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Abstract: This study investigated the influence and mechanism of the excavation width on excavation
deformations in Shanghai soft clay. Based on three excavations that had different final excavation
depths, dissimilar retaining structures and diverse geological conditions, 40 sets of two-dimensional
numerical models with different excavation widths were employed to analyze the deformation rules
affected by the excavation width. Moreover, a series of simplified models with different excavation
widths were employed to analyze the effect of the excavation width on excavation deformations. The
results show that under the same excavation depth, both the horizontal displacements of the retaining
walls and ground surface settlements increase as the excavation width increases, but the increasing
rate gradually decreases. Factors such as the unloading influence depth, the overlap degree of the
passive zones, the stress state of the basal soils and the development of the relative shear stress have
a significant influence on excavation deformations. With increasing excavation width, the unloading
influence depth gradually deepens, the overlap area of the passive zones gradually decreases, the
direction of the rotation of the major principal stress gradually reduces and the relative shear stress
of the distant and deep soils gradually expands. Therefore, the constraint ability of the passive zones
on excavation deformation gradually reduces and excavation deformations gradually increase.
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1. Introduction

With the rapid development of cities and the advancement of underground space
construction, excavation areas are gradually increasing day after day. The size of excavation
areas has a significant influence on excavation deformation. Under the same excavation
depth, both the ground settlement and the horizontal displacement of the retaining wall
induced by excavation progressively increases with the increasing excavation area. This
phenomenon has been confirmed by Wang et al. [1], Bolton et al. [2] and Tan et al. [3]
through on-site statistical data.

Hitherto, the results from many researchers have verified this phenomenon by numer-
ical calculation, field measurement data and theoretical analysis. Mana and Clough [4]
investigated the relationship between excavation deformation and the excavation width
via a two-dimensional finite element. The results show that when the excavation width
increased from 0.8H (final excavation depth) to 3.2H, the maximum deflection of the retain-
ing wall and surface ground settlement increased by 1.6 times and 1.9 times, respectively.
Based on the field measurement data of a large-scale excavation in Shanghai soft clay, Jia
and Xie [5] found that the ground settlements were 2 to 3 times larger than those of the
narrow excavation, and the ground surface settlement trough increased simultaneously
with increasing excavation area. When the diameter of the circular excavation was less
than 90 m, Tan and Wang [6] concluded that the maximum deflection of the retaining
wall increased linearly with the increasing diameter. Tan and Wang [7] also found that
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large-scale excavations with areas of 30,000~50,000 m2 experienced wall deflections and
ground surface settlements three to five times as large as those of regular small-scale exca-
vations with sizes no more than 6000 m2, and the corresponding influence zones behind
the large-scale excavations were also much wider than small-scale excavations. On the
basis of 92 case histories with different excavation widths, Xiao et al. [8] summarized
that the lateral wall deflections, ground movements and basal heave are closely related
to the excavation width. With the increase in the excavation width, the maximum lateral
wall deflections and the maximum ground surface settlements increase firstly and then
tend to stabilize. Through a theoretical analysis, Wang [9] concluded that under the same
geological conditions, the smaller the excavation width, the more stable the excavation.
Because of the close relationship between soil deformation and force, this means that
the excavation width of the foundation pit has a significant influence on the excavation
deformations. According to the field monitoring data, under a similar excavation depth
and geological conditions, the deflection of the retaining walls and ground settlements
caused by large-scale excavations [10–15] were greater than those caused by small-scale
excavations [16–20].

Although the field monitoring data and theoretical analysis results have indicated that
the excavation size significantly influences excavation deformations, the governed rules and
intrinsic mechanism remain ambiguous. To address these issues, 40 sets of 2D numerical
models with different excavation widths, final excavation depths, embedded depths and
diverse geological conditions were carried out. The variation rules of the horizontal
displacements of the retaining wall and the ground surface settlements with excavation
widths were studied. Meanwhile, the mechanism of the influence of the excavation width
on deformations was analyzed.

2. Numerical Model

With the gradual improvement of constitutive models, numerical analyses are widely
used in the deformation and force analysis of geotechnical engineering [21–27]. In terms of
parametric analyses, numerical analyses have some advantages that field tests and model
tests do not.

2.1. Project Overview

Three excavations that have different final excavation depths, diverse geology condi-
tions and dissimilar support parameters in Shanghai soft clay were used for the following
analysis. The final excavation depths (H) of case I, case II and case III were 9.7 m, 15 m and
18.2 m, respectively. The strata of the three sites were mainly composed of saturated soft
clay and silt sand. The basic parameters of the soils, such as the layer thickness (h), unit
weight (γ), a compressive modulus of 100~200 kPa corresponding to the consolidation test
(Es1–2), void ratio (e), effective cohesion (c′) and effective internal friction angle (φ′), are
shown in Table 1. The groundwater level of case I, case II and case III were 0.5 m below
ground level (GL −0.5 m).

Table 1. Soil properties and HSS model input parameters.

Case Layer h
(m)

γ
(kN/m3)

Es1–2
(MPa) e c′

(kPa)
φ′

(◦) vur
E(ref

50)
(MPa)

E( ref
oed)

(MPa)
E(ref

ur)
(MPa)

m ψ
(◦)

γ0.7
(10−4)

G(ref
0 )

(MPa)
K0 Rf

pref

(kPa) Rint

Case I
[27]

2⃝ 3 19.0 — — 8.0 27.0 0.2 4.20 3.50 24.50 0.8 0 2.0 98.00 0.54 0.9 100 0.65
3⃝ 5 18.1 — — 2.0 30.0 0.2 3.40 2.80 19.60 0.8 0 2.0 78.40 0.50 0.6 100 0.65
4⃝ 9 17.8 — — 3.0 28.0 0.2 2.20 1.80 12.90 0.8 0 2.0 51.70 0.53 0.6 100 0.65
5⃝ 13 18.7 — — 1.0 38.0 0.2 7.00 5.80 40.60 0.8 0 2.0 163.00 0.39 0.9 100 0.65
7⃝ 10 17.8 — — 1.0 38.0 0.2 8.50 8.50 33.90 0.5 8 2.0 169.00 0.38 0.9 100 0.70

Case II
[28]

2⃝ 9.0 18.8 — 0.889 4.0 32.8 0.2 4.54 4.02 27.88 0.65 0 3.2 102.50 0.41 0.95 100 0.65
4⃝ 8.9 17.1 — 1.343 9.8 25.2 0.2 2.40 2.23 16.02 0.65 0 3.2 47.90 0.52 0.64 100 0.65
5⃝ 6.6 18.5 — 0.949 5.0 31.4 0.2 4.20 3.74 26.02 0.65 0 3.2 90.60 0.43 0.95 100 0.65
6⃝ 3.7 20 — 0.657 20.0 35.0 0.2 6.12 5.33 36.58 0.65 0 3.2 159.90 0.38 0.95 100 0.65
7⃝ 31.9 18.9 — 0.820 2.6 31.0 0.2 10.59 8.41 50.83 0.70 1 3.9 131.80 0.48 0.95 100 0.70
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Table 1. Cont.

Case Layer h
(m)

γ
(kN/m3)

Es1–2
(MPa) e c′

(kPa)
φ′

(◦) vur
E(ref

50)
(MPa)

E( ref
oed)

(MPa)
E(ref

ur)
(MPa)

m ψ
(◦)

γ0.7
(10−4)

G(ref
0 )

(MPa)
K0 Rf

pref

(kPa) Rint

Case III

2⃝1 12.8 18.5 8.02 0.875 5.0 26.0 0.2 6.35 5.29 31.76 0.8 0 2.0 95.28 0.56 0.9 100 0.65
4⃝ 3.5 16.8 2.14 1.397 4.0 23.0 0.2 2.31 1.93 15.41 0.8 0 2.0 46.22 0.61 0.6 100 0.65
5⃝1 4.0 17.9 3.62 1.068 3.0 27.0 0.2 3.91 3.26 19.55 0.8 0 2.0 58.64 0.54 0.9 100 0.65
5⃝2 6.2 18.2 4.48 0.970 5.0 30.0 0.2 4.84 4.03 24.19 0.8 0 3.2 96.77 0.51 0.9 100 0.65
6⃝ 3.6 19.6 6.26 0.691 14.0 34.0 0.2 6.76 5.63 33.80 0.8 0 3.2 135.22 0.45 0.9 100 0.65
7⃝1 4.1 18.7 10.98 0.826 4.0 30.0 0.2 10.98 10.98 43.92 0.5 0 3.9 219.60 0.50 0.9 100 0.70
7⃝2 10.0 18.9 12.37 0.769 2.0 31.0 0.2 12.37 12.37 49.48 0.5 1 3.9 247.40 0.48 0.9 100 0.70
8⃝1 12.6 18.1 5.15 1.013 5.0 30.0 0.2 5.56 4.64 27.81 0.5 0 2.0 111.24 0.49 0.9 100 0.65
8⃝2 11.2 18.4 5.44 0.921 4.0 32.0 0.2 5.88 4.90 29.38 0.5 0 2.0 117.50 0.47 0.9 100 0.65
9⃝ 17.4 19.2 10.06 0.721 2.0 32.0 0.2 10.06 10.06 40.24 0.5 2 3.9 201.2 0.47 0.9 100 0.70

Reinforced concrete struts were used in these excavations. The elevation and cross-
sectional dimension of the reinforced concrete struts are shown in Figure 1. Cast-in situ
bored piles, a 0.8 m thick diaphragm wall and a 1.2 m thick diaphragm wall were applied
as retaining walls in case I, case II and case III, respectively. The insertion ratios of case I,
case II and case III were 1.47, 0.91 and 1.09, respectively. Figure 1 presents the typical
cross-section of case I, case II and case III. More details of case I and case II were reported
by Zhang et al. [27] and Gu et al. [28], respectively.
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Figure 1. Basic model employed in this study. (a) H = 9.7 m [27]; (b) H = 15 m [28]; (c) H = 18.2 m.

2.2. Numerical Analysis Models

Combined with the engineering geology conditions and support parameters of case I,
case II and case III, a series of numerical models with different excavation widths were
carried out by Plaxis. A plane strain condition was assumed for the numerical analyses
in this study. Figure 1 presents the basic model employed in this study. Considering
the geometrical symmetry of the models, only half of the models were conducted for the
following analysis. To reduce the influence of boundary effects, the distance from the left
boundary to the retaining wall was 8H, and the distance from the bottom of the model to
the excavation’s bottom was 3H. The left and right sides of the boundary were constrained
horizontally, and the bottom boundary was restrained by both horizontal and vertical
displacements. For each case, the excavation width B was taken as 1H, 2H, 3H, 4H, 5H, 6H,
7H, 8H, 9H and 10H. In total, 30 numerical models were utilized. The analysis processes
of case I, case II and case III are shown in Figure 1. The diaphragm walls were assumed
to be linear elastic, and bar elements were used for the struts. The soil was modeled by
15-noded triangular elements. Meshing of the typical model is shown in Figure 2. The
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bottom of the model was constrained from moving both horizontally and vertically, the left
and right sides of the model were constrained from horizontal displacement, and the top of
the model is a free boundary. Plastic calculation was selected during the analysis, which do
not need to take the change in pore pressure with time into account.
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Figure 2. Meshing of the typical model.

Since the retaining walls of case I, case II and case III were inserted into the clay
layers ( 5⃝, 5⃝1, 5⃝2 or 6⃝) characterized by a small permeability coefficient, the ground-
water connections inside and outside the excavation were cut off by the retaining walls.
During excavation, dewatering was only conducted inside the pit. Hence, the influence of
groundwater seepage around the excavation was not considered during calculations [29].

2.3. Constitutive Models and Input Parameters

The hardening soil small strain model (HSS model) that was further refined based
on the HS model by Benz [30] was adopted to simulate the behavior of soils. Due to
the sensitive urban environment, the design of deep excavation has changed from the
traditional strength control design to the deformation control design. The deformation
caused by excavation is small and the HSS model can simulate the small deformation
characteristics of the soil well. The HSS model can consider shear hardening, compression
hardening, unloading plastic deformation and the nonlinear relationship between the shear
stiffness and shear strain of the soil. The input parameters of the HSS model such as c′,
φ′, secant stiffness in standard drained triaxial test (E(ref

50)), tangent stiffness for primary
oedometer loading (E( ref

oed)), unloading/reloading stiffness for drained triaxial test (E(ref
ur)),

power for stress level dependency of stiffness (m), dilatancy angle (ψ), threshold shear strain
(γ0.7), shear modulus specified at the reference mean stress (G(ref

0 )), coefficient of lateral
earth pressure at rest (K0), failure ratio (Rf), reference stress for stiffness (pref), Poisson’s
ratio for unloading–reloading (vu), are listed in Table 1.

The Input parameters of case I were”obta’ned according to the method suggested by
Wang et al. [31], and were based on laboratory tests and were validated by five typical
excavations in Shanghai. The input parameters of case II are calculated according to the void
ratio I suggested by Gu et al. [28], and were verified by four typical excavations. Based on
the statistics of laboratory and field test data of Shanghai soft soils, Gu et al. [28] proposed
the relationships between the input parameters and the void ratio. The input parameters of
case III are given according to the method suggested by the Shanghai Technical Code for
Excavation Engineering [32].

The retaining walls were modeled by linear elastic plate elements and the reinforced
concrete struts were simulated by node-to-node anchors [33]. The input parameters of
retaining walls and reinforced concrete struts are shown in Figure 1. The interaction
between soil and structure were modeled by interface elements [34–36]. The interface
strength reduction factor (Rint) between structure and soil are listed in Table 1.
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2.4. Validation of the Model Parameters

Figure 3 plots the computed data and measured data of case I, II and III after the
completion of the excavation. The computed data and the measured data of case I and II
are from Zhang et al. [27] and Gu et al. [28], respectively. For case I, the computed retaining
wall deflections and ground surface settlements are in accordance with the measured data.
As for case II, most of the computed deflections are close to the measured data except for the
locations below the final excavation depth. For case III, most of the computed deflections
are well consistent with the measured data, and only the computed data beneath the
excavation face are slightly larger than the measured value. The computed ground surface
settlements are in agreement with the measured data. The good agreement of the computed
data and the measured data indicates that the constitutive models, the numerical model
and Input parameters for the soil and structures adopted in this study are reasonable.
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Figure 3. Comparison of wall deflections and ground surface settlements.

3. Influence of Excavation Width on Deformations
3.1. Deflections of Retaining Wall

Figure 4 illustrates the development of the retaining wall deflections with excavation
width (B) after reaching the final excavation depth (H). Figure 5 plots the relationship
between the maximum wall deflection (δhm) and excavation widths. Generally, the deflec-
tions of the retaining wall gradually increase with the increasing excavation width. While
B ≤ 4H, the deflections increase rapidly with the increasing excavation width. When
4H < B ≤ 8H, the deflections of the retaining wall still increase with increasing excavation
width, but the increasing rate gradually decreases. While B > 8H, the increasing rate of the
wall deflections further reduces. Taking case II as an example, the maximum deflections
with widths of 2H, 3H, 4H, 5H, 6H, 7H, 8H, 9H and 10H are 1.26, 1.40, 1.49, 1.56, 1.61,
1.65, 1.69, 1.72 and 1.74 times than that of 1H, respectively. The deflection variation rules,
described above, of case I and case III are consistent with that of case II. This phenomenon
indicates that the effect of the excavation width on retaining wall deformation is gradually
reduced with the increasing excavation width. The smaller the excavation width is, the
greater the influences of the excavation width on the deflections are. For three excavations
with different final excavation depths, a dissimilar retaining structure and diverse geologi-
cal conditions, the impacts of the excavation width on the deflection of the retaining walls
are comparable.
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Figure 4. Variation in retaining wall deflections with excavation widths. (a) Case I; (b) case II;
(c) case III.
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Figure 5. Relationship between the maximum deflection of retaining wall and excavation width.

3.2. Ground Surface Settlements

Figure 6 plots the ground surface settlements with the excavation width (B) after
reaching the final excavation depth. Figure 7 presents the relationship between the maxi-
mum ground surface settlements (δvm) and excavation widths. Generally, the excavation
width has a significant influence on the ground settlement, and the variation in the ground
surface settlements with the excavation width is similar to that of the deflections. When
B ≤ 4H, the ground surface settlements increase rapidly with the increasing excavation
width. When 4H < B ≤ 8H, the ground surface settlements still increase with the increasing
excavation width, but the increasing rate gradually decreases. While B ≥ 8H, the increasing
rate of the ground surface settlements further reduces. For case II, the maximum ground
surface settlements with widths of 2H, 3H, 4H, 5H, 6H, 7H, 8H, 9H and 10H are 1.29, 1.46,
1.57, 1.66, 1.72, 1.77, 1.82, 1.85 and 1.88 times that of 1H, respectively. The variations in the
ground surface settlements of case I and case III are consistent with those of case II. This
phenomenon indicates that the ground surface settlements increase with the increasing
excavation width, but the increasing rate decreases gradually. The smaller the excavation
width is, the greater the influences of the excavation width on the ground surface settle-
ments are. For three excavations with different final excavation depths, dissimilar retaining
structures and diverse geological conditions, the impacts of the excavation width on the
ground surface settlements are similar.
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Figure 6. Variation in ground surface settlements with excavation width. (a) Case I (H = 9.7 m);
(b) case II (H = 15.0 m); (c) case III (H = 18.2 m).
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Figure 7. Relationship between the maximum ground surface settlement and excavation width.

4. Influence Mechanism of Excavation Width on Deformation
4.1. Analysis Models

The shallow strata of Shanghai are mainly composed of the upper 30 m thick multilayer
soft clay and underlying silty sand. To eliminate the influence of multilayer soil property
differences on the results, series simplified models were established. Figure 8 plots the
simplified analysis model employed in this section. The final excavation depth (H) of these
simplified models was 15 m. The excavation widths (B) were taken as 1H, 2H, 3H, 4H, 5H,
6H, 7H, 8H, 9H and 10H, respectively. Due to the symmetry of the models, only half of the
models were employed for the following analysis. The distance from the left boundary
to the retaining wall was 120 m, and the distance from the bottom of the model to the
excavation’s bottom was 75 m. The left and right boundaries were constrained horizontally,
and the bottom boundary was restrained by both horizontal and vertical displacements.
The thickness and depth of the retaining wall were 0.8 m and 30 m, respectively. The
cross-section size and the input parameters of the concrete struts are shown in Figure 7.
The hardening soil small strain model was adopted for the calculations. The parameters of

5⃝2 and 7⃝1 of case III listed in Table 1 were used as the input parameters of the soft clay
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and silty sand, respectively. The groundwater level was 0.5 m below the ground surface.
During the calculation process, dewatering inside excavation was adopted. Hence, the
influence of groundwater seepage on the deformation was not considered.
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Figure 9 summarizes the variations in the ground surface settlements with the exca-
vation width. Figure 10 illustrates the variations in the retaining wall deflections with the
excavation width. The variation rules of the ground surface settlements and the deflections
of the retaining wall are in accordance with those of case I, II and III. This indicates that the
simplified analysis models and input parameters for the soils and structures adopted in
this section were reasonable.
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Figure 9. Variations in the ground surface settlements with excavation width.
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Figure 10. Variations in retaining wall deflections with excavation width.
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4.2. Development of the Total Ground Displacements

Figure 11 presents the contour of the total ground displacements under different
excavation widths. With the increasing excavation width, the total ground displacements
outside the excavation increase gradually. The larger the excavation width is, the greater
the total ground displacements and the influence area are. After B ≥ 3H, the size of
the triangular zone enclosed by the 12.5 mm contour, the ground surface and the retain-
ing wall start to stabilize, although the whole influence area increases with the excava-
tion width. Therefore, this triangular area can be defined as the strong influence zone
during excavation.
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Figure 11. Contour maps of the total displacements (unit in mm) under different excavation widths.
(a) B = 1H; (b) B = 3H; (c) B = 4H; (d) B = 5H; (e) B = 7H; (f) B = 10H.

Figure 12 illustrates the development of a 5 mm total displacement contour with
different excavation widths. It can be found that the 5 mm contour is gradually moved away
from the excavation with an increasing rate first when B ≤ 6H and then with a decreasing
rate when B > 6H. This phenomenon indicates that the influence of the excavation width on
the deep and distant strata gradually increases with the increasing excavation width, and
when B > 6H, the influence of the excavation width on the deep and distant strata gradually
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decreases and stabilizes. Correspondingly, the zone limited by the contours between
12.5 mm and 5 mm can be defined as the weak influence zone affected by excavation.
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Figure 12. Variation in the 5 mm total displacements contour with excavation width.

4.3. Basal Heaves

Figure 13 shows the variation in the basal heaves with the excavation width. The
excavation width has a significant effect on the performance of the basal heaves. When
the excavation width is small, the maximum basal heave is located in the middle of the
excavation’s bottom. When the excavation width is large, the maximum basal heaves
are on both sides of the excavation’s bottom near the retaining wall. This phenomenon
is consistent with the conclusion of Xiao et al. [8]. For different width excavations, the
maximum basal heaves are close. The maximum basal heaves of B = 1H, B = 3H and
B = 7H are about 33 mm, 27 mm and 27 mm below the ground level, respectively. Moreover,
the depths of the 9 mm heave contour for different widths of the excavation range from
GL −25 to GL −30, which does not vary significantly with the excavation width. However,
the maximum unloading influence depths attributable to the excavation are quite different.
The maximum unloading influence depth can be reflected by the variation in the 3 mm
contour. The depths of the 3 mm heave contour of B = 1H, B = 3H and B = 7H are 38.1 m,
55.3 m and 57.6 m below the ground level, respectively. With the increasing excavation
width, the maximum unloading influence depth gradually deepens with a decreasing rate.
This interesting phenomenon indicates that the variation in the excavation width has little
influence on the strong heave zone, but has a greater impact on the weak heave zone.
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Figure 13. Basal heaves with different excavation widths. (a) B = H; (b) B = 3H; (c) B = 7H.

4.4. Overlap Degree of the Passive Zone Soil under Excavation Surface

After excavation, the soil below the excavation surface transforms from the state at
rest to the passive state, and the soil outside the excavation transforms from the state at
rest to the active state. Combined with the development of the total displacements, the
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influence depth of the basal heaves, and the stress state of the soil around the excavation,
the soil around excavation can be divided into five zones. Figure 14 shows the simplified
zones around a large excavation width, where hm is the maximum unloading influence
depth. Zones I and III are Rankine passive zones, and zones II and IV are Rankine active
zones. Zone V is the rebound zone below the excavation’s bottom. The deformation of
soil in zones I and II induced by excavation are the largest, and can be regarded as the
strong influence zones. Correspondingly, the zones III and IV are the weak influence zones
with less deformation. Through a K0 laboratory test, numerical analysis and engineering
practice, Jia and Xie [5] suggested that the maximum unloading influence depth (hm) of the
Shanghai soils is about 2.5 times that of the final excavation depth.
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Figure 14. The zones of stress state around large excavation width.

When the excavation width (B) is small, the passive zones on both sides of the bottom
overlap with each other. Figure 15 shows that the overlap degree of the passive zone varies
with different excavation widths, where hs is the distance from the bottom of zone I to the
excavation’s bottom, hw is the unloading influence depth and D is the embedded depth of
the retaining wall.
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As shown in Figure 15a, when B < Dtan(45◦ + φ/2), zones I and III on both sides
overlap with each other, and the potential sliding surface EF does not reach the excavation’s
bottom. The value of hs is less than D, and the value of hw is much less than hm. In this
instance, the soil of the passive zone has a strong restraining effect on the deformations of
the retaining walls.

As shown in Figure 15b, when Dtan(45◦ + φ/2) ≤ B < 2.5Htan(45◦ + φ/2), the values
of hs and hw gradually increase to D and hm, respectively. Meanwhile, the area of zones III
and IV gradually increases. The potential sliding surface EF is still below the excavation’s
bottom. Zones I and III on both sides overlap with each other, and the area of the overlap
zones gradually decreases as the excavation width increases. The larger the overlap area of
the passive zone is, the stronger the restraint effects on the deformations of the retaining
walls are. As a result, the deformations and influence area due to excavation gradually
increase with the increasing excavation width.

As shown in Figure 15c, when 2.5Htan(45◦ + φ/2) ≤ B < 5Htan(45◦ + φ/2), the
potential sliding surface EF emerges from the excavation’s bottom. On both sides, zone I is
separate, while zone III still overlaps. The area of the overlap zones gradually decreases
with the increasing excavation width. The restrictive effect of zone III on the horizontal
displacements of the retaining walls is significantly reduced.

As shown in Figure 15d, when B ≥ 5Htan(45◦ + φ/2), on both sides, zone III no longer
overlaps. The restrictive effect of the passive zone on the horizontal displacements of the
retaining walls is significantly reduced.

4.5. Stress State of the Basal Soils

The impact of passive zones on excavation deformation can be illustrated by changes
in the principal stress directions. Figure 16 presents the direction rotation angle of the
major principal stress (σ1) beneath the excavation’s bottom. The direction rotation angle
is symmetrical about the center axis of the excavation. Hence, only the left part of the
direction rotation angle contours is drawn. The left retaining wall is at the position of
x = 0. When σ1 is vertical at the original state, the direction rotation angle (α) is zero. A
positive value (α > 0) denotes that the principal stress direction rotates clockwise, whereas
a negative value (α < 0) denotes the principal stress rotates counterclockwise. The rotation
angle of σ1 can reflect the degree of the soils relative to the passive state. When α = 90◦ or
α = −90◦, the soil is in a completely passive state. The larger the absolute value of α (|α|),
the closer the soil is to the passive state, and the constraint effect of the passive zone on the
excavation deformations is stronger, and vice versa.
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Figure 16. Direction rotation angle contour of σ1 beneath the excavation’s bottom (shaded part).
(a) B = H; (b) B = 3H; (c) B = 7H.

When B = H (Figure 16a), the |α| of most of the σ1 values beneath the excavation
bottom is between 70◦ and 90◦. The soil close to the center axis (d = 7.5 m) of the excavation
has a large |α|. The soil beneath the excavation’s bottom is close to a completely passive
state. The passive zone soil has a strong constraint effect on excavation deformations.
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When B = 3H (Figure 16b), the |α| within 7 m near the bottom is larger than 80◦. As
the depth and the distance from the retaining wall increases, |α| decreases gradually. In
this case, the passive zone of the left and right sides is still overlapped. The constraint
effect of the passive zone on excavation deformation is weaker than that of B = H. When
B = 7H (Figure 16c), the rotation of σ1 mainly occurs within 45 m from the retaining wall.
The direction rotation angle decreases rapidly with the depth and the distance from the
retaining wall increases. When the distance between the soil and retaining wall is greater
than 45 m, the |α| is close to zero. This indicates that the direction of σ1 is close to the
vertical direction. In this case, the passive zone of the left and right sides beneath the
excavation’s bottom no longer overlaps with the other. The constraint effect of the passive
zone on excavation deformations is further reduced.

4.6. Relative Shear Stress

Figure 17 illustrates the variations in the soil relative shear stress (τrel) behind the
retaining wall with different excavation widths. The τrel can reflect the proximity of the
stress point to the failure envelope, and is defined by Equation (1) [33]:

τrel =
τmob
τmax

(1)

where τmob is the maximum value of the shear stress at the current stress state (half the
maximum principal stress difference), τmax is the maximum value of the shear stress for
the case where the Mohr’s circle is expanded to touch the Coulomb failure envelope while
keeping the center of Mohr’s circle constant.
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Figure 17. The relative shear stress of the soil behind retaining wall under different excavation widths.
(a) B = 1H; (b) B = 2H; (c) B = 3H; (d) B = 4H; (e) B = 6H; (f) B = 8H.



Buildings 2024, 14, 1450 14 of 16

When B ≤ 3H, the region of τrel = 0.9 in the clay layer close to the retaining wall
gradually increases with the excavation width. Meanwhile, the region of τrel = 0.9 in the
sand layer is small, and τrel for most of the sand ranges from 0.7 to 0.9. When B ≥ 4H, the
region of τrel = 0.9 and τrel = 0.8 of the clay gradually stabilizes, and the region of τrel = 0.7
of the clay and the region of τrel = 0.9 of the sand gradually expand.

The relative shear stress zone enclosed by the horizontal axes, the vertical axes, and
the contour of τrel = 0.8 for clay varies less with the excavation width. Outside this zone,
τrel changes significantly with the excavation width. This phenomenon indicates that
the variation in the excavation width has less influence on the τrel of the soils that are
near the excavation, but has a significant effect on the τrel of the soils that far away from
the excavation. The gradual increase in the relative shear stress in the distant and deep
soils makes excavation deformations increase slightly. This may be the reason why the
deformations still slightly increase after the excavation width becomes larger than 7H.

5. Conclusions

Based on the results of 40 two-dimensional numerical models, the influence and
mechanism of the excavation width on the horizontal displacements of the retaining walls,
ground surface settlements and soil internal displacements were analyzed. The following
conclusions may be drawn:

(1) The variation in the excavation width significantly impacts excavation deformations.
The horizontal displacements of the retaining walls, ground surface settlements and
maximum unloading influence depth increase with the increasing excavation width,
but the increasing rate gradually reduces. When B ≤ 4H, the excavation width
significantly affects the excavation deformations. When B > 4H, the impact of the
excavation width on the deformations gradually decreases. Smaller excavation widths
correlate with greater influences on deformations.

(2) The overlap of the passive zone beneath the excavation’s bottom gradually decreases
as the excavation width increases. The larger the overlapped area of the passive
zone, the stronger the restraint effect is on the retaining wall and the smaller the
deformations induced by excavation are.

(3) When the excavation width is small, the major principal stress direction of basal
soils tends to be closer to horizontal, and the soil states are closer to the passive
state. Hence, the constraint ability of the passive zone on excavation deformations
strengthens. With increasing excavation width, the depth and direction rotation of the
major principal stress gradually decrease. Consequently, the constraint ability of the
passive zone on excavation deformations is further reduced.

(4) As the excavation width increases, the relative shear stress of the soils near the
excavation gradually stabilizes, and the relative shear stress of the distant and deep
soils gradually expands. Therefore, the deformations attributed to excavation slowly
increase, especially after an excavation width larger than 7H.
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Nomenclature

H The final excavation depth.
B Excavation width.
h Layer thickness.
γ Unit weight.
Es1–2 Compressive modulus of 100~200 kPa corresponding to consolidation test.
e Void ratio.
c′ Effective cohesion.
φ′ Effective internal friction angle (φ′).
E(ref

50) Secant stiffness in standard drained triaxial test.
E( ref

oed) Tangent stiffness for primary oedometer loading.
E(ref

ur) Unloading/reloading stiffness for drained triaxial test.
m Power for stress level dependency of stiffness.
ψ Dilatancy angle.
γ0.7 Threshold shear strain.
G(ref

0 ) Shear modulus specified at the reference mean stress.
K0 Coefficient of lateral earth pressure at rest.
Rf Failure ratio.
pref Reference stress for stiffness.
vu Poisson’s ratio for unloading-reloading.
δhm The maximum wall deflection.
δvm The maximum ground surface settlements.
α The direction rotation angle of the major principal stress.
τrel The variations in soil relative shear stress.
τmob The maximum value of shear stress at the current stress state (half the maximum

principal stress difference).
τmax The maximum value of shear stress for the case where Mohr’s circle is expanded to touch

the Coulomb failure envelope while keeping the center of Mohr’s circle constant.
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