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Predstavljena studija se osredotoca na terenska opazo-
vanja in 3D numericne analize izkopa, varovanega z
nagnjenimi razporami v bliZini zgradb. Raziskan je
ucinek opornikov na prenasanje obtezb in zmanjsanje
upogibov. Oporniki zmanjsujejo vrednosti deformacij

in ustvarijo tudi kotni ucinek podoben kot v vogalu
diafragm. Raziskovan je vpliv razdalje med oporniki in
predlagan optimalni razmik med oporniki. Predlagana je
najbolj ucinkovita konfiguracija vgradnje opornikov za
zmanjsevanje deformacij in poskodb zgradbe. Na podlagi
rezultatov numericnih Studij so predstavljene smernice za
projektiranje na osnovi pomikov.
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Abstract

The presented study focuses on field observations and a
3D numerical analysis of open-cut excavations adjacent to
a building supported by inclined struts. The performance
of the struts in carrying the building loads and decreasing
the deflections is investigated. Struts reduce the amount
of deformations and also create a corner effect similar to
the diaphragm walls corner. The influence of the distance
between the struts is studied and the optimum struts
interval is proposed. The most effective configuration of
struts installation in reducing the deflections and building
damage is proposed. A displacement-based design guide-
line is also presented based on the results of numerical
studies.

1 INTRODUCTION

A simple method for protecting the buildings adjacent
to open-cut excavations is the use of inclined struts
connected to the buildings. This method is considered
as a traditional support method in Iran and is the most
common method in small-sized excavations [1]. Fig.1
schematically illustrates the use of struts and the current
state-of-the-practice for this method. In the presented
method, which is appropriate for a small to medium
depth of excavations, the struts are directly connected
to the buildings and control the movements of the
buildings and consequently reduce the soil movements.
The method is the subject of this paper and should not
be mistaken for the use of struts that are connected

to the retaining walls. Some studies were conducted

and the primary understanding of the performance of
inclined struts was presented [2], [3]. The performance
mechanisms of such a strut were proposed as follows:

(i) the load of the adjacent building is partially passed
to the bottom of the excavation through the strut

and consequently less pressure is exerted on the soil
beneath the foundation; therefore, the settlement of

the foundation decreases. (ii) The strut reduces the
horizontal displacements of the buildings due to the
lateral constraints it creates. Consequently, it can reduce
the horizontal deflections of the excavation unsupported
face. The deformation pattern of the excavation face and
the ground surface settlement were strongly affected by
the use of inclined struts that are connected to the build-
ing. Previous studies on this method showed that the
use of inclined struts that are connected to the adjacent
buildings influences the deformation patterns; the shape
of the horizontal deflection at the excavation face is
changed from cantilever type to lateral-bulging type;

the ground surface settlement profile is changed from
spandrel-type to concave-type [3].
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Figure 1. Schematic of the current state-of-the-practice of excavation using inclined struts connected to an adjacent building
() before excavation; (b) excavation stage 1; (c) installation of struts, stage 2; (d) excavation stage 3.

One of the objectives of this paper is to verify the
proposed mechanisms of struts through 3D numerical
analyses and a comparison of field measurements and
numerical studies.

Fig. 2 shows the most conventional configurations

for excavation. Sadeghian and Fakher presented the
most effective configuration for strut installation that
produces the least ground surface settlement and hori-
zontal deflection [2].

In this pattern the struts install after the first stage of
excavation by sloping the sides of the excavation and
then excavating the marginal soil behind the struts
(Fig.2 (e)). This configuration minimizes the damage to
the buildings, according to the criteria proposed by [4].

Sadeghian and Fakher obtained optimum results for
inclined strut installation by connecting the struts to the

Figure 2. Most common configurations of the excavation
procedure using inclined struts. (a) Struts connected to the
first floor after full excavation. (b) Struts connected to the
foundation after full excavation. (c) Struts connected to the
foundation after full excavation made in two stages. (d) Struts
connected to the first floor after full excavation, made in two
stages. (e) Struts connected to the foundation after the first
stage of excavation. (f) Struts connected to the first floor after
the first stage of excavation [2].
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foundation of the adjacent building [2]. Fig. 2 illustrates
the most effective inclination angle for the struts at

L/H = 0.45, where L is the distance of the struts from the
excavation face at the bottom and H is the excavation
depth. This value corresponds to an inclination angle of
65° above the horizontal.

Failure to control the deformations can cause significant
damage to adjacent structures. Consequences such as the
loss of bearing capacity of the foundations of adjacent
building and the loss of a factor of safety for basal heave,
global instability or bearing capacity can become very
hazardous. In the presented paper, it is assumed that

the safety factor of excavation is in an acceptable range
that is derived from an appropriate limit equilibrium
analyses or design codes (e.g., The National Building
Regulations of Iran suggest safety factors for basal heave,
global instability or bearing capacity for different condi-
tions and depths of excavations). Thus, the presented
analyses are focused on the displacements induced by
the excavation and on the assessment of the admissibility
of these displacements with respect to the maximum
acceptable values.

Although the mentioned method has many practical
applications, the inclined struts’ behavior is not fully
understood and determinations of the design param-
eters like loads and the distance between the struts are
uncertain. Most designs are based on past experiences
and no definitive conclusions exist regarding the effect of
the struts on the deformations.

Two-dimensional plane-strain finite-element analyses of
the strutted excavation have been performed by many
researchers [5], [6], [7], [8],[9], [10]. But excavations
behave as a three- dimensional problem [11]. Many
studies have been performed to investigate the three-
dimensional performance of excavations [12], [13], [14],
[11], [15], [16], [17]. The mentioned method of excavation
using inclined struts has been previously analyzed using
2D finite-element modeling [1], [2], [3], [18], but some
important aspects can be simulated only when a 3D model

is employed. Among them: (i) the behavior of the excava-
tion corners, (ii) the sequence of struts installation and
(iii) the struts interval can be mentioned. In this study, a
series of parametric studies using a 3D numerical model
were performed to examine the struts’ performance.

2 NUMERICAL ANALYSIS

In the presented research, three-dimensional analyses
were performed to account for the complex 3D nature
of the excavation and to examine the inclined struts in
the excavation. Numerical simulations were carried out
using the FEM program ABAQUS [19]. Fig. 3 shows the
finite-element mesh. The soil was modeled using three-
dimensional brick elements with eight nodes. A large
zone was selected to avoid any measurable effects from
the boundaries. It was assumed that the vertical bound-
ary is free in the vertical direction and restricted in the
horizontal direction; and the bottom horizontal bound-
ary was restricted in both the horizontal and vertical
directions. To minimize the boundary effects, the verti-
cal boundary and the bottom horizontal boundary at the
far ends were set to almost 5 times the excavation’s width
and depth, from the center of the excavation.

The element size is chosen based on the desire to
increase the accuracy of the results and reducing the
computational effort. A large number of iterations were
carried out to achieve the convergence criteria and the
accuracy of the deflections. In a finite-element simula-
tion of excavations it has been demonstrated that the
refinement of the mesh had no significant effect on the
final displacements [20]

In this study the horizontal dimensions were set to be

of the same order as the vertical dimension and to be
compatible with the dimensions of the excavated area.
In order to reduce the required computational effort, the
element dimensions could increase as the distance from
the excavated area increases.

Figure 3. Finite-element mesh used in the analysis.
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Many soil models in the literature can represent the
excavation, but as the objective of the presented paper

is to study the effect of struts, a simple model may be
more illustrative than a complex one. In this study, the
nonlinear elasto-plastic behavior of soils is simulated
using the hyperbolic model [21]. The hyperbolic model
is implemented with a user-defined model within the
subroutine UMAT in the ABAQUS program and then
used in the analyses. Although the hyperbolic model

is not formulated based on the theory of plasticity, it
considers the deformation characteristics of soils such as
the nonlinear, inelastic, and strain-dependent ones. The
hyperbolic model has been used in analyzing excavation
problems [12], [14], [22], [23], [24], [25] possibly due to
the fact that this type of soil model is relatively simple,
conceptually understood, and easy for determining the
soil parameters [12].

For the hyperbolic model, seven parameters are required
to fully describe the stress—strain behavior of the soil.
These are cohesion (c), friction angle (¢), stiffness
modulus number for primary loading (E), stiffness
modulus exponent (m), stiffness modulus number for
unloading-reloading (E,,), failure ratio (Ry), and Pois-
son’s ratio (v).

3 VALIDATION OF THE NUMERICAL MODEL

The built numerical model in the current study was
validated using data obtained from a field measurement
undertaken by the authors. Then extensive parametric
studies were performed to evaluate the trend of excava-

tion behavior with respect to the variation of parameters.

3.1 Project description

Three boreholes were drilled in order to investigate the
soil properties required for modeling the excavation.
The soil at the excavation site typically consisted of marl
that contains variable amounts of clays and silts and was
plastic and sticky. Fig. 4 shows the stratigraphy of the
site’s soil. As shown in Fig.4 the subsurface conditions at
the site consisted of two layers. The first layer was about
8m-thick stiff clayey silt; and this layer mainly affected
the excavation behavior. The second layer was about
10m-thick stiff silty clay. No groundwater table was
detected in the excavation zone; this means that pore
water pressure had no effect on the behavior of the exca-
vation. Fig.4 also shows variations of standard penetra-
tion test number (Ngpr) and the strength parameters of
the soil. The shear-strength parameters were obtained
from triaxial tests. The unit weight of the soil layers are
also given in Fig.4.
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Figure 4. Stratigraphy of the excavation case.

A plan view of the dimensions of the excavation, support
system geometry, neighboring structures and the instru-
mentations are shown in Fig. 5. As shown in this figure,
the shape of the excavation site was 10x16 m2. The final
excavation depth was 4.5m, and this was completed
using the described method, which is illustrated in Fig.1.
The inclination of the struts was about 45° due to the site
condition and the working space. The foundation of the
neighboring building was mat footing. To monitor the
displacements, optical survey points on the excavation
face and buildings were used. Electrical strain gauges
and a mechanical load cell, which was designed and
fabricated by the authors, were used to measure the strut
loads. The excavation procedure and strut-installation
sequences are given in Table 1.

The dimensions of the structural elements in a build-
ing and the struts in numerical model were the same
as for the excavation case. The neighboring building

on the north side of the excavation was a three-story
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Figure 5. Plan view of excavation and instrumentation scheme.

Table 1. Excavation phases of the project.

Excavation

Description
stages

Excavate down to 4.5 m below the ground
surface by sloping the sides of excavation as
shown in Fig.1 (b).

Construction of the foundation of the struts
and installation of the struts, Fig.1 (c).

Excavation of marginal soil behind the struts,
Fig.1 (d).

structure and was modeled as a steel frame by using
beam elements as linear elastic materials with no failure
criterion and the Young’s modulus of steel was set

Eqeel = 2.0x10° MPa. The inclined struts, that were
connected to the adjacent building foundation, were
steel box 140x140x7mm? and were modeled using
three-dimensional beam elements and were simulated
as linear elastic materials with no failure criterion and
the Young’s modulus is set to Ege = 2.0x10° MPa. The
concrete foundations of the struts were 500 x500 mm?
bearing pads with a 400 mm thickness, which were
placed below the ground level of excavation, but were
modeled as a single mat foundation due to the negligible
effect on results. The foundation of the building and

the foundation of the struts were modeled as concrete
foundations using solid elements as linear elastic mate-

rial with no failure criterion and the Young’s modulus of
concrete was set Eooperete = 2.0x10* MPa. The interface
between the structure and the soil elements was
modeled using contact elements.

The geotechnical characteristics of soil are presented in
Table 2. The strength parameters ¢ and ¢ were obtained
directly from Drained and Consolidated (CD) triaxial
laboratory tests. The value of the Young’s modulus of first
layer at a depth of 2 m of soil was directly obtained from
the plate load-test results and provides a primary under-
standing of the soil stiffness. Table 3 lists the parameters
of the geometry of the excavation used in the numerical
analyses. The struts spacing are as shown in Fig.5.

In this study the soil stiffness modulus parameters (K,
K,,) are estimated from the plate load-test results and
verified by the stiffness of soil of a nearby similar excava-
tion project. The failure ratio, Ry, is normally in the
range 0.5 and 1.0 [26]. In this study, Ryis assumed to be
0.9 for cohesive soil, accounting for the flexible behavior
of clay [26]. The stiffness modulus exponent, 1, can
reasonably be assumed to be 0.5 for the cohesionless soil
[27] and m should be equal to 0.0 for cohesive soil due
to the concept of effective stress [27]. Poisson’s ratio is
assumed to be 0.3 at the pre-failure condition and 0.49 at
or near the failure condition. The lateral earth pressure
at rest, Ky, is obtained from Jaky’s equation.

Table 2. Parameters of the soil used in numerical modeling.

Parameter K Ky m c (kPa) ¢° Y(kN/m3) Rf Vprefailure Vfailure Ky
Layer 1 1900 4300 0.3 40 10 19.6 0.9 0.3 0.49 0.82
Layer 2 2550 5500 0.1 90 5 21.5 0.9 0.3 0.49 0.91

Note:K, Ky, ¢, ¢, m, Ry,v : the hyperbolic model parameters;

Ko="at-rest" coefficient of lateral earth pressure.
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Table 3. Parameters of the excavation project used in the

Excavation face deflection (mm)
numerical modeling. -10 S 0 %
"
.
Parameter H (m) B (m) L (m) \
Amount 45 10 16 10
|
Note: H= excavation depth, B= excavation width and L= excavation length. \
predictions v b
FE with strut \
. . . ) V1,
3.2 Excavation-induced displacements and loads = = = FEwithoutstrut
measurement
. . A stage 1
Figs. 6, 7 and 8 show the observed deflections at excava-
tion stages and show the comparison of the deflections X  stage?
between the field observations along the north side of
the excavation and the FE model predictions. B stage3
By comparing the results for excavation with and
without struts, the effectiveness of the struts can be ,
evaluated. Fig.6 shows that the computed horizontal \/ <
deflections of the excavation face at section A-A (Fig.5), ~ =
for three stages are much smaller than those without §
struts. It can be seen that the maximum horizontal
deflection at the analysis is reduced by 50%, by the
. . Y . " yor Y. Figure 6. Comparison of the measured horizontal deflections
installation of strut. Also, it can be seen from Fig.6 that and finite-element (FE) analyzed values for the excavation face
the use of struts connected to the adjacent building

at section A-A, shown in Fig.5.

1 " " Excavation width (m)

- -
——_——tl -

Horfzontal
Displacement (mm)

measurements A Stage 1 X stage 2 | stage 3

predictions FE with strut = = = - FE without strut
Figure 7. Comparison of the measured horizontal deflections and finite-element (FE) analyzed values along the north side of the
excavation; section B-B shown in Fig.5.

Excavation width (m)
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16
vertical settlement
(mm)
FE with strut

predictions — = = - FE without strut

A Stage 1 X stage 2
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Figure 8. Comparison of the observed vertical settlements and finite-element (FE) analyzed values along the north side of the excava-
tion; section B-B shown in Fig.5.
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decreased the horizontal deformation to a slight value
near the excavation surface around the contact point of
the strut and lowered the location of the maximum hori-
zontal deformation near the excavation bottom, whereas
without using the struts, a large horizontal deformation
will occur near the excavation surface.

Similarly, Figs.7 and 8 show that the computed horizon-
tal deflections and surface settlements of the foundations
along the north side (i.e., section B-B in Fig.5) for three
stages are much smaller than those without struts. The
maximum horizontal deflection and the vertical settle-
ment beneath the foundation along the north side are
reduced by about 80% and 70% respectively due to the
installation of struts. Therefore, the installation of struts
can substantially reduce the lateral deflections and verti-
cal settlements.

Moreover in Figs.7 and 8, it is clear that there is a larger
zone of relatively constant horizontal deflection and
vertical settlements at the end of stage 1 than at the

end of stage 3. This means that before the installation
of strut, the plane strain condition exists over a larger
portion of the excavation length than after the installa-
tion of a strut, where a shallower section has relatively
constant values; and the 3D effects of the excavation
become more apparent as the struts are installed.

Figures show that the computed deflections for the
excavation with the strut are reasonably consistent with
those observed in field measurements. Therefore, it is
found that the above-mentioned numerical model is able
to predict the deflections of the excavations.

As stated in the introduction of the presented paper, the
performance mechanism of the struts derived from the
field measurements and the 2D numerical analysis. It is
needed to quantify in detail the 3D performance of the
struts in excavations to provide a reasonable method to
design the struts.

The ground surface settlement profile and the horizontal
deflection of the excavation face illustrate the restraining
effect of the struts on soil movement. The results of the
numerical analysis make it clear that the struts decrease
the horizontal displacements of the excavation face. The
vertical settlement is also reduced by the installation of
struts. These results confirm the mechanisms (i) and (ii).
Moreover, it can be seen from Figs. 7, 8 that the maxi-
mum horizontal deflection and vertical settlement occur
at the approximate middle position of the excavation
length. Also, as shown from field observations in Figs.7
and 8, the horizontal deflection and vertical settlement
are smaller at the section where struts are installed than
those sections at a distance from the struts.

Fig. 9 illustrates the lateral deflection of the excavation
face derived from numerical analyses at different posi-
tions of the excavation length (Fig.5.) The maximum
horizontal movements occur near the bottom of the
excavation at the center of the excavation length and
much smaller lateral movements occur at the corners. It
can be seen that the 3D effects become more apparent
as the excavation depth increases, confirming that the
effects of the corners of the excavation become more
apparent as the horizontal deflection increases.

Excavation face horizontal deflection (mm)

-10 -5

— - — corner
--------- section C-C

— — sectionA-A

mid lengh

Depth (m)

Figure 9. Comparison of the lateral movements of different
positions of the excavation length (as shown in Fig.5).

4 INVESTIGATION OF THE 3D BEHAVIOR OF
EXCAVATION

In this section the effects of important parameters are
studied using the above-mentioned 3D finite-element
model. A large number of finite-element analyses

are made to evaluate the influence of the geometry

of excavation and the parameters of the struts on the
deformations. The results of the parametric studies are
summarized herein.

4.1 3D effect of struts

In this section the values for H, B, L and the strut spac-
ing were changed, as shown in Table 4, to investigate
the effects of the various parameters in the parametric
studies. Fig. 10 shows a cut of the 3D model in detail, to
obtain a better understanding of the results.
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Table 4. Parameters used in the parametric studies.

Parameter H (m) B (m) L (m) d (m)
Amount 4.5 32 32 8

Note: H= excavation depth, B= excavation width and L= excavation
length and d=Struts spacing.

Fig.11 compares the distribution of the lateral stresses in
the soil in the analyses with and without the installation
of struts. The direction of the lateral stress is shown in
Figs. 11. The positive values represent the tensile stresses.
The results show that the distribution of lateral stresses is
considerably changed in the ground surface adjacent to
the excavation and in the excavation face by the instal-
lation of struts. Also, it can be seen that the lateral stress
generally decreases near the struts. This is probably

due to the arching effect of the struts. It is clear that the
arch formation is noticeable in the vicinity of the corner
struts. According to many studies [5], [11], [13], [14],
[15], [16] due to the arching effect, the horizontal deflec-
tion and the vertical settlement near the corners are very
small. The parametric analyses and the field-observation

Figure 10. The cut of the 3D model with details.

results imply that the installation of struts has a similar
effect as the diaphragm wall corners.

The contour of plastic strains is depicted in Fig. 12. The
evolution of the plastic strains in all of parametric studies
shows that the plastic zone begins to form near the bottom
of excavation face at the middle of the excavation length.

(@)

(b)

Figure 11. Contours of the soil lateral stresses (a) without struts, (b) with installation of struts.
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Figure 12. Contours of the soil plastic strains at the final stage of excavation.

4.2 Strut intervals

In order to investigate the effect of the strut intervals at
different depths of the excavations and to obtain compa-
rable results in the parametric studies, as mentioned
previously, the lengths of the excavations are increased
to 32 m in the analyses. The influence of the distance
between the struts on the maximum lateral deflections is
shown in Fig. 13, where the maximum lateral deforma-
tions (Opmay) are normalized with respect to the depth
of the excavation (H). It should be noted that the values
at d=0 m are obtained from a two-dimensional analysis.
Fig. 13 shows how &},,.x/H increases as the distance
between the struts (d) increases, with the influence of
the support spacing being more pronounced in the
deeper excavation than in the shallower excavation.
Fig.13 also shows that when the distance between the
struts exceeds the excavation depth, e.g., d/H > 1.0, the
Ohmax/H remained approximately constant for a specific
excavation depth. These results imply that if the distance
between the struts exceeds the excavation depth, the
inclined struts would have a minor restraining effect

on the horizontal deflections. Consequently, it can be
concluded that the maximum distance between the
struts should be limited to the excavation depth.

Fig.14 shows the influence of the distance between the
struts on Spep/H and 8y1op/H, of which 8yy0p and Syt
are the horizontal and vertical deflections at the top of
the ,excavation respectively, and they are obtained from
the values of horizontal and vertical deflections near

the connection point of the struts to the building. The
results show that dy,op/ H and yyop/ H increase with the
increasing distance between the struts and the values

of Spop/H and 8yyop/ H are seriously affected by the
distance between the struts. The above observations can
be explained by the fact that the top of the excavation
near the connection point of the struts to the building is
directly restrained from movement by the struts, and the
inclined struts have a serious restraining effect near the
excavation surface and also on the adjacent building.

The spacing of the struts can affect their bearing load. To
investigate the effect of the interval of the struts on the
strut loads, variations of the maximum computed strut
load for four excavation depths are shown in Fig.15. The
figure shows that the strut load values increase approxi-
mately linearly with an increasing distance between

the struts for a specific depth. Also, it can be seen from
Fig.15 with increasing excavation depth, the strut load
increases dramatically.

1,60
§ 120 | s
5: 080 | e e
& 0,40 P H=6.0 m
0,00 :-;;’ s ——————— H=9.0 m
0 4 8 12 16

Figure 13. Relationship between the maximum horizontal deflection and the strut intervals for different excavation depths.
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Figure 14. Relationship between the deflections at the point of connection of struts to the building and the strut intervals for different
excavation depths, (a) horizontal deflection, (b) vertical deflection.

For an assessment of the effect of the strut intervals on LBR = dsrt 4. = Fu (1)
the performance of the struts, the parameter load bear- 9 puia ™ H-d
ing ratio (LBR) is defined in this study. This parameter
is obtained by dividing the unit load of the strut on the where F,,,; is the strut load, d is the distance between
unit load of adjacent structures, as shown in Eq.1: the struts, H is the excavation depth and gy, is the unit
40
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Figure 15. Relationship between the maximum struts load and the strut intervals for different excavation depths.
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Figure 16. Relationship between the load bearing ratio (LBR) and the strut intervals for different excavation depths.
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load of the adjacent building. It assumes that a surcharge
of 1 ton/m? for each floor of the neighboring buildings
act on the ground surface. A greater LBR value implies
that the struts have more effect in the bearing building
load and vice versa. To consider the effect of the interval
of the struts on the LBR, variations of the LBR computed
with the maximum strut load for four excavation depths
are shown in Fig.16. The results show that LBR decreases
rapidly with an increasing distance between the struts
for a specific depth. The decrease in LBR is approxi-
mately proportional to the square of the struts’ interval.

These results indicate that with an increasing distance
between the struts, although the struts’ loads increase
while the load bearing ratio of strut decreases, the
performance of the struts in carrying the buildings’
loads reduces.

4.3 Strut-installation pattern

As mentioned in the introduction, Sadeghian and Fakher
[2] used a numerical analysis to investigate the effect of
the strut-installation pattern in two-dimensional excava-
tions. In this paper the efficient sequences of strut instal-
lation in 3D excavations are studied. The most effective
method in the installation pattern of struts, Fig.2 (e), is
selected based on the Sadeghian and Fakher studies [2]
and extended in 3D analyses with four different patterns.
In all of these patterns, the first stage is the same and is
consistent with the method that is illustrated in Fig.1.

(i) Configuration 1: The excavation is executed in one
stage, as shown in Fig.1(b); afterwards all of the
struts are installed simultaneously, as shown in
Fig.1(c) and finally the marginal soil is excavated,
as illustrated in Fig.1(d).

Configuration 2: First the site’s excavation zone is
fully excavated (Fig.1(b) and Fig.1(d)) and all of
the struts are then installed.

(ii)

-16

-12

-2,0

Horizontal
Displacement (mm)

(iii) Configuration 3: First corner struts are installed
and the marginal soil behind the struts is excavated
and then the middle struts are installed and the
remaining soil is excavated.

(iv) Configuration 4: Middle struts are installed and the
marginal soil in the struts back is excavated. Then
the corner struts are installed and the remaining
soil is excavated.

To find the most effective configuration, horizontal
deflections are considered. Fig.17 compares the
excavation-induced maximum horizontal deflection
along the excavation length for the four mentioned exca-
vation procedures. It should be noted that the results
in Fig.17 are obtained from the numerical model with
the parameters as given in Table.4. According to Fig.17
the maximum horizontal displacement in the center

of the excavation length induced by configuration 2 is
larger than the other configuration and the most effec-
tive configuration is configuration 1. In configuration
4, since the middle struts are installed earlier than the
corner struts, the horizontal deflection at the middle of
the excavation length is restrained rather than the other
configurations. Obviously, the most efficient method
of installation for the strut is the installation of all the
struts simultaneously. But if it is not possible to execute
all of struts installation in one step, the installation of
the middle struts at first and then the installation of the
corner struts produces fewer horizontal deflections at
the middle of the excavation length.

5 DISPLACEMENT-BASED DESIGN

Limiting the movements of adjacent buildings is becom-
ing a significant design issue because deformations can
cause significant damage to the structures. Increasingly,
designs are controlled by the need to limit movements,

excavation length (m)
12 16

config 1
et — B — config 2
eee e config 3

— &— config4d

Figure 17. Comparison of the maximum horizontal deflection along the excavation length for four strut installation configurations.
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which goes beyond the traditional design approach of
focusing on the required support loads and avoiding
collapse. These conditions require a new approach

to designing support systems to focus on controlling
displacements [28]. In the displacement-based design,
a comprehensive understanding of the characteristics of
deformations is very important. Using a displacement-
based design approach requires a way to predict
displacements. The proposed approach determines the
displacement based on numerical studies and compares
the results with the allowable displacement.

5.1 Allowable deflections

There are several publications on the allowable deflec-
tions for different types of structures and some criteria
have been proposed for estimating the potential of
damage to adjacent buildings. Boscardin and Cording

[4] developed a plot relating the angular distortion and
horizontal strain to building damage. The establishing
permissible deflections range depends on the project
conditions. The maximum allowable angular distortion
and the horizontal strain should be determined according
to the level of damage and the type and condition of the
building. The values for the maximum allowable horizon-
tal (8),) and vertical (3,) deflections can then be obtained.

5.2 Simple estimation of deflections

The deformations are the result of many complex factors
such as ground condition, type of retaining structure,
stiffness of supports and adjacent building conditions.
The deflections determination can be obtained from a
dimensional analysis of the parameters that appeared

to contribute to the deflections in an excavation. The
parameters that have the most effect on the deflections
are as follows:

On=fEs, Ep, H, ys, 6, m, Kg)  (2)
8,=f(Es, Ep, H, ys, ¢, n, Ky) 3)

where J;, and &, are the horizontal and vertical deflec-
tions, respectively, and E; = Young’s modulus of the soil;
E}, = Young’s modulus of the structure; H = excavation
depth; p, = unit weight of the soil; ¢ = cohesion of the
soil; n is the number of the story of building; and Kj; is
the stiffness of the strut and is obtained by:
Ast Est

K, 1d 4
where A, = cross-sectional area of strut; E; = modulus
of elasticity of strut; | = length of strut; and d = distance
between struts.
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A dimensional analysis suggests that a dimensionally
homogeneous equation can be reduced to a relationship
among a complete set of dimensionless products. The
correct use of the dimensionless products makes the
parametric studies more efficient by revealing which
variables are truly independent [29]. From an inspection
of the variables contributing to deflections, it can be seen
that three dimensionless groupings emerge. One group-
ing is the relative stiffness resistance, Ey-Ey/ E¢-Ky ,
which captures the soil-structure-strut interaction [30].
Another grouping is the excavation stability number,
Hy,/c, which characterizes the effects of the soil condi-
tions. The third dimensionless parameter is the number
of the story of the building (#). The two first-mentioned
dimensionless groupings are combined and produce the
dimensionless parameter R as:

E E H E H
R= b st Xl or R= _bﬂ Xi (5)
Es Kst ¢ Es Ast ¢

Thus Equations 2 and 3 can be rewritten as:
Sn=fRn)  (6)
8,=flRn)  (7)

It should be noted that all the variables included in the
dimensionless parameters are from basic soil, geometry
parameters of excavation and adjacent building that the
designer can easily determine from standard soil tests
and excavation and building specifications; and also

the struts’ cross-sectional area and materials as design
parameters can be estimated primarily based on similar
excavation projects.

Fig.18 shows the dimensionless parameter (R,n) values
and the maximum deflections obtained from the para-
metric finite-element studies and the fitted curves.

The trend curves fitted through the parametric data have
the form:

é‘ht
op _ 0.5n —20 2
?(%)_0.42(3 x[(1.54><10 xR )+

+(17x107 xR)+(5.1x107) ] ®
SV—P‘I”P(%) =1.01e"" x[(2.9x10*2° xR*)+
+(1.65x10"" xR)+(0.13) ] ©)
5]« 0.1n -19 2
—Am (06) =0.93e” " x| (1.51x10 xR" )+
H I ) (10)

+(1.68x107 x R) +(0.19)
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Figure 18. Comparison of the finite-element parametric studies with the proposed relations; (a) horizontal deflection at the top of the
excavation, (b) vertical settlement at the top of the excavation, (c) maximum lateral deflection of the excavation face.

Eq.8 to 10 develop a design chart that allows the 5.3 Proposed design guidelines

designer to choose the appropriate struts’ cross-sectional

area (A,) and the distance between the struts (d) based Based on the results of the current study, the following
on the design criteria of limiting the deformations. design guidelines are offered for estimating the design
Conversely, for a given struts cross-sectional area and parameters.

the distance between the struts, Eq.8 to 10 allow the

designer to predict the horizontal and vertical deflec- 1. Determine the soil and structure condition, including
tions for excavations supported by inclined struts based material properties (E;, Ey, s, ¢) and excavation and
on simple soil data and excavation geometry. structure geometry (H, n).
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2. Choose the cross-sectional area and the inclination
angle of struts, based on the recommendations
which are proposed in the introduction of paper;
choose the distance between the struts based on the
recommendations that are proposed in Section 4.2;
calculate the struts stiffness (K;).

3. Determine the values of allowable deflections as
described in Section 5.1.

4. The maximum deflections can be obtained using all
the input parameters from Eq. 8 to 10. The value of
the deflections should then be compared with the
allowable deflection to ensure that they are within
acceptable limits. If the values of the deformations
are not within permissible limits, the strut stiffness
parameter should be adjusted to ensure that the
deflections are within reasonable limits.

6 CONCLUSIONS

This study investigated the effect of struts on the deflec-
tions in excavations using a series of 3D finite-element
parametric studies using strut spacing and the configu-

ration of the strut installation as variables. The influence
of the strut installation on the excavation was also stud-
ied. The results can be used to approximate the design of
reasonable strut intervals and their cross-sectional areas.
This study confirmed the proposed performance mecha-
nism for inclined struts using field observations and 3D
numerical analysis results. Finally a performance design
approach was presented that can be used to effectively
design inclined struts for an excavation based on the
deformation limits. The following were observed:

1.

52.

The use of inclined struts connected to adjacent
buildings decreased the amount of deformation and
created a corner effect similar to that for diaphragm
wall corners; the deflections at the corners were
much smaller in response to the arching effect. The
deflections were also smaller in the section where the
struts were installed than in the sections that were
some distance from the struts.

The use of inclined struts strongly decreased the
horizontal deformation near the ground surface
around the contact point of the strut and lowered the
location of the maximum wall deformation to a point
near the bottom of the excavation. Whereas, large
horizontal deformations occurred near the surface of
the excavation without the use of struts.

The stress distribution pattern outside the excavation
zone at the ground surface revealed that the lateral
stresses decreased near the struts in response to the
arching effect of the struts; an arch formation was
noticeable in the vicinity of the corner struts. The
evolution of plastic strains in the excavations showed

Acta Geotechnica Slovenica, 2017/1

that a plastic zone began to form near the bottom of
the excavation face in the middle of the excavation
length.

Horizontal deflections increased as the strut intervals
increased. It was found that the maximum spacing
between the struts should not exceed the excavation
depth.

The load bearing ratio (LBR) was defined and used
to assess the effect of strut intervals on the perfor-
mance of the struts. This parameter was obtained by
dividing the unit load of a strut by the unit load of
the adjacent structures. A larger LBR indicates that
the struts play a major role in bearing the load from
a building. The load on the struts increases as the
distance between the struts increases, but the load
bearing ratio (LBR) decreases and the role of the
struts in carrying the building loads decreases. The
decrease in LBR is approximately proportional to the
square of the interval between the struts.

The most efficient strut-installation sequence in the
length of the excavation that produces the greatest
decrease in the horizontal deflection is the simul-
taneous installation of struts. If it is not possible

to execute the installation of all the supports at the
same time, the middle struts should be installed first
and then the corner struts.
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