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Abstract. Deep excavations for development of subway systems in metropolitan regions surrounded by adjacent buildings is
an important geotechnical problem, especialy in Tabriz city, where is mostly composed of young alluvial soils and weak marly
layers. This study analyzes the wall displacement and ground surface settlement due to deep excavation in the Tabriz marls
using two dimensional finite element method. The excavation of the station L2-S17 was selected as a case study for the
modelling. The excavation is supported by the concrete diaphragm wall and one row of steel struts. The analyses investigate the
effects of wall stiffness and excavation width on the excavation-induced deformations. The geotechnical parameters were
selected based on the results of field and laboratory tests. The results indicate that the wall deflection and ground surface
settlement increase with increasing excavation depth and width. The change in maximum wall deflection and ground settlement
with considerable increase in wall stiffness is marginal, however the lower wall stiffness produces the larger wall and ground
displacements. The maximum wall deflections induced by the excavation with a width of 8.2 m are 102.3, 69.4 and 44.3 mm,
respectively for flexible, medium and stiff walls. The ratio of maximum ground settlement to maximum lateral wall deflection
approaches to 1 with increasing wall stiffness. It was found that the wall stiffness affects the settlement influence zone. An
increase in the wall stiffness results in a decrease in the settlements, an extension in the settlement influence zones and
occurrence of the maximum settlements at a larger distance from the wall. The maximum of settlement for the excavation with a
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width of 14.7 m occurred at 6.1, 9.1 and 24.2 m away from the wall, respectively, for flexible, medium and stiff walls.
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1. Introduction

Deep excavations in urban areas are of complex soil-
structure interaction problems (Dong et al. 2014). They can
have undesirable influences on adjacent buildings and other
public utilities (Do et al. 2014, Fonte 2010, Nawel and
Salah 2015, Zheng et al. 2017), especially in soft ground
(Hesami et al. 2013). The horizontal stress relaxation by the
excavation induces large deflection of the retaining wall
accompanied by vertical deformation (settlement) for the
soil around the excavation (Ahmed and Fayed 2015). To
avoid damage to adjacent structures or existing buildings,
analysis of deep excavation and prediction of lateral wall
deflections and ground surface settlements is required,
usually before the start of the design process (Hsieh and Ou
1998). Deep excavations cannot be analyzed using simple
analytical methods due to their complex nature (Hung et al.
2014). Instead, the finite element method (FEM) and the
empirical method are two common ways for analyzing deep
excavations and predicting ground surface settlement.
Nowadays, the FEM has become the prevalent technique
used for analyzing excavation behavior. This method allows
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applying various constitutive models for soil profile from a
simple elastic model to mathematically complex non-linear
elsto-plastic models. The effects of many factors on
excavation behavior can be straightforwardly investigated
by FEM. Studies by many researchers (e.g., Hsieh et al
2003, Hsiung and Dao 2015, Ng et al. 2004, Yeow et al.
2006) show that FEM can predict wall deflection with good
accuracy.

Deep excavations for development of rapid transit
underground railways are of important geotechnical
problems in Tabriz city, one of the major cities in northwest
of Iran. In order to decrease the traffic problems of Tabriz,
four lines urban railways are considered. The Tabriz Metro
Line 2 (TML2) with an approximate length of 22 km and
about 20 underground stations passes through the densely
populated area of the city. This line will connect the western
part of the city (Qaramalek region) to the eastern part of
Tabriz at Basij Square (Fig. 1). Ground conditions at the
each station of TML2 were investigated by at least two
boreholes and sophisticated sampling to minimize the
disturbance of the recovered cores. The entire route will be
situated underground where the route is mostly covered by
soft rocks (marlstone, claystone and siltstone layers) in the
eastern parts. Soft rocks are critical geomaterials, since they
present several types of problems. They may present
undesirable behaviors, such as low strength, disaggregation,
crumbling, high plasticity, slaking, fast weathering, and
many other characteristics (Kanji 2014). They can produce
significant plastic deformation under engineering forces (He
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Fig. 1 Geological map of Tabriz city (Firuzi et al. 2019)
and the location of station L2-S17

Fig. 2 Cracking and collapsing in the one of Tabriz Metro
Line 2 stations

2014). Tabriz marls are classified into yellow, green and
gray marls, based on their colors. Previous studies (e.g.
Hooshmand et al. 2012) show that the yellow marls are stiff
while green and gray marls are very stiff to hard. Major clay
minerals of Tabriz marls are Illite, Kaolinite,
Montmorillonite and Chloride. Based on Jalali-Milani et al.
(2017) work, the uniaxial compressive strength of yellow,
green and gray marls ranges from 100 to 250, 300 to 480
and 500 to more than 2000 kPa, respectively, which fall at
the lowest limit of strength range proposed by ISRM (1981)
for soft rocks (0.25 to 25 MPa). Hooshmand et al. (2012)
findings show that the elastic modulus of yellow, green and
gray marls is in the range of 10-12.5, 10-17.5 and 20 to
more than 50 MPa, respectively. Tabriz marls, especially
yellow marls, have a high potential for cracking, settlement
and expansion due to its susceptibility to weathering
processes (Jalali-Milani et al. 2017, Asghari Kaljahi et al.
2019). Fig. 2 shows cracking and collapse produced in one
of the Tabriz Metro stations following tunneling and
intensive rainfall in winter 2019. Deep excavations for
development of metro tunnels and stations in these weak
layers can carry major risks to nearby residential and
commercial structures. Therefore, it is important to analyze
excavation-induced deformations in these strata.

Although, excavation is a three-dimensional problem,
the 3D analysis is much more time-consuming to perform
and requires more memory than the 2D analysis (Sabzi and
Fakher 2015). Ghahreman (2004) showed that the
differences between the results of 3D and 2D models are
negligible. This paper aims to present a two-dimensional
finite element study of a deep excavation in Tabriz marly
layers. Station L2-S17 in Narmak area (southern

Bagmisheh; Fig. 1) is chosen as the case study and the FEM
code, PLAXIS is selected as the numerical analysis tool.
The station L2-S17 is approximately rectangular in shape
with widths of 16.4 m and 29.4 m, and a length of 150 m
(Fig. 3(a)). Different cross sections of the station are shown
in Fig. 3(b). The excavations in marly layers will be
supported by the concrete diaphragm walls with one row of
steel struts (Fig. 3(c)). Due to high stiffness, high strength,
impermeability, etc, the diaphragm walls are the best
retaining strucutres for deep excavations in soft ground
(Wang et al. 2012). The displacements observations during
construction process showed that the maximum ground
settlement is more than 10 mm for the excavations
supported by flexible walls. This is a large deformation for
the densely populated area. Therefore, it is nessesary to
select the suitable stiffness for the concrete diaphragm
walls.This study investigates the effects of wall stiffness
and excavation width on the wall deflections and ground
settlements in marly layers.

2. Geological setting

Tabriz city is located in Alborz-Azarbayjan geological
zone (Nabavi 1976). Oun-Ebne Ali Mountains with E-W
trend in north and Sahand volcano with low heights in south
surround this city. General slope of the plain and general
drainage of surface and sub-ground water is toward the west
(Asghari-Kaljahi et al. 2015). The most important structural
feature in Tabriz is the Tabriz North fault with the NW-SE
trend which separates Tabriz plain from North Mountains.
Many minor faults are also located in the southern parts of
the city (Edalat ef al. 2010).

The geological map of the city is shown in the Fig. 1.
Tabriz plain is composed of young and unconsolidated
deposits that are mostly formed from river and glacial
sediments, with different textures and a variety of gradings
(Mohammadi er al. 2015). These deposits are belong to
Cenozoic and Quaternary (Firuzi et al. 2019). There is no
sign of Pre-Miocene sediments. The oldest unit in Tabriz is
the Upper Red formation which is mostly composed of
layered sedimentary soft rocks (sandstone, mudstone, marl
and thin layers of gypsum). This unit deposited in an upper
Miocene to Pliocene basin during a time of intense tectonic
and volcanism (Barzegari et al. 2018).

This formation is covered by Baghmisheh formation
comprising of shale-marl units with the age of Miocene and
Pliocene (Jalali-Milani et al. 2017). Generally, Tabriz marls
with the colors of yellow, green and gray/black have the
most outcrops in the Baghmisheh area. In most parts of the
city, Baghmisheh formation is overlain by Pliocene units,
including sediments with fish-fossils, marl, lapilli and
diatomite. In fact, Tabriz city is mostly covered by recent
alluvial sediments overlying the bedrock which is a
complex of conglomerate, clay stone, sandstone and marl
stone.

TML2 is located south of Oun-Ebne Ali mountains and
passes through red clastic continental sediments (Upper Red
formation) and Quaternary alluvial sediments (Nikvar
Hassani et al. 2016). The bedrock has a shallow depth in the
station L2-S17 so that marlstone and siltstone are seen at
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(a) Plan of station L2-S17 and location of boreholes
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(b) Different cross sections of the station L2-S17

(c) Hlustration of the excavation retaining system for the one of Tabriz Metro Line 2 stations
Fig. 3 A plan view and different cross sections of the station

i

(a) A trench of mrly lyers

(c) A view of jointed marlstone

(d) A view of jointed marlstone

Fig. 4 A close-up view of marly layers in the station

the ground surface. Shallow marls are yellow to light-green
while deeper marls are gray. Generally, stiffness of these
marly layers increases with the depth. Fig. 4(a) shows a
trench of the marly layers in this station. The marly layers at
this site have a blocky to weathered appearance with macro
and micro fractures (Fig. 4(b)-(d)).

3. Geotechnical condition of the study area

The station L2-S17 is located in a residential area of
Tabriz city and is bounded by the intersection of Gas Alley
and Pasdaran highway. The geology of the site was
determined through three boreholes, L2E12, P2B1 and
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Fig. 5 Grain size distribution curves of the marly soils
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Fig. 6 Soil properties from the results of in-situ and laboratory tests

P2B2 with a depth of 30-35 m, and one test pit, ETP-3 with
a depth of 5 m (Fig. 3(a)), with field tests and laboratory
tests. Menard pressuremeter tests (PMT) and in-situ
permeability tests were performed to determine the modulus
of deformability and permeability of layers. For laboratory
tests, classification tests, uniaxial compression tests, triaxial
UU and CU tests and direct shear tests were conducted.
Groundwater depth ranges from 6.8 to 11 m during

various seasons. Groundwater is not under pressure based
on observations during boreholes drillings (P. O. Rahvar
Consulting Engineers 2008). The subsurface layers can be
roughly divided into (1) man-made soils and coarse-grained
alluvial sediments at a depth of 0-3 m, (2) weak marlstone
with intercalations of claystone, siltstone and conglomerate
at a depth of 3 to 8 m, (3) marly layers with thin interlayers
of siltstone at a depth of 8§ to 20 m and then (4) hard
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Fig. 7 Some deviatoric stress-strain curves of marlstone samples from different depths obtained in CU triaxial tests (D in

the legend points to the sample depth)

marlstone layers with thin weak sandstone layers at below
depth of 20 m. Based on the grain size distribution curves
(Fig. 5) and plasticity index (Fig. 6(a)), siltstone, claystone
and marlstone in deeper levels can be classified as low-and
high-plasticity clay and silt with classes of CL, CH, ML and
MH according to USCS. The soil properties from the results
of in situ and laboratory tests are shown in Fig. 6.

The modulus of deformation values, determined by
PMT, range from 20 to 51 MPa. These values are in
concordance with those documented for the silty clay soils
by Cheshomi and Ghodrati (2015). The uniaxial
compressive strength (UCS) of the studied samples ranges
from 125 to 932 kPa, and most samples have the UCS value
lower than 500 kPa (Fig. 6(d)). The UCS value of 500 kPa
was considered as the lower limit of soft rock strength by
Dobereiner (1984). Therefore, the UCS values suggest that
marlstone samples behave more like soil than rock.

The results of triaxial tests performed on marlstone
samples indicated non-linear failure behavior. Some stress-
strain curves of marlstone samples obtained in CU triaixal
tests under confining pressures of 100, 200, 300 kPa are
shown in Fig. 7. The stress-strain behavior of the samples
exhibit obvious two stages during loading. Stage I: elastic
deformation in which the strain grows linearly with
increasing stress and the axial deviatoric stress-strain curve
is almost a straight line. Stage II: plastic deformation in
which the stress-strain curve gradually deviates from the
straight line and continues with a positive slope. There is no
clear peak in deviatoric stress for all specimens until axial
strain of 14%. Ghazvinian et al. (2008) believes that this
behavior is due to high cohesion of marlstone. The large
percent of clay in the samples (Fig. 5) could be resulted in
ductile behavior of them during uniaxial, triaxial and direct
shear tests. Georgiannou et al. (1990) and Tenando (2004)
believe that a large percentage of clay can postpone the
axial strain at which peak shear strength occurs and
subsequently lead to more ductility of the samples.

4. Finite element modeling

The excavation of the station L2-S17 was modeled

Fig. 8 Finite element mesh in PLAXIS for two different
widths of excavation

using the finite element computer program PLAXIS V.8
(PLAXIS BV 20006). For this analysis, a half mesh was used
due to geometrical symmetry. A fine mesh size and fourth
order 15-node triangular elements were used. A four-layer
soil profile was adopted. Fig. 8 shows typical mesh for the
excavations where half widths of excavations are 8.2 and
147 m. The accuracy of finite element analysis for
geotechnical problems depends highly on the selection of
the soil model and its individual parameters (Ng et al.
2008). The strain hardening (HS) model was chosen for all
the soil layers. This model applies a typically non-linear
stress-strain relationship for soils (Kulesza et al. 2008).
Previous studies show that the HS model is suitable for the
analysis of deep excavation problems and compared to the
Mohr-Coulomb model predicts the ground surface
settlements with more accuracy (Ou 2016). In addition to
the internal friction angle and cohesion, this model requires
eight other input parameters as summarized in Table 1. The
reference modulus at 50% of strength (Es¢¥) and
exponential power (m) were determine from results of
triaxial tests based on the method described by Surarak et
al. (2012). As suggested by Brinkgreve (2002), the Ey./¥ is
equal to Eso'? and E,,”¢ is three times of Es¢? . The default
values of 0.2 and 0.9 were considered for parameters v, and
Ry, respectively. The input parameters for hardening model
were presented in Table 2.

The multiplication of the depth in the unit weight of the
soil was considered as the initial vertical stress. The
horizontal stress was determined by the multiplication of
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Table 1 Input parameters for hardening soil model (Surarak et al. 2

012)

Parameter evaluation

Parameter Description
Ry Failure ratio (01-03) ¢ oy =03
174 Dilatancy angle Function of ¢, and &,
. Reference secant stiffness from drained . . A
ref - - refy -
Es triaxial test (3/p"™) y-intercept in log(as/p’?) -log (Eso) curve
. Reference tangent stiffness for oedometer . .
ref - refy -
Eood primary loading y-intercept in log(o1/p"?) -log(Eoeq) curve
E,Y Reference unloading/reloading stiffness y-intercept in log(as/p™) -log(E,,) curve
m Exponential power Slope of trend-line in Slop of trend-line in log(as/p™) -log(Eso) curve
Vir Unloading/reloading Poisson’s ration 0.20 (default setting)
Ky Coefficient of earth pressure at rest 1-sinf (default setting)

*Pref is reference pressure (100 kN/m? by default setting)

Table 2 Geotechnical properties for the geological layers in the station L2-S17 up to depth 20

Layer —depth 0-3m 3-8m

8-20 m

>20 m

Relatively weak marlstone

Stiff marlstone with some

Hard marlstone with some

Type of geglogical Coarse-gra'ined man-made  with intercglations of relatively weak sandstone (ML, .
materials soil (SM) claystone, siltstone and CH) relatively weak sandstone
conglomerate (ML, CH)
74 (KN/m?) 16.5~17.5 17.0~18.0 17.5~18.5 18.0~19.0
K (cm/s) 105~10* 10°~10° 107~10¢ 104~107
Eso'? (MPa) 7 18 22 31
Eoed® (MPa) 7 18 22 31
E./Y (MPa) 21 54 66 93
Cu (kPa) 20-30 30-50 50-100 100-120
Ceu (kPa) 10-20 30-40 30-50 50-70
Pu 14-16 16-18 18-20 20-22
Peu 26-28 24-26 26-28 28-30
Ko 0.54 0.57 0.54 0.51
m 1 0.6 0.7 0.8
Vur 0.2 0.2 0.2 0.2
Ry 0.9 0.9 0.9 0.9
Table 3 Diaphragm wall properties
Wall type
Parameters
Flexible Medium Stiff
Bending stiffness EI (kNm?/m) 5.04x10* 5.04x10° 5.04x10°
Normal stiffness EA (kN/m) 3.427x10° 3.427x107 3.427x108
Poisson’s ratio 0.15 0.15 0.15
D (m) 0.42 0.42 0.42
W (kN/m/m) 10 10 10
Table 4 Typical construction sequences of station L2-S17
Stage Construction details
1 Excavate to the top of wall (1.5 m below ground surface)

Install the wall

Excavate to below the strut level (8 m below the ground surface)

Install the strut system

(V20 = N S I I 9]

Excavate to 17 m below the ground surface
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the effective vertical stress in the coefficient of the at-rest
lateral earth pressure, Ko= 1-sind (Jaky 1944).

The excavation was retained by the concrete diaphragm
wall that is 23 m deep. The wall was propped by one row of
struts and the horizontal spacing of struts was about 5 m in
average, as shown in Fig. 3(c) (Imansazan Consulting
Engineers 2017). The wall is simulated using the elastic
plate element. The elastic behavior is defined by the
following parameters:

EA, normal stiffness

EI: bending stiffness

v: Poisson’s ratio

Table 3 presents input parameters of diaphragm walls
used in the analyses. In this study, three different values for
wall stiffness were considered, as presented in Table 3.
Based on the approach adopted by Finno et al. (2002) and
used by Goh et al. (2018), a value of 0.42 m was set for the
wall thickness (D) so that the area A and moment of inertia I
were kept constant, and only the wall elastic modulus E was
changed. The steel strut is modelled by means of a fixed-
end anchor for which the normal stiffness, EA, is a required
input parameter. The strut is placed horizontally at a spacing
of 5 meters with an EA value of 2x10°° kN. The interface
between the wall and the soil is modeled at both sides by
means of interfaces. The interfaces allow for the
specification of a reduced wall friction compared to the
friction in the soil. As proposed by Likitlersuang et al.
(2013) and Schweiger et al. (2009), the strength reduction
factor of interface element, Riner, was considered as 0.7.

For the boundary conditions, rollers were selected at the
side boundaries to allow vertical displacements and pinned
was applied at the base to prevent any displacements. The
station was excavated to the maximum depth of 17 m with
five stages of excavation (Table 4). As proposed by Hsieh
and Ou (1998), the width of the model should be typically
two times larger than the excavation depth to remove the
effect of the boundary restraints on the ground
displacements. The original groundwater table was assumed
to be 8 m below the ground surface in the retained soil.
Then, the groundwater table was progressively lowered
with excavation during each phase.

Simulated lateral wall deflections and ground surface
settlements are presented in the next section.

5. Results

Effects of wall stiffness on deformation induced by the
excavation of station L2-S17 were investigated for widths
of 8.2 and 14.7 m. The important results are as follow:

a) Effect of wall stiffness on deformation induced by the
excavation with a width of 8.2 m

Fig. 9(a)-(c) shows a comparison of wall deflection
profiles at various stages of construction for three different
values of wall stiffness. The wall deflection increases with
increasing excavation depth. This increasing can be
attributed to passive and active lateral pressure. Zahmatkesh
and Choobbasti (2015) believe that the active pressure
increases and passive pressure decreases with increase of
excavation depth. Hence, as shown in Fig. 9, at the last
stage of excavation, deflection wall is more significant. At

an excavation depth of 8 m and before (stage 3) and after
(stage 4) installation of strut, the wall lateral displacement is
in cantilever mode, i.e., the lateral displacement is larger at
the top of the wall. This mode of deformation relies on the
passive soil resistance for its stability (Zahmatkesh and
Choobbasti 2015). In agreement with previous study by
Goh et al. (2018), the installation of strut results in lateral
restraint of the wall movement above the level of the
installed strut. As excavation reaches to the final depth
(stage 5), the wall shows the braced excavation mode with a
bulge in the third layer of the soil profile.

The comparison of wall deflection profiles for three
different values of wall stiffness reveals a general trend that
the wall displacements decrease with increasing wall
stiffness. The maximum wall deflections (dwm) in the last
excavation stage for flexible, medium and stiff walls are
102.3, 69.4 and 44.3 mm, respectively, which relatively
occur at the medium part of the walls. Previous studies
(e.g., Goh et al. 2018, Masuda et al. 1994, Zahmatkesh and
Choobbasti 2015) showed that the wall stiffness have a
significant influence on the magnitude of wall deflection.
Generally, the results show that the wall stiffness only
affects the magnitude of wall deflection rather than the
shape of wall deflection profile. A ten unit increase in the
bending stiffness (EI) results in a 1.5 unit reduction in the
Onm. The ratio of dnm to excavation depth (He) for flexible,
medium and stiff wall is 0.60, 0.41 and 0.26%, which is
relatively consistent with Bentler (1998) and Wang et al.
(2012) findings.

Fig. 10(a)-10(c) shows total displacements at the final
stage for three different values of wall stiffness. Fig. 11(a)-
(c) also shows the simulated ground surface settlements for
three different values of wall stiffness. In agreement with
previous research by Ou and Hsieh (2011), the mode of
deformation is relatively similar for all three values of wall
stiffness. In all three cases, the ground settlements
progressively increase with each construction stage,
especially following stage 5. As evident from this figure,
the ground settlements decrease and the maximum ground
settlement (dvm) occurs at the larger distance from the wall
with increasing wall stiffness. The dim value at the end of
excavation for flexible, medium and stiff walls is 70.8, 50.0
and 36.9 mm, and occurs at 5.5, 8.2 and 16.5 m from the
wall, respectively. In fact, a ten unit increase in bending
stiffness of the wall results in a 1.5 unit reduction in the dym.
Investigation of many historical excavations by Bentler
(1998) shows that the ratio between dvm and Jnm mostly
varies between 0.5 and 1. This study indicates that the ratio
of dvm/ Onm approaches to 1 with increasing wall stiffness.

Hsieh and Ou (1998) based on the analysis of 9 case
histories presented a concave settlement profile for the
bulging mode of lateral wall deformations. In this mode, the
maximum settlement is assumed to occur at 0.5 He. They
showed the settlement at the wall face and at 2 He from the
wall is approximated to 50% and 10% of the maximum
settlement and at 4 He from the wall is negligible. Fig. 12
shows that the surface settlements at the last stage of
excavation are larger than those predicted by using Hsieh
and Ou (1998) method.

b) Effect of wall stiffness on deformation induced by the

excavation with a width of 14.7 m



322 Hadiseh Mansouri and Ebrahim Asghari-Kaljahi

Stage 2, after wall installation -.--  Stage 4, after installation of struts ——
Stage 3, before installation of struts— —  Stage 5, at the end of excavation - -
Wall deflection, 3, (mm) Wall deflection, 5, (mm) Wall deflection, 8, (mm)
0 20 40 60 80 100 120 140 0 20 40 60 80 100 120 140 i 200 40 60 80 100 120 140
0 . Vil 0 § ;
Flexible wall / - Wall with [ Stiff wall
. B=8.2m 7 ,-/ 3 medium stiffness ) B=8.2m
5“: ’ 54 B=8.2m 5 I
: \ g A,
Eof! g Eof Eiof: |
-] . % ] : g ol
= . \ = . =
L / g | g ||
a | a_ | 2 |
154: Mg 15]: 154 |
; & : ]
o 3 "
204 20+ 204,
25 75 25

(a) Wall deflection for the narrower (b) Wall deflection for the narrower (c) Wall deflection for the narrower
excavation supported by flexible wall excavation supported by medium wall  excavation supported by stiff wall

Wall deflection, §, (mm) Wall deflection, 8, (mm) Wall deflection, 8, (mm)
20 40 60 80 100 120 140 o 20 40 60 80 100 120 140 20 40 60 80 100 120 140
Flexible wall v Wall with ¢ Stiff wall
. B=14.7m " medium stiffness ' B=14.7m
54 5.': B=14.7m 5_2
b, _ " _
£ 101: "N El0oq: \ Eloq:
= | j 5 | i £
8. . V] [ ¥ &
8157 S K151 Ais{:
201 21 20
P ,- '
25 25 25

(d) Wall deflection for the wider (e) Wall deflection for the wider (f) Wall deflection for the wider
excavation supported by flexible wall excavation supported by medium wall  excavation supported by stiff wall

Fig. 9 Predicted lateral wall deflections at various stages of excavation. The width of excavation (B) is presented in each
photo
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Fig. 11 Predicted surface settlements at various stages of excavation. The width of excavation (B) is presented in each photo

Fig. 9(d)-9(f) shows a comparison of wall deflection
profiles at various stages of construction for the wider
excavation. The shape of wall deflection profiles are similar
to those obtained for the narrower excavations. However,
the magnitude of displacements is larger here. In this
condition, the dmm in the last excavation stage for flexible,
medium and stiff walls is 116.6, 86.0 and 62.5 mm,
respectively. It can be said that a ten unit increase in

bending stiffness of the wall results in a 1.4 unit decrease in
the onm. The ratio of dyw/He is 0.68, 0.51 and 0.36%,
respectively, for the excavations supported by flexible,
medium and stiff walls.

Fig. 10(d)-(f) shows total displacements at the final
stage for three different values of wall stiffness. Fig. 11(d)-
(f) also shows the simulated ground surface settlement for
the wider excavation. The shapes of ground settlement are
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120 Table 5 Summarization of analyses
Z 100] B (m) He (m) EI (KNm¥m) &, (mm) &, (mm)
= 1.5 50400 25 1.8
~ 80
8 8 50400 81.8 332
>
= 00 17 50400 102.3 70.8
IC‘
B 40] 1.5 504000 2.5 1.9
% 20 8.2 8 504000 54.2 19.3
ol 17 504000 69.4 50.0
0 20 40 60 80 100 120 140 I3 5040000 24 18
Predicted &, by FEM (mm) 8 5040000 33.8 14.8
Fig. 13 Comparison of dwm calculated by Eq. (1) and dnm 17 5040000 443 36.9
predicted by FEM 15 50400 4.1 48
8 50400 106.7 39.5
similar to those obtained from the narrower excavations; 17 50400 1166 257
however, as evident from these figures, the ground
settlement increases with increasing the width of 147 13 504000 41 48
excavation. The values of dym for the excavations supported 8 504000 60.9 25.8
by flexible, medium and stiff walls are 85.7, 66.7 and 56.5 17 504000 6.0 66.7
mm, respectively. The maximum of settlement occurred at 15 040000 il 37
the larger distance from the wall compared to the narrower - : '
8 5040000 44.2 25.3

excavations. It is at 6.1, 9.1 and 24.2 m from the wall,




Two dimensional finite element modeling of Tabriz metro underground Station L2-S17 in the marly layers 325

Table 5 Continued

B (m) He (m)
14.7 17

EI (kNm¥m) &, (mm) Sy  (mm)
5040000 62.5 56.5

respectively, for the flexible, medium and stiff walls.

6. Discussion

This study performed a series of 2D finite element
analyses to investigate the effect of wall stiffness and
excavation width on deformation-induced by excavation.

Table 5 indicates the calculated values of Jwm and dvm
for different values of excavation width (B), excavation
depth (He) and bending stiffness of the wall (EI). As seen,
the wall deflection and ground surface settlement increase
with increasing excavation depth and width. The stiffness of
the wall has no serious effect on the shape of wall
horizontal deflection and ground surface settlement. The
change in maximum wall deflection and ground settlement
with considerable increase in wall stiff system is marginal,
so the lower wall stiffness produces the larger
displacements at the wall.

Most previous studies (e.g., Hsieh et al. 2003, Hsiung
and Dao 2015, Ng ef al. 2004, Yeow et al. 2006) show that
the FEM can predict the wall deflection with good accuracy.
If the predicted wall deflections are near the actual values,
the following relationship can be presented to evaluate the
effect of wall stiffness and excavation depth and width on
the maximum wall deflection

5., =2.3B+4.9He—0.0062EI =10 (1)

where onm is the maximum wall deflection in mm, B is the
excavation width in m, He is the excavation depth in m and
El is the wall bending stiffness in Nm?/m. Fig. 13 displays
the Jonm estimated using Eq. (1) versus the dwm predicted by
FEM. The determination coefficient of model (R?) reveals
that 80% of variations occurring in the dnm are controlled by
the model independent variables.

The ground settlements predicted by the FEM were
larger than those predicted by the empirical method of
Hsieh and Ou (1998). Previous studies (e.g., Hsieh et al.
2003, Hsiung and Dao 2015, Ng et al. 2004, Yeow et al.
2006) also show that the FEM usually gives better
predictions for wall deflection than for ground settlement.
Of course, it should be noted that the wall stiffness was not
considered in the most of the empirical methods. This study
shows that settlement influence zones for excavations in
marly layers can be affected by the wall stiffness. For
excavation supported by the flexible walls, the ground
settlement distribution was more or less similar to that
predicted by the empirical methods (Fig. 12(a), 12(d)). The
settlement influence zones for excavations supported by the
wall with higher stiffness are different from those predicted
by Hsieh and Ou (1998) method (Fig. 12(b)-12(c), 12(e)-
12(f)) and are similar to those presented by Hung et al.
(2014). The analyses show that settlements decrease by
increasing the wall stiffness, also the settlement influence
zone becomes wider and the d.m occurs at a larger distance

from the wall.

According to field observations, large wall
displacements and ground surface settlements (more than
100 mm) occur when the excavation are retained with the
flexible wall. Given that the station L2-S17 is located in the
densely populated area, this large deformation may
influence the safety of adjacent buildings. Therefore, it is
suggested that the stiff walls are used for supporting the
deep excavations in the marly layers.

7. Conclusions

This paper investigates the effect of wall stiffness and
deep excavation width on the diaphragm wall displacements
and ground surface settlements in marly layers. An
underground station excavation of the Tabriz Metro Line 2
project (station L2-S17) was used as a case study. The
geological investigations showed that the subsurface layers
in the station were mostly composed of weak to hard
marlstone with some interlayers of siltstone and claystone.
The UCS values of samples (most of them having the UCS
lower than 500 kPa) and the ductile behavior of them during
uniaxial, triaxial and direct shear tests suggest that the
marlstones in this station behave more like hard soil than
rock. Two dimension modelling and analyses by finite
element method showed the following results:

* The wall deflections and ground settlements increase
with increasing excavation depth and width.

» The wall stiffness only affects the magnitude of wall
deflections and ground settlements rather than the shape of
deformations.

e The maximum final wall deflection and ground
settlement for the narrower excavation (B=8.2 m) supported
by the flexible wall were 102.3 and 70.8 mm, respectively.
A 10 unit increase in the wall stiffness approximately led to
30-40% reduction of the Omm and dwm for the narrower
excavations and 20-30% reduction of them for the wider
excavations.

» The analyses suggest that the settlement influence
zones become wider and the dvm occurs at a larger distance
from the wall with increasing the wall stiffness.
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