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Featured Application: This article presents a prediction method for the displacement of the soil
outside inclined-vertical framed-retaining-wall-retained excavations and evaluates the probability of
damage to nearby buildings.

Abstract: Inclined-vertical framed retaining walls were recently developed and successfully adopted
in engineering practice. However, relevant empirical methods for the evaluation of ground move-
ments due to excavation have not been established. This study aimed to establish a calculation
method for assessing ground movement due to excavation and to evaluate the damage probability of
nearby buildings. A series of numerical models were carried out, and a database was established with
their results. In this paper, simplified equations are proposed for predicting the profiles of subsurface
and surface settlements, as well as lateral movements, utilizing the database. The accuracy of the sim-
plified equations was validated by monitoring data from three case histories of the inclined—vertical
framed retaining wall. Finally, the damage potential index was used to obtain the probability of
damage to buildings located outside the excavations, while considering different positions.

Keywords: excavation; inclined—vertical framed retaining wall; settlement; lateral displacement;
damage assessment

1. Introduction

Excavation-induced ground movements are generally unavoidable, thereby affecting
adjacent existing buildings. In soft-soil areas, the deformation of excavation is relatively
large. Its impact range can reach 3—4 times the depth of the excavation, far greater than
the deformation and impact range in hard soil [1,2]. The prediction of ground movements
outside/around excavations is crucial, as it can be used to evaluate the influence of the
excavation on nearby constructions and ensure safety.

Peck [1] collected a large number of measured data on surface settlement caused
by excavations and developed a settlement curve for the surface soil layer. Clough and
O’Rourke [3] expanded this measured dataset base and proposed a dimensionless settle-
ment envelope of the ground surface. Hsieh and Ou [2] proposed a surface settlement
model for cantilever walls and braced excavations, and they proposed the concept of
primary and secondary influence zones. Ou et al. [4] extended the surface settlement
curve of braced excavations to the subsurface and proposed lateral displacement curves
for different depths. In practice, Li et al. [5] developed the servo struts to control the
excavation-induced ground settlement and analyzed the relationship between the strut
position and the effectiveness of settlement controlling through field measurements.

To compensate for the limitations of field measurements in terms of monitoring
point layout, some articles have conducted research through numerical simulations [6-12].
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After excavation

Kung et al. [13] used a numerical simulation to propose a calculation equation for the
maximum surface settlement of braced excavations. Fan et al. [14] proposed a closed-form
solution for the prediction of excavation-induced ground settlement profiles. The profile
was derived by assuming the distribution pattern of wall deflection and displacement
boundaries. Russo et al. [15] fitted functions by combining longitudinal and transversal
settlement troughs based on computed results and evaluated the influence of typical
buildings in the subsidence area.

The deformation of a building can be calculated based on the ground movement
induced by excavation. As shown in Figure 1, the considered deformations are mainly
angular distortion () and lateral extension strain (g]). Son et al. [16] further simplified
the building damage assessment criteria and proposed the damage potential index (DPI),
which is calculated according to the angular distortion, B, and the lateral extension strain,
g), to evaluate building damage. Ou et al. [4] proposed that using the ground movement of
the building foundation burial plane to evaluate building damage is a more accurate way to
reflect the actual conditions. The evaluation of ground movement and potential damage to
adjacent buildings of embedded walls and braced excavations were substantially discussed.
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Figure 1. Schematic diagram of the angular distortion, 8, and lateral extension strain, €. (a) Schematic
diagram of the angular distortion, 3, calculation. (b) Schematic diagram of the lateral extension strain,
g, calculation.

Zheng et al. [17] reported a new strut-free retaining-wall system called the inclined—
vertical framed retaining wall (IVFRW) for deep excavation which consists of three main
components: vertical piles, inclined piles, and a capping beam. The inclined piles are laid
out counterclockwise from the head of the vertical pile at an angle, . Through the capping
beam, the vertical and inclined piles are connected at the pile head, forming a framed
retaining system. The retaining system has been effectively utilized in practical engineering
applications, and its wall deformation performance and optimal inclination angle have
been studied [18,19]. However, the analysis of the excavation-induced ground movement
of IVFRW and its impact on adjacent buildings is limited.

This paper aims to propose a simplified method to predict excavation-induced ground
movement with IVFRWs, including the settlement of the ground surface and subsurface
and the lateral movement of the ground surface and subsurface. A variety of parametric
simulations were carried out. A large number of finite element models were used to
establish a database considering the following parameters: the excavation depth, the ratio
of the wall depth to the excavation depth (A), the undrained shear strength of soil (Su/c”’v),
the stiffness of the retaining pile, and the angle of inclination (¢). Finally, the damage
potential index was estimated based on the proposed simplified evaluation methods for
surface ground movements.
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2. Numerical Modeling

An analysis was conducted using a three-dimensional finite element method (FEM)
computer program called PLAXIS 3D. To avoid overestimation of retaining structure
deformation and ground settlement, the small-strain stiffness of the soil was taken into
account [18-20]. For this purpose, a hardening soil with a small-strain (HSS) model [21]
was adopted for analysis.

2.1. Validation of the Numerical Model

A case history of an excavation in Tianjin, China (39.11° N, 117.20° W), utilizing an
IVFRW is depicted in Figure 2. The retaining structure form of section E-E adopts a slope
and the IVFRW. The excavation depth is 6 m, including a 1 m slope, and the width of
the excavation is approximately 80 m. In section E-E, precast concrete piles with 500 mm
sections, a 300 mm hollow diameter, and a center-to-center spacing of 1600 mm were
used. Both the inclined and vertical piles had a length of 12 m, with the inclined piles
inclined at an angle of 20°, as shown in Figure 3. Clinometers (W18, 7 monitoring points)
were used to monitor the lateral deformation of the vertical piles. Total stations (DLZ6-1,8
monitoring points) were utilized to monitor the soil settlement at different distances behind
the retaining structure.

North

1
W18 o

Monitoring points

20(m)
@ Lateral displacement

E Surrounding road settlement monitoring points
Figure 2. The project site and instrumentation layout.

Figure 4 shows a three-dimensional model of the excavation with inclined—-vertical
framed retaining walls. The lateral boundaries of the model are fixed horizontally, while
the base is fixed both vertically and horizontally. The excavation width is 80 m, and only
half of the entire model is considered due to the symmetry along the y-axis. The maximum
excavation depth is 6 m. The retaining structure has a length of 12 m. According to the
equivalence principle of stiffness, the walls are simulated using plate elements with a
thickness of 0.272 m and a weight of 25 kN/m?. The walls have a Young’s modulus of
38 GPa and a Poisson’s ratio of 0.2.
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Figure 4. Illustrations of section E-E of the excavation.

The numerical model, utilizing the HSS constitutive model, was created using PLAXIS
3D software (V20). All relevant parameters, except yg7, were determined from laboratory
tests conducted on soil samples obtained using a thin-wall sampler. The strength parame-
ters (¢ and @) were obtained through triaxial tests [22]. Apart from the strength parameters,
the HSS model requires additional parameters for analysis. These parameters include the
secant stiffness, Eé%f (obtained from the triaxial compression test); tangent stiffness, Eg‘;fd
(obtained from the oedometer loading test); unloading/reloading stiffness, Eg%fd (obtained
from the triaxial unloading/reloading test); initial shear stiffness, GI¢! (obtained from the
bender element test); threshold shear strain, (7, which represents the shear strain at which
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the secant modulus (Gs) is reduced to 70% of Gy; and effective stress to describe the stress-
strain behavior of soil [23,24]. For a detailed explanation, refer to Brinkgreve et al. [25].
Considering the impact of groundwater-level changes on the deformation of the retaining
structure during excavation, the undrained simulation type was chosen. Table 1 provides a
summary of the physical and mechanical parameters of the soils.

Table 1. Physical and mechanical parameters of the soil.

. . Thickness 0% c ¢ Eref Eref E{frf Gf,ef Yo7
Soil Layer Soil Type m  kKNm)  (kPa) ¢)  (MPa  (MPa)  (MPa)  (MPa) (10~
1-2 Plain fill soil 1.0 17.1 5.0 8.0 4.2 42 12.6 36.0 0.2
4-1 Silty clay 2.0 19.3 20.1 18.0 42 42 12.6 43.2 0.2
6-3 Silt 6.0 19.4 7.0 33.0 8.0 8.0 24.0 65.0 0.2
6-4 Silty clay 4.6 19.0 21.8 17.7 45 45 20.0 100.0 0.2
8-1 Silty clay 49 19.8 24.3 16.2 51 5.1 15.3 76.5 0.2
8-2 Silt 15 20.1 9.9 32.3 9.7 9.7 453 226.5 0.2
Figure 5 illustrates the comparison of the ground surface settlement and wall deflection
between the field observations and predictions. The lateral deformation and settlement
are reasonably predicted. Thus, the computed data are found to be in good agreement
with the measured results, indicating that this FEM modeling approach is reliable for
further analysis.
Displacement (mm) Distance from the wall (m)
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Figure 5. Comparison of wall deflection and settlement of ground surface.

2.2. Numerical Models

According to [26-29], the main factors that influence ground movement include the
excavation depth, ratio of the wall depth to the difference between the wall depth and
excavation depth (1), undrained shear strength of the soil (Sy), and stiffness of the retaining
piles, as listed in Table 2. The inclined angle of the retaining pile walls (§) was also
considered in this study.
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Table 2. Input-variable values for analysis.

Excavation A S /o Stiffness, Inclination

Depth, He (m) wrv EI (MN-m?/m) Angle, 0 (°)
4 0.5 0.163 25.3 5
5 0.8 0.222 85.5 10
6 1.0 0.283 202.7 15
7 1.5 0.345 395.8 20
8 2.0 0.410 684.0 25

Figure 6 shows the numerical model. A total of 3600 hypothetical excavations were
generated by varying the factors listed in Table 2. Among these 3600 cases, some exhibited
unrealistic excavation conditions, such as significant deformation. By excluding such
unreasonable cases, models with a maximum settlement of the ground surface of less
than or equal to 200 mm were considered to establish a simplified evaluation method for
excavation-induced ground movements.

L 'T/ ‘ K 1 p,
pile

Figure 6. Numerical model of the IVFRW.

3. Prediction of Excavation-Induced Ground Movement

Figure 7 shows the flowchart of the proposed method for predicting ground movement.
Based on the database investigated by FEM modeling, equations of maximum settlement
for both the surface and subsurface are established by using the least-squares method.
Utilizing the average results obtained from the numerical simulations, the equations for the
coordinates X and Z of a dimensionless profile for both surface and subsurface settlements
are proposed. Similarly, the equations and profile for the surface and subsurface lateral
displacements are obtained. Finally, the angular distortion, 8, and the lateral extension
strain, ¢, can be obtained, which can be utilized to analyze the impact of IVFRW-retained
excavation on nearby buildings.
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Figure 7. Flowchart of the proposed simplified method.

3.1. Determination and Validation of the Maximum Surface Settlement

The maximum surface settlement (dgym ) is influenced by the factors He, A, Sy /0%,
El, and 0. The results of the FEM numerical analyses of the excavations were collected,
and the relationships between the maximum surface settlement and inclination angle were
obtained by statistical comparison. Figure 8 shows that the exponential function is the most
appropriate to simulate the relationship between dgym o and 6.

1.0

0.0 I I I I I 1
0 5 10 15 20 25 30

o)

Figure 8. The relationships of the maximum surface settlement for different angles.

By applying the least-squares method to the computed results and all the parameters,
the maximum surface settlement, dgym o, can be derived from the equations below:

dovm,0 = (k1e” + ko)e"* 1)

0= k3x% + k4x1 + k5x§ + k6€2 + k7x§ + ngg + k9X4 + k10x1x2 (2)
+k11x1x3 + k1ox1x4 + k13X0x3 + k1aX0x4 + k15x3%4 + K16

u = ky7(kigxz + k19) (koox3 + k1) (kazx4 + k23) + kg ®3)

where v is used to determine the maximum surface settlement, xy= A, xo = He, X3 =S4 /0"y,
x4 = In(y/EI), x5 = /100, and = 7 is the water density. kj—ky4 are the fitting coefficients:
k1 =501,k =0.1,k3=—-12,ky=—0.3,ks =19, kg = —1.2, ky; = —44.9, kg = —0.3, kg = 0.0,
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k10=27,k11 =01, k12 =6.9, ki3 = —0.1, k14 = 4.1, k15 = 3.8, k15 = 5.5, k17 = 0.1, kg = —0.8,
k19 = 111, k20 = —0.3, k21 = 03, k22 = —13.2, k23 = 11, and k24 =—14.2.

Then, the subsurface settlements can be obtained [4]. The maximum settlement at a
specific depth, z, can be calculated by the following equation:

6 Ovm,z

5 = kosxe® + kagXe+ka7 4)
Ovm,0

where xg = z/He; dgym,z is the maximum settlement at a specific depth, z; and k5 = 0.3,
k26 =—-1.0, and k27 =1.0.

By selecting the data points not used in the fitting process (2/3 of the data points from
the database were used for fitting), the predicted results from the formula are compared
with the FEM results, as shown in Figure 9. Almost all data points are within the error range
of £20%, and the determination coefficient, R?, is 0.96, which demonstrates the accuracy of
the numerical model in predicting the maximum surface settlement.

1.0

0.8 - —-20%

O
2 0.6 @ y
= e)
= G0 +20%
S 0.4- o
= 5

S
[\
1

0.0 I I I I
0.0 0.2 0.4 0.6 0.8 1.0

Formula calculation value

Figure 9. Comparison of the computed maximum surface settlement of hypothetical cases obtained
from the FEM analysis and those from the prediction model.

To ensure the applicability of the formula, a further error analysis was performed
by calculating the base function, which is a ratio of the numerical simulation value to the
formula calculation value. After fitting the histogram in Figure 10, it was found that the
data distribution follows a normal distribution, with a mean of 1.0 and a standard deviation
of 0.09, indicating that the formula is effective.

3.2. Determination and Validation of the Settlement Profile

Figure 11 shows the dimensionless curve obtained by taking the average of the settle-
ment with different parameters. Figure 12 shows a dimensionless curve of soil settlement
behind the IVFRW. The settlement curve of the IVFRW for different inclination angles is
concave, similar to the ground settlement curve of the braced excavations proposed by
Hsieh and Ou [2].
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Figure 11. Dimensionless curve of soil settlement behind the IVFRW (0 = 20°, z/H, = 0.25).
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Figure 12. Dimensionless curve of soil settlement behind the IVFRW.

The X and Z coordinates in Figure 12 change with the inclination angle and the depth
of the soil. With an increase in the inclination angle and the depth of the soil layer, the
concave shape of the settlement curve becomes more pronounced. Coordinates X and Z
are only related to the inclined pile angles 6 and z/H. and can be expressed as follows:

X = k28(€k29x5 - 1)(k30€k3]x6 - 1) (5)

Z = k3 (k35 — 1) (kggef®¥ —1) +1 (6)

where k28 =1.0, k29 = —8.6, k30 =0.7, k31 =—0.3, k32 =2.0, k33 =0.1, k34 =-2.6, and k35 =1.0;
and the determination coefficients, R2, of coordinates X and Z are calculated to be 0.98 and
0.99, respectively.

The deformation mode of the retaining wall and the rotation phenomenon of the
principal stress are the reasons why the settlement curve of the soil behind the IVFRW is
concave. The deformation mode of the IVFRW is similar to that of braced excavations [17].
The excavation of the IVFRW leads to a principal stress rotation in the soil near the wall.
This causes vertical unloading of the soil and results in a concave settlement curve. With
increasing depth, the vertical unloading of the soil becomes more pronounced, resulting in
a more pronounced concave shape of the settlement curve.

The proposed simplified evaluation method was validated using three IVFRW-retained
excavations that provided detailed construction information and measurement data. Figure 13
shows the site plans of the projects and profiles of the sections. Note that, unless otherwise
specified, the data in the figure are presented in millimeters. All cases correspond to
residential buildings in China, and the areas of the three cases are between 40,000 m?2 and
50,000 m2. The excavation depths of the three cases are 4.5 m, 4.9 m, and 5.6 m, and the
lengths of the piles are 11 m, 15 m, and 17 m, respectively. The vertical and inclined piles
have identical lengths, and the angle of the inclined piles is 20° for all three cases. Each pile
has a rectangular section measuring 0.375 m x 0.5 m, with a hollow diameter of 0.21 m.
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The center-to-center spacing between adjacent piles of Case 1 is 0.85 m, while the spacing
of the other cases is 0.6 m.

North North
Underground water A Underground water
level ~2m level —2m
e
X
s
=
S
o| <
34
- 3
1 —
B l_i :_I Scale
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Ll I
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Underground water A
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7 L3
B
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z o
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7 .
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? A
7 —_
’ — \
7 -
f 1 1
C |
]
(©)
Figure 13. Site plans of the projects and profiles of the studied sections: (a) Case 1, (b) Case 2, and

(c) Case 3.

Table 3 provides details of the excavation geometry and soil properties used in the
simplified evaluation. The predicted maximum ground surface settlement can be calculated
by the proposed equations (Equations (1)—(3)), and the predicted surface settlement profile
can be calculated by Equations (5) and (6).

Table 3. Summary of IVFRW-retained excavation cases.

Case No. H, (m) A Sulo’ A EI (MN-m?2/m) 0 Observed 8gym,o (mm)
1 4.5 14 0.28 171.1 20 12.0
2 49 2.1 0.26 242 4 20 194
3 5.6 2.0 0.28 242 .4 20 22.8

1 Note: S, /0’y is the average value of the normalized undrained shear strength ratio of multilayer soil.

The predicted surface settlement profiles for these cases are shown in Figure 14, along
with the corresponding field observations. All observed surface settlement profiles are
concave in shape in the three cases and are consistent with the prediction method for the
ground movements proposed in this study.
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Figure 14. Comparison of predictions of surface settlement profiles with field observations: (a) Case
1, (b) Case 2, and (c) Case 3.

3.3. Determination of Lateral Displacement

Similar to the reduction in the IVFRW settlement equations and profile, the maximum
surface lateral displacement can be calculated by using the following equations:

Soimo = (kie' +kp)e™s )

| = k13x% + k14x1 + k15x% + k1632 + k17x§ + k18X3 + k19X4 + k10X1X2 (8)
+k11x1x3 + k1ox1x4 + k13X2x3 + k1aX2X4 + k15x3%4 + k16

m = ki7(kigxa + ki9) (kooxz + ko1) (kooxg + ko3) + koa )

where [ is the synthetic parameter to determine the maximum surface lateral displacement,
k1 =146.6,kp =8.4,k3 =0.1,ky = —0.7, ks = —0.4, k¢ = 2.4, k; = —20.4, kg = —31.9, kg = 0.0,
k10 =0.0,k11 =1.0, k12 =0.1, ky3 =7.5, kig = —0.2, k15 = 4.7, ki = —0.4, k17 = 0.9, kig = 1.5,
k19 =—0.5, kzo =-1.0, k21 =1.0, kzz =—0.5, k23 = —3.6, and k24 =22
The maximum lateral displacement at a specific depth, z, can be determined using the
following equation:
561m,z
061m,0

= kosxe + ka6 (10)

where dg)p , is the maximum lateral displacement at a specific depth, z, with ky5 = —0.6
and ks = 1.0. By comparing the predicted results from the formulas with the FEM results,
R? is calculated to be above 0.90.

4. Assessment of Adjacent Building Damage with Ground Movements
4.1. DPI of the Building

To accurately assess the damage to adjacent buildings, the ground movement behind
the excavations can be obtained by the proposed simplified evaluation. Based on the
ground movement and building information, such as the location and geometry of the
building, the angular distortion, B, and lateral extension strain, ¢, can be obtained by the
equations in Figure 1, and the DPI of the building can be determined using the methods
proposed by Schuster et al. [30]. The level of building damage can then be assessed by
interpreting the DPI results. The DPI is expressed as Equations (11)—(13) [16,30].

DPI = ¢,/(1/200) x 100 (11)
ep = [(€n) (COS Bmax)” + B(SIN Bmax) (COS max)] (12)
Omax = (1/2) tan"1(B/ep) (13)

where ¢, is the maximum principal tensile strain, and 0max denotes the direction of crack
formation measured from the vertical plane.
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4.2. Determination of the Building Damage Pattern

The ground settlement profile behind the excavation supported by the IVFRW has a
concave shape. Figure 15 illustrates that buildings at different locations from the excavation
are affected by different settlement patterns. According to the inflection point of the curve,
the effect of the settlement profile on building damage should be taken into account [4].
Generally, when comparing buildings with the same DPI, the damage caused by the
hogging pattern is more severe than that caused by the sagging pattern. This is because,
in the hogging pattern, tensile cracks develop earlier and faster in the upper part of the
building [30,31].

Builing A Building B

- —] 2.-

| S———
m@ | - ~
3
¥ \ e
\ 71 Infléction point
Nt
| — — — settlement
Sagging <—:—> Hogging

Figure 15. Sagging and hogging damage patterns of buildings.

The inflection point of the curve can be determined through the settlement profile. A
large number of numerical analyses show that the distance from the inflection point to the
retaining wall is 2.8 times that of the maximum settlement to the retaining wall. However,
according to Equations (5) and (6), because of the difference in settlement curves at different
depths behind the excavation, the position of the inflection point will change. Adjacent
building damage can be assessed by the assessment criteria proposed by Schuster et al. [30].

However, for any complex process, it is essential to evaluate the uncertainty of the
model. Due to this model uncertainty, the assessment of whether the building damage
exceeds a specified condition cannot be “certain”. Therefore, the results of the assessment
can be described with a probability.

4.3. Building Damage Probability

In order to perform a probabilistic analysis, it is necessary to determine the uncertainty
of the entire process for computing the DPI. By understanding the uncertainty associated
with the DPI model, an engineer can estimate the probability of excavation-induced build-
ing damage. To determine the uncertainty of the DPI model, the bias factor (BF) defined in
the previous section is used for analysis.

The BF is obtained by calculating the ratio of the DPI obtained from the proposed
simplified calculation for ground movements in this study to the DPI obtained from the
numerical analysis results. The BF is assigned a Gaussian distribution, as shown in Equation
(14), and the mean () and variance () are 1.0 and 0.24, respectively. Given the mean and
variance of the DPI for a specific case, the probability density function of the BF can be
determined.

PAYA
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By utilizing the probability density function of the bias factor (BF), it is possible to
determine the probability of surpassing a specified DPI value. For example, the DPI
obtained from the DPI model is 50, and the probability of exceeding 70 of the DPI obtained
from the DPI model is the probability of exceeding 1.4 of the BE. The probability of exceeding
1.4 of BF can be determined through the probability density function of BE. To assess the
probability of building damage resulting from an excavation supported by IVFRW, a
simplified chart was developed, as depicted in Figure 16. The curves displayed in this chart
were derived from repeated analyses of the aforementioned probability density function
of BF for different deterministically computed DPI values, considering various specified
damage levels.

S
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S 3

Probability of Exceedance Pp, (%)

0 10 20 30 40 50 60 70 80 90 100
Computed DPT

Figure 16. Simplified chart for building damage probability caused by excavation.

From the user’s standpoint, the probability of sustaining building damage exceeding
a specified level can be read from the chart with a calculated DPI value. For instance, if a
deterministically computed DPI of 50 (sagging) is entered, the chart indicates a probability
of exceeding moderate damage of 87% and a probability of exceeding severe damage
of 22%.

5. Conclusions
Based on the analysis of the article, the following conclusions were drawn:

(1) A series of numerical models for excavation supported by IVFRW were carried out
in this study. Equations were proposed to predict the maximum ground settlement
and lateral displacement behind excavation, using the least-squares method. The
parameters needed for the equations are the excavation geometry, the soil properties
(Su/0’yv), and the information of the retaining structure (H and 0).

(2) A dimensionless profile of settlement was proposed, derived from the average re-
sults of numerical models. Combined with the maximum settlement value and its
dimensionless profile, the settlement outside the IVFRW-retained excavation can be
predicted. To validate the accuracy of the predictions, three case histories supported
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by IVERW were utilized, and the results demonstrated a favorable agreement between
the predictions and observations. The proposed simplified evaluation method offers
a rapid and dependable assessment of ground movements caused by excavation.

(3) Through the prediction of soil movements, the angular distortion, §, and the lateral
extension strain, ¢, of the building can be obtained. The damage potential index of
the adjacent buildings can, thus, be calculated. Based on the settlement area (sagging
or hogging) of the buildings and the probability density function of the bias factor,
the probability of a building outside the excavation surpassing a specified damage
level can be assessed.
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