinforce unstable ground conditions.

Rawat et al. [1] conducted laboratory experimental and numerical studies on a nailed
soil slope and examined the behavior of the slope under surcharge loading; they found good
agreement between their experimental and numerical results and, in particular, observed
that nails inclined at 0°~15° give the maximum improvement in the load carrying capacity
of their slopes. Liu et al. [2] studied the performance of soil-nailing-supported excavation
for the east public square of the Jinan high-speed railway station and examined its stability
during each excavation stage using the FLAC3D finite difference program. Again, good
agreement between the monitoring data and the numerical results has been obtained.
Pak et al. [3] numerically studied 1292 cases of deep supported excavation and proclaimed
that with the increase in wall height and surcharge loading, wall deflection increases,
and with the rise in soil friction angle, wall deflection decreases; they have also found a
good agreement between numerical and field results.

After conducting a series of laboratory experiments on a scale of 1:10 to examine the
effect of footing pressure, soil type, soil slope angle, foundation width, and position on the
nail force, slope lateral displacement, and foundation settlement [4,5], Mohamed et al. [6]
concluded that an FE analysis has the potential to replicate the behavior of the field-nailed
soil slope during the construction and working stages.
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Elahi et al. [7] conducted a series of parametric studies using Plaxis 2D to study the
effect of nail installation angles and observed that the optimum nail inclination angle was
between 0 and 25°. A similar study was performed by Amrita et al. [8], who studied
the effect of nail length, nail inclination, and different site conditions using Plaxis 2D and
concluded that the optimum nail angle was 15° and that the longer the nail length, the more
stable the slope was. Gui and Rajak [9] also performed a series of parametric studies on
the effect of nail head geometrical configuration and surcharge loading on the response
of the structural components of a nailed retaining structure and observed that the use of
larger nail heads reduces the horizontal deflection of the nailed slope. At the same time,
the surcharge loading not only resulted in a higher nail tensile force but was also linearly
proportional to the increase in the crest’s vertical settlement.

Gui and Ng [10] conducted a series of simulations for an instrumented cut slope
in Hong Kong using Flac2D and Flac3D finite difference programs and concluded that
horizontal nail spacing is an essential factor in controlling the horizontal deflection of the
cut slope. Hossain and Yin [11] conducted a series of direct shear tests to examine the
interface behavior between compacted completely decomposed granite (CDG) and cement
grout under both saturated and unsaturated conditions and at various grouting pressures.
Their results show that the shear strength of the interface increases with the increase in
grouting pressure and that pressure-grouted nails give better strength than gravity-grouted
nails. The conclusions provided by [10,11] have also been observed by Sabermahani and
Nuri [12], who have conducted centrifuge and numerical studies to examine the effect of
nail length, nail angle, horizontal spacing, and nail density on the response of a nailed slope,
and concluded that nail density was the most influencing factor in their centrifuge study.

Recently, Wang et al. [13] performed a series of innovative, large-scale model tests on
compaction-grouted soil nails by injecting grout into a special latex balloon to form the
so-called cement bulk and allow for the studying of the surrounding soil responses due to
grouting and the subsequent pullout resistance of the soil nail. They found that the nail
pullout force increases with the increase in the membrane skin friction coefficient and bulk
angle, and that the diameter of the cement bulk was more effective than the bulk length in
improving the pullout force due to the fact that the enlargement in the diameter increased
the interface shear and end resistance to the pullout of the soil nail. The findings were then
confirmed by Ye et al. [14] via a series of numerical analyses.

As shown above, a numerical analysis has been proven to be a reliable tool for studying
soil-nailing-related problems. In particular, the finite element method is much more
helpful than experimental study in analyzing and assessing the behavior and stability
of nailed slopes or soil-nail-supported structures [15] as engineers can quickly determine
the potential sliding surfaces of a slope and design suitable nail length and shotcrete
thickness to prevent such instability. For example, Rowe and Ho [16] analyzed a geogrid-
reinforced soil model with a continuous wall-facing panel using the AFENA finite element
program and evaluated the mechanism of reinforced soil walls. Cheng and Deng [17]
studied the performance of Moso bamboo micropile-composite soil nailing for excavating
a foundation pit through model tests and a numerical analysis. Their results show that
bamboo can effectively control the horizontal deformation of the side walls and ground
surface settlement. In particular, Moso bamboo has high short-term strength and stable
performance and can temporarily support shallow foundation pits. Dai et al. [18] have also
studied the behavior of Moso bamboo nailed retaining structures through experimental,
field, and numerical simulation and found their use to be suitable for slope stabilization.
They observed that the pulling capacity of the bamboo nails with branches increased by
2.5 and 2.8 times in stiff soil and soft clay, respectively, compared to the conventional steel
reinforcement. They have also verified their experimental and field work using Abaqus
10.0 and Plaxis 2D (ver 8.5) finite element software and obtained good agreement between
their numerical and measured settlement and horizontal deformation.

By hypothesizing that a nail reinforcement embedded at a depth of z below the earth
surface may be subjected to a lateral pressure K;vz (7 is the soil unit weight; K, is the
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coefficient of active earth pressure) acting on a nail area confined by horizontal and vertical
nail spacings, Singh and Babu [19] presented a theoretical appraisal of maximum axial
force in nails embedded at various depths. The theoretical expression helps engineers
in estimating the maximum nail axial force. Unfortunately, their theoretical expression
over-estimated their numerical results by an average of 180% for nails embedded between
the depths of 2.5 and 9.5 m. The reason for the over-estimation was that load re-distribution
during the construction stages was not accounted for in the theoretical evaluation [19].

The main objective of this study is to assess the behavior of a soil-nail-supported
excavation pit for a building foundation through a series of numerical analyses. This study
aims at extending the work performed by Gui and Rajak [9]. The simulated problem was a
full-scale nail-supported excavation designed for excavating the foundation pit of a 20-story
building [20]; the excavation face was inclined at an angle of 80° from horizontal. Gui and
Rajak [9] performed the analysis using the in situ soil conditions and studied the responses
of the nailed facing of the excavation face. In this study, we assumed the soil mass to be a
single layer of homogenous soil. We did this in order to prevent the numerical results from
being influenced by textural layering. The effects of the excavation stage, configurations
of strip footing (width, setback distance, and vertical loading), and the roughness of the
soil and grout interface on the behavior of nailed excavation are then evaluated in terms of
the mobilized nail axial (tensile) force, wall horizontal deflection, basal heave, and safety
factor against sliding. Finally, the theoretical evaluation of maximum axial force in nails
embedded at various depths, as proposed by [19], is revisited. Directly observing these
responses provides valuable, insightful knowledge of the subject problems.

2. Materials and Methods

This study was conducted using the finite element program Plaxis 2D. The simulated
model was a plain-strain model 22 m wide and 16 m high, sufficient to minimize the
numerical result from any boundary effect [21]. The left and right boundaries of the mesh
are allowed to move only in a vertical direction, while the bottom boundary is fixed in both
of its vertical and horizontal directions. The fine mesh used in the model was made up of
15-noded triangular elements (Figure 1).

Figure 1. Finite element mesh of the soil model (B = strip footing width, b = setback distance).
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2.1. Materials” Properties

The soil was represented by an isotropic, homogeneous, elastic—perfectly plastic
material, which obeys the Mohr-Coulomb failure criterion. Singh and Babu [19] found
that the use of the Mohr—Coulomb model in soil-nailing simulation is reasonably safe
compared with other advanced soil models, such as the HS (hardening-soil) model and the
HS-small (hardening-soil with small strain stiffness) model, because the Mohr-Coulomb
model over-estimated the lateral displacements of the soil-nailing wall up to 60% of the
construction stage and basal heave at the end of the excavation process [19,22].

The nail and shotcrete wall were represented by plate structural elements [9,19,23] and
modeled as elastic materials because of the high ultimate bonding strength between steel
reinforcement and cement grout [24,25] and the low yielding possibility [26]. The plate is
continuous in the out-of-plane direction. A zero-thickness interface element represented
the interface between the grout and the soil. Elahi et al. [7], Rawat and Gupta [27],
and Jaiswal and Chauhan [28] used an interface with a thickness of 0.1 mm in their studies.
The roughness or the strength of the soil/grout interface is defined by the strength reduction
coefficient Rinter, which can be calculated as

Cint tan (P t
Rinter = inter _ inter (1)
Csoil tan (Psoil

where ¢4 and ¢; are the apparent cohesion and frictional angle of the soil, respectively,
whereas Cinter and ¢inter are the cohesion and friction angle of the soil/grout interface,
respectively. In this study, the value of the interface coefficient Rinter has been taken as
2/3 [9]; Rinter of 1.0 is used when the interface between the soil and the grout is perfectly
rough, while Rjnter of 0.0 is used when the soil and grout interface is perfectly smooth.

The safety factor (FOS) against sliding was also calculated to quantify the stability
condition of the nail-supported excavation for each factor considered in this study. The limit
equilibrium method is commonly employed to determine the FOS from the ratio of the
resisting and the driving forces (or moments) acting on the critical sliding surface, assum-
ing that the driving and resisting forces do not depend on displacement [29-31]. This
assumption is called perfectly plastic behavior, in which the strength does not change even
after slope failure.

The FOS in Plaxis is computed using the so-called ¢ — ¢ reduction method or shear
strength reduction method (SRM) [32]. In this method, the initial strength parameters
are reduced until the slope fails, generating a value defined as the incremental multiplier,
Y M f;asa result, the incremental multiplier converges when the slope fails. The ratio of
the available strength to the critical stress at failure is also defined as FOS [7,33,34]:

FOS =

A;ftailable str'ength _ ZMsf _ Cinput _ tan Pinput @)
ress at failure Coutput  tan Poutput

The groundwater effect has yet to be included in this study as the water table is located
10 m below the excavation pit. In the absence of a groundwater table, there will be no excess
pore-water pressure generated [9,19,27,35]; hence, a drain analysis has been performed
throughout this study.

The “FHWA Soil-Nailing Manual” [36,37] provides the specifications, standards,
and design parameters for designing soil-nailed retaining structures. Here, the homo-
geneous soil, which is silty clay, has a unit weight of 17.9 kN/m?. Its apparent cohesion
and internal friction angle are 20 kPa and 15°, respectively; the Young’s modulus and
the Poisson’s ratio of the soil are 12 MPa and 0.3, respectively. The nail reinforcement’s
diameter, yield strength, and elastic modulus were derived from [20]. In contrast, the elastic
modulus of concrete and grout was similar to the values given in [19]. These parameters
are presented in Table 1.
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Table 1. List of soil-nail and shotcrete wall parameters used in the numerical simulation.

Parameter Value
Material model Elastic
Yield strength of reinforcement f,, (MPa) 415
Elastic modulus of reinforcement E;; (GPa) 200
Elastic modulus of shotcrete wall Es (GPa) 345
Elastic modulus of grout E¢ (GPa) 22
Diameter of reinforcement d (mm) 20
Drill hole diameter D, (mm) 120
Length of nails (m) 5,6,7,8
Nails” inclination (degree) 10
Horizontal Sj, and vertical spacings Sy of nail (m) 1.5
Thickness of shotcrete wall ¢ (mm) 100
Coefficient of interface Rinter %

2.2. Axial Stiffness and Flexural Rigidity of Nail and Shotcrete Wall

For the modeling of nails and shotcrete walls, the plate element was used in Plaxis. Due
to their discrete nature, nails were modeled using an equivalent-plate-model
approach [19,23,35], in which the axial stiffness (EA), and flexural rigidity (EI), are com-
puted as

Eeg (7030 Dl 2

(EA), = -4 (—Ddh) [KN/m]; and (EI), = -2 .EA [KNm?/m]  (3)
Sp \4 16

where §j, is the nails” horizontal spacing, Dy, is the drilled hole diameter, and E,; is the

equivalent elastic modulus, which contributes to the elastic stiffness for nail reinforcement

and grouted cover of nails [9,19]; the equivalent elastic stiffness can be computed by

Ee = Ey <‘2") + Eg<1:g> (4)

where E;,; and E; are the elastic moduli of the nail and grout, respectively; A is the cross-
sectional area of the grouted nail (A = 0.257TD§h) ; Ay is the cross-section area of bar
reinforcement with diameter d (A, = 0.257d?); and Ayg is the cross-sectional area of
grouted cover, which is given by Ay = (A — Ay).

The axial stiffness (EA )y and flexural rigidity (EI)ay of the shotcrete wall, with a
thickness t, are given in (5), following the work of Garzén-Roca et al. [35]:

Ext
(EA)wall =Ext and (El)wall =5

1 (5)

2.3. Excavation Stages

The excavation and installation process of the nail-supported excavation pit can be
numerically simulated. Excavation is simulated by deactivating the soil layer, while nails
and shotcrete wall installation are simulated by activating the structural elements in the
model. The ground initial stress was applied to the numerical model after generating the
2D mesh.

The 6.53-m-deep excavation and installation of nails and shotcrete walls were con-
ducted in four stages, where the depth of each excavation thickness was maintained as
closely as possible, i.e., roughly 1.50 m deep. Details for the construction sequence in each
of the four excavation stages and the installation of the structural nail and wall elements
are summarized in Table 2.
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Table 2. Details of excavation stages and installation of structural nail and wall elements.
Stage/ Excavation Nail Installation Shotcrete Wall
Nail Row No. Level Level Installation
1 EL —1.70m EL —1.20m EL0.0m to EL —1.70 m
2 EL —3.50 m EL —2.70m EL —1.70 m to EL —3.50 m
3 EL —5.00 m EL —4.20 m EL —3.50 m to EL —5.00 m
4 EL —6.53 m EL —5.70m EL —5.00 m to EL —6.53 m

3. Results and Discussion
3.1. Effect of Excavation Stage

The foundation pit was excavated in four stages to a depth of 6.53 m below the
ground surface, and the responses of the nail-supported excavation pit during each of
these excavation stages have been observed. The thickness of the shotcrete wall was
100 mm, and there was no surcharge loading on the crest of the excavation pit. Excavation
stages were simulated by deactivating the soil clusters, while the nails and shotcrete
wall installation were modeled by activating the nails and the wall structural elements,
respectively. The responses of the nail-supported excavation pit were recorded in terms of
the nail axial (tensile) force, shotcrete wall horizontal deflection profile, global safety factor
against sliding (FOS), and basal heave.

Figure 2 presents the axial force distribution along all of the nails during each excava-
tion stage. The result shows that the axial force of the nail increases with the excavation
stages and depth. For instance, the axial force in the Row-1 nail was lowest (11.4 kN/m) at
the end of the first excavation stage but gradually attained a higher force (29.5 kN/m) at
the end of the fourth excavation stage. In addition, among the forces in the four rows of the
nail, the minimum force of 29.5 kN /m was observed in the first row (Row-1) nail, while the
maximum force of 83.6 kN/m was observed in the last row (Row-4) nail at the end of all
the excavation stages.
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Figure 2. Effect of excavation stage on nail axial force.

The horizontal deflection of the shotcrete wall during the excavation process is plotted
in Figure 3a. The results reveal that the horizontal deflection of the wall at different depths
of the excavation increases progressively. In Stage-1 excavation, the value of the horizontal
deflection of the shotcrete wall is positive (black line); this means that the wall was virtually
being pulled backward by the nail reinforcement. Johari et al. [15], who studied an actual
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site construction problem using the random finite element method (RFEM) to obtain
the indices of global stability, lateral displacement stability, tensile strength, and pullout
resistance stability for their soil-nailing wall system, also observed the phenomenon but
they gave no explanation. A careful examination revealed that the unexcavated soil behind
the wall heaved upward and, thus, dragged both the nail and the wall upward and towards
the unexcavated side (Figure 4a).

0 _— 6 12
/ A R H=6.53 m
—1} ] . S
EL —1.70 m / ’ 8 S5r L5 e
—_ < & < 41.0
g 2f -~ ST 1 & %
g . ' >4 >
= -3t /’/ 4 6 =
_%1) EL —3.50 m el ) c§ Lol &
= —4 F g d G 3 L R
= . © 3
S g [0 Stage-1 (26%) 5 o
J -- - Stage-2 (54%) 29l 0.36 X
—6t . '/,' .......... Stage-3 (77%) S 3 2
L N Stage-4 (100%)
_7 . . . " N 1 ;
—25 —20 —15 —10 -5 0 5 0 20 40 60 80 100
Wall horizontal deflection (mm) Excavation progress (%)
(a) (b)

Figure 3. Effect of excavation stage on (a) wall horizontal deflection; (b) safety factor and maximum
basal heave.

In Stage-2, where the excavation level reached EL —3.50 m, three-quarters of the shotcrete
wall installed in the first stage still remained on the unexcavated side, Figures 3a and 4b,
but the shotcrete wall installed during this stage completely deflected outward towards the
excavated side. It was not until Stage-3, where the excavation level reached EL —5.00 m, that
the three panels of shotcrete wall deflected in the expected fashion (Figure 4c). The sudden
decrease in the horizontal deflection at EL —3.50 m was because the top and bottom shotcrete
walls were not connected in the analysis to reflect the actual construction on site.

The maximum wall horizontal deflection of 21.6 mm (Figures 3a and 4d) has been
observed in the final stage of the excavation, and it was found to coincide with the toe of
the un-socketed wall. These results coincided with the results obtained by [5]; through the
experimental study of nailed soil slope models in medium-dense sand, they observed that
the horizontal movement of the slope face increases with the construction stage and also
with the excavation depth, and that their maximum deflection occurred in the vicinity of
the toe of the slope face. For loose sand, the maximum deflection happened in the middle
third of the excavation depth [5].

The safety factor against sliding recorded after each excavation stage is presented in
Figure 3b. As expected, the FOS reduces progressively with the excavation depth. In the
first stage of excavation, the FOS was 5.60, but at the end of full-depth excavation, the FOS
was reduced to 1.5, the minimum value required by most design codes. A similar result
has also been obtained by [2].

It is vital to identify basal heave or bearing capacity failure as one of the external
failure modes for soil-nail walls constructed in fine-grained soils. This happens because the
shotcrete wall does not penetrate the ground below the excavation level. The unbalanced
load from the unexcavated side may cause the base to heave and ultimately generate
bearing capacity failure [19,36]. Figure 3b shows the amount of basal heave at the bottom of
the excavation of each excavation stage. It was observed that after the first excavation stage,
the base of the excavation heaved about 0.36% of H, and at the end of the fourth excavation
stage, the basal heave increased to about 1.01% of H, where H is the full excavation depth,
i.e., 6.53 m.
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(b)

() (d)

Figure 4. Behavior of nails and shotcrete wall in (a) Stage-1; (b) Stage-2; (c) Stage-3; (d) Stage-4.
(Magnified 50 times.)

3.2. Effect of Footing Setback Distance

A two-meter-wide strip footing was placed at four different setback distances; the
setback distance b is the distance between the cut face and the nearest edge of the strip
footing (Figures 1 and 5). The four setback distances considered in this study are 1 m, 2 m,
3 m, and 4 m, corresponding to a b/B ratio of 1/2, 1, 3/2, and 2, respectively. The vertical
surcharge loading considered was 30 kPa, and the thickness of the shotcrete wall was
100 mm.

b=4.0 —
=4.0 m @)

3.0m _ ©)
~-20n . ®

1.0 m (a)

Figure 5. Footing setback distances b considered in this study: (a) 1.0 m; (b) 2.0 m; (c) 3.0 m; (d) 4.0 m.

Figure 6 shows the distribution of the axial force of all the nail reinforcements; the
result revealed that the distribution of the axial force in all the nails remained reasonably the
same, except in the case of the Row-1 nail. For a particular setback distance, the maximum
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axial force in the Row-1 nail was found to be located directly beneath the corresponding
strip footing. For each specific row of nails, the variation between the maximum and
minimum axial forces among the four setback distances was at most 10% (Table 3). Another
observation is that the axial force in the nail head decreases, albeit only slightly, as the
setback distance increases; the decreases in nail head forces revealed that the nail head was
undergoing stress relaxation when the footing was further away from the excavation face.

100
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Nail length (m)

/

W
o
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W

(e

Figure 6. Effect of footing setback distance on nail axial force.

Table 3. Maximum axial force in each nail under different footing setback distances.

Max. Axial Force (kN) Setback Distance Maximum
Nail in 1m 2m 3m 4m Variation %
Row-1 37.1 37.2 37.2 36.6 14
Row-2 50.2 479 454 45.3 9.8
Row-3 71.0 70.4 68.9 68.2 3.9
Row-4 89.5 87.3 86.9 85.9 4.0

Figure 7a presents the result of the horizontal deflection of the shotcrete wall generated
by footing with a 30 kPa surcharge and placed at various setback distances on the crest of
the excavation pit. The maximum horizontal deflection profile was generated by the footing
placed at a setback distance of 1 m; the horizontal deflection produced by the footing at
setback distances of 2 m, 3 m, and 4 m does not seem to deviate too much. The setback
distance effect is reduced with depth, approximately, until EL —3.70 m, i.e., to a depth of
about twice that of the footing width at any point; after that, all four horizontal deflection
profiles remain almost the same. Thus, footings with setback distances equal to or larger
than 2 m seemed to have no significant effect on the horizontal deflection of the wall.

Figure 7b shows the result of the safety factor against sliding (FOS) concerning the
four setback distances. The result indicates that the FOS only slightly reduces from 1.45 to
1.42 when the footing setback distance is increased from 1 m to 4 m. When the footing is
placed in the vicinity (b = 1 m) of the shotcrete wall, full development of a sliding plane is
impossible. However, when the footing is placed further away from the excavated face,
the development of a complete sliding plane is permitted and, thus, results in a lower
value of FOS. As for the basal heave, since the influence of the footing is until EL —3.70 m,
the maximum basal heave of 1% of H shown in Figure 7b was purely due to the unloading
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of the topsoil; thus, the magnitude of the maximum basal heave remained unchanged for
all four setback distances.

0 —— 1.6 12
47 H=6.53 m
~15¢ S
0] o
1.45 <
,é\_Q L 1 8 1.44 1.43 1.42 115 =
£ 14t 5
b Z &
&b £ 5]
‘o 4t . s 1.3r 11 =
2 —
:m Setback distances “5 %
= b=1 m; b/B=1/2 gl2r -
—6r - - b=2m; b/B=1 |1 3 105 %
........... b=3 m; b/B=3/2 m 1.1} E
------ b=4 m; b/B=2
78 L I 1 f
—25 —20 —15 —10 -5 0 0 1 2 3 4 5
Wall horizontal deflection (mm) Footing setback distance (m)
(a) (b)

Figure 7. Effect of footing setback distance on (a) wall horizontal deflection; (b) safety factor and

maximum basal heave.

3.3. Effect of Strip Footing Width

The effect of strip footing width on the response of nail-supported excavation is
examined by considering footing with three different widths: 1 m, 2 m, and 4 m. The strip
footings were placed with their center line measured at 3 m from the crest of the cut face
(Figure 8). Thus, the setback distances would also be different. A 30 kPa vertical loading
was applied to all the strip footings, and the thickness of the nailed shotcrete wall was kept
at 100 mm.

(¢)

(b)

(a)

Figure 8. Layout of footing width B considered in this study: (a) 1.0 m; (b) 2.0 m; (c) 4.0 m.

Figure 9 shows the distribution of the nail axial force concerning different footing
widths; the results revealed that the nail axial force is affected by the footing width, in which
the more extensive the footing width, the more prominent the nail axial force is. Comparing
the maximum axial force between the cases of no footing (without vertical load) and
4-m-wide footing (Table 4), the axial force in the Row-1 nail increased by almost 40% in the
latter case. However, the maximum axial force deviation between these two cases reduces
as the nail embedment depth increases. In addition, it was observed that, except for the
nail in Row-1, where the maximum axial force was seen to mobilize directly beneath the
footing, the maximum value of the axial force for the rest of the nails occurred at the rigid
joint between the nail and the shotcrete wall.
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Table 4. Maximum axial force in each nail under different footing widths.
Max. Axial Force (kN) Footing Width Maximum
Nail in No Footing 1m 2m 4m Variation %
Row-1 29.5 33.8 37.2 40.9 38.6
Row-2 43.0 45.2 47.9 53.7 24.8
Row-3 66.8 68.4 70.4 73.6 10.2
Row-4 83.6 85.2 87.3 93.3 11.6

Figure 10a shows the deflection result of the shotcrete wall concerning footing width;
the results show that the wall deflection increases as the width of the footing increases,
as more load is transmitted to the retained ground. The maximum deflection of 23.6 mm
was recorded at the final excavation level, i.e., 6.53 m, and when the footing was 4 m wide.
Figure 10b presents the value of the global safety factor against sliding of the excavation pit.
As reflected in the result of the horizontal wall deflection, the value of the FOS decreases
with the increase in the footing width. That is to say, the value of the FOS is inversely
proportional to the footing width. The maximum basal heave observed was 1% of H for all
of the three footing widths (Figure 10b). Although the width of the strip footing plays an
essential role in controlling the wall horizontal deflection, there is no additional heaving

induced by the wider footing in this analysis.
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Figure 10. Effect of footing width on (a) wall horizontal deflection; (b) safety factor and maximum
basal heave.

3.4. Effect of Vertical Load of Strip Footing

The effect of vertical load of strip footing on the responses of nail-supported excavation
was studied by placing a 2-m-wide strip footing at setback distances of 1 and 3 m from the
crest of the steeply inclined excavated face. The vertical load was activated at the end of
Stage-4 excavation, assuming that the strip footing was to be loaded after the completion of
all the excavation stages. The thickness of the shotcrete wall was 100 mm, while the vertical
loads acting on the strip footing were 10 kPa, 15 kPa, 20 kPa, and 30 kPa.

Figure 11 shows the axial force distribution in all the installed nail reinforcements.
The result shows that the vertical load has a negligible effect on the nail reinforcements’
axial force. The impact in the footing with a setback distance of 1 m (Figure 11a) is greater
than that in the footing with a 3 m setback distance (Figure 11b), in which the effect is
extended to the nail in the last row (Row-4) of the former case. It was observed from
the result of the Row-1 nail (Figure 11a,b) that the vertical load on the footing induced
extra-axial force in the nail portion directly beneath the footing. The nails in Row-3 and
Row-4 of the footing with a setback distance of 3 m are, or almost are, outside the influence
zone of the vertical load, resulting in very little or almost no additional axial force exerted
in the final two rows of the nails.

The horizontal deflection of the shotcrete wall is plotted in Figure 12. For the four
vertical loads considered here, the effect of the vertical load of strip footing on the wall
horizontal deflection is found to be more profound in the case of footing with a setback
distance of 1 m than it is on that in footing with a setback distance of 3 m, Figure 12b.
The variation between the deflection induced by the 10 kPa and 30 kPa vertical loads was
14% at the crest, but it gradually decreased to only 4% at the toe of the shotcrete wall, where
the maximum wall deflection was observed.

The effect of vertical load of strip footing on the stability of the excavated pit, in terms
of the safety factor (FOS), is presented in Figure 13. The result revealed that the stability
of the excavated pit decreases as the vertical load increases. For the four vertical loads
considered here, the FOS linearly decreases with increased footing loads. Wang et al. [38],
who studied the effect of footing load on the stability of soil slopes, observed that for soil
slopes of a 6 m, 8m, and 10 m height, the corresponding safety factor decreases linearly
with the increase in loads from 0 to 40 kPa. As shown in the case of setback distance,
the magnitude of the maximum basal heave remained unchanged for all of the four vertical
loads studied here.
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3.5. Effect of Soil/Grout Interface Roughness

The performance of a reinforced soil structure depends on various factors in which
the strength of the soil /reinforcement interface is one of the important governing parame-
ters [39]. The performance of soil-nail-supported excavation could also be affected by the
condition of the soil/grout interface. The study can be easily conducted by varying the
strength or roughness of the interface coefficient Rinter in Plaxis. Three different values of
Rinter, 0.4, 0.5, and 0.9, have been examined. A 30 kPa vertical loading was applied on the
crest of the excavation pit, and the shotcrete wall thickness was kept at 100 mm.

The axial force distribution along all the nail reinforcements is presented in Figure 14;
the result shows that the interface roughness coefficient Rinter has little effect on the nail
axial force. The maximum nail force is recorded when the value of Rjnter is 0.9, while the
minimum force is observed when the value of Rjpter is 0.4 for all of the four embedded nails
in the model. This observation is plausible since the rougher the interface, the more load the
nail can sustain. The observation corresponded to the finding of Yu and Bathurst [40], who
have numerically studied the effect of the soil/geogrid interface on the pullout resistance
of a geogrid via a numerical pullout test; they found that the interface only has a minor
influence in the pullout load where the pullout load increases with the increase in the
interface value.

Figure 15a shows the relation between the wall horizontal deflection and the interface
coefficient Rjnter; it can be seen that the wall deflection decreases as the value of the
interface coefficient Riner increases. However, the effect of Rjnier on the wall horizontal
deflection is becoming more profound as the excavation depth increases, i.e., as the vertical
stress increases. The variation of the horizontal deflections corresponds to the interface
coefficients of increases of 0.4 and 0.9 from about 5.5% at the crest to about 10% at the toe
level. However, Runser et al. [41], observing through a 17-m-high instrumented steel-strip-
reinforced soil retaining wall, concluded that the soil/reinforcement friction was more
fully mobilized in the upper half than the lower half of the reinforced mass, indicating
that the mobilized apparent soil/reinforcement interface coefficient in the upper half of
the reinforced mass is more significant than that in the lower half. The result of this study
and that of Runser et al. [41] is consistent in the sense that the interface coefficient is not a
constant but variable; as such, the value of Riner used in the analysis should be a depth- or
stress-dependent variable. Further investigation is needed to improve our understanding
of the behavior of the soil/grout interaction when measuring, calculating, and designing
the soil-nail-supported excavation.
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Figure 15b presents the global safety factor against sliding and the maximum basal
heave observed at the end of the excavation; however, both results were seen to be inde-
pendent of the influence of soil/grout interface roughness.

4. Discussion: Theoretical Maximum Nail Force

The theoretical nail axial force can be computed as the product of horizontal active
earth pressure at nail depth and the tributary area of the nail. According to Singh and
Babu [19], a soil nail embedded at a depth z is subjected to an average active lateral pressure
K,z within an influence area bounded by the horizontal and vertical nail spacings. They
used Equation (6) to derive their theoretical value of the maximum axial force of a nail
embedded at depth z below the ground surface:

Kavz5,S0 (6)
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where K, is the coefficient of active earth pressure, given by Equation (7) [36]; +y is the unit
weight of retained soil; Sj, and S are the horizontal and vertical nail spacing, respectively.
Sj, and Sy form the tributary area of the nail.

_1—sin¢

K, =—>°7
“7 1+sing

)

However, their theoretical axial forces were found to be considerably greater than the
axial forces computed by Plaxis. According to Singh and Babu [19], the reason that the
numerical maximum axial forces were smaller than the theoretical maximum axial forces
was that the theoretical axial forces did not take into consideration the load re-distribution
due to the construction stage.

Strictly speaking, using Equation (7) may be inappropriate because Rankine’s formula-
tion was derived from purely cohesionless material, but their analyses were conducted for
a c-¢ soil. For c-¢ soil, tension cracks can form and considerably alter the active pressure
(Figure 16); in this case, we may estimate the so-called apparent coefficient of active earth
pressure K, using Equation (8) [42]:

0,
e = 7—;{ > 0.25 (8)

where o3 is the active earth pressure at the back of the wall at depth H, and is given by
0, = Ky vyH —2cvVK, 9)

The maximum nail axial force mobilized at the end of Stage-4 excavation in each row
(Figure 2) is plotted in Figure 17. The apparent cohesion and internal friction angle of the
silty clay adopted in this study are 20 kPa and 15°, respectively. Firstly, without considering
the tension crack, the coefficient of active earth pressure is 0.589; secondly, considering the
tension crack and using Equations (7)—(9), the apparent coefficient of active earth pressure
is 0.326. Figure 17a presents the theoretical value of the maximum axial forces derived
from Equation (6). The value of K, in Equation (6) has been replaced by 0.589 and 0.326
to obtain the profiles Tyower and Typper, respectively. In other words, the lower-bound
theoretical maximum force is obtained by considering the presence of a tension crack.
In contrast, the upper-bound theoretical maximum force is obtained by assuming that
there is no tension crack. The maximum axial force numerically obtained from this study
compared very well with the lower-bound theoretical maximum axial force (T ower), Which
is obtained by replacing the K, in Equation (6) with the apparent coefficient of active earth
pressure K.

2cN/Ka

Depth of
tension
crack, z,

Ga

Figure 16. Active earth pressure distribution for cohesive soil.
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To better understand the relation between the theoretical and the numerical maximum
axial forces, two additional analyses have been performed in soils with an internal friction
angle and apparent cohesion of 25° and 12 kPa and 45° and 6 kPa, respectively. The maxi-
mum nail axial forces and their corresponding theoretical maximum nail axial forces are
plotted in Figure 17b and Figure 17c, respectively. Again, the numerical maximum axial
forces compared well with the lower-bound theoretical maximum axial forces. Finally,
the numerical result presented by Singh and Babu [19] is plotted in Figure 17d, together
with their theoretical maximum axial forces, Typper- The theoretical maximum axial force
underestimated the numerical value by 61% at the embedment depth of 0.5 m but over-
estimated the numerical value by 236% at the embedment depth of 6.5 m. By considering
the tension crack and, hence, adopting the apparent coefficient of active earth pressure
K, to obtain the lower-bound theoretical maximum axial force Tj gwer, the outcome of the
comparison can be significantly improved (Figure 17d).

From the above results, for an economical design of soil-nailing capacity, one may

safely refer to the average value of the upper- and lower-bound of the theoretical maximum
nail axial forces Tayg.

5. Conclusions

The behavior of soil-nail-supported excavation for a foundation pit has been studied
through numerical simulations. Four rows of soil nails and 100-mm-thick shotcrete wall
panels retained the steep excavated face. The effects of the stage excavation, vertical
load on strip footing, footing setback distance from the excavation face, footing width,
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and roughness of the soil/grout interface on the behavior of the studied nail-supported
excavation pit have been examined. The results were evaluated in terms of the axial force
of nail reinforcement, wall horizontal deflection, safety factor against sliding, and basal
heave. Based on the results obtained, the following conclusions have been drawn:

1. The axial force in nail reinforcements continues to mobilize and increase as excavation
progresses; the maximum axial force is observed in the Row-4 nail at the end of
the entire excavation; the observation is plausible since the nail has to sustain more
disturbance forces.

2. The maximum axial force in c-¢ soils is closely related to the apparent active earth
pressure, which accounts for the presence of a tension crack, at nail depth.

3. Among all the parameters studied, footing width is the most significant factor dom-
inating the axial force of the nails, the wall horizontal deflection, and the safety
factor against sliding. Using a wider strip footing undermined the stability of the
nail-supported excavation pit.

4. The horizontal deflection of the nail-supported wall is greatly affected by the 2-m-wide
strip footing, which was loaded with a 30 kPa vertical load and placed at a setback
distance of less than 2 m from the excavation face. However, the effect diminishes at
depths greater than 2B (twice the footing width).

5. The effect of the coefficient of the soil/grout interface Rinter on the nail axial force
is minimal; however, it has significant impact on the wall horizontal deflection, es-
pecially at a deeper depth of the wall. The result indicates that a stress-dependent
variable may best substitute the constant interface coefficient used in the numeri-
cal analysis.

6.  From the result of all the parameters studied, the resulting amount of basal heave
remained at about 1% of the excavated depth, indicating that the configurations of the
strip footing studied here, in particular, for a vertical load of 30 kPa or less, do not
induce any additional effect on the base heaving.

7. Although discernible wall horizontal deflection is observed in some of the parameters
studied, the corresponding safety factor against sliding remained almost unchanged
or decreased slightly. This is because the safety factor is calculated based on the shear
strength reduction technique, which merely reduces the initial strength parameters
until the slope fails; the technique does not depend on displacement.

This study did not consider the effect of soil anisotropy on the nail axial force, whereas
a recent study by Zhang et al. [43] revealed that the axial force of the struts used in their
braced excavation simulation increased by 50% due to soil anisotropy. More work on the
theoretical evaluation of maximum axial force, in particular, that relates to the apparent
active earth pressure is essential to better understand the mechanism of soil nailing in
nail-supported excavation to allow engineers to assess and mitigate the risks of structural
failure more effectively and optimize the design of nail-retaining structures.
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The following abbreviations are used in this manuscript:

FEM Finite element method

FHWA  Federal Highway Administration
FOS Safety factor

LEM Limit equilibrium method

SRM Strength reduction method
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