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Abstract

In the current capital of Yemen, Sana’a, a time-efficient and economical transportation system is one of the greatest
challenges to overcome the increasing urbanization for many years. Rapid transport systems use tunnel structures to reach
the city's most inaccessible areas. Given the Gulf's geopolitical unrest, these structures could also serve as emergency
shelters. Consequently, this research conducted an experimental soil exploration investigation in Sana'a, Yemen, to identify
potential tunneling sites for the city's rapid transit system. The field exploration, in-situ, and laboratory soil testing at the
four locations were performed with the collaboration of the Ministry of Public Works & Highways, Yemen. Further, to
calculate the geotechnical parameters for tunnel design, numerical analysis has been carried out using the finite element
package ABAQUS, and two-dimensional plane-strain numerical models of underground tunnel structure have been
developed to conduct the parametric study in different soil types and boundary conditions under static loading. The material
behavior of soil strata has been incorporated into the well-known Mohr-Coulomb constitutive model. The field
investigation found that the geotechnical properties of the soil strata in Sana’a have a lot of variation. The numerical study
shows that the maximum deformation in the concrete liner of the tunnel was observed at the crown of the tunnel. The
ovalling effect in tunnel concrete liner was also seen in all the tunnel models, and the maximum ground settlement at sites
1, 2, 3, and 4 was estimated to be approximately 4, 25, 17, and 11 mm, respectively.

Keywords: ABAQUS; Deformation; Tunnel; Field Exploration; Static Loading; Finite Element Model.

1. Introduction

As the population continues to grow, there will be a greater demand for additional housing as well as associated
infrastructural amenities. This will require an increasing amount of surface area. In order to combat urban sprawl in
metropolitan areas, traffic congestion and the development of public transportation have progressed over time.
Underground space creation, in particular the construction of tunnels, has become a cost-effective and alternative
solution to overground challenges. This is especially true when dealing with issues such as traffic congestion, the
acquisition of land, and the disturbance of urban activities. The construction of subterranean tunnels in rock and soil has
been accelerated as a result of recent technological advancements in excavation. These days, common excavation
techniques for soil include "Cut and Cover," "Box Jacketing," and "Pressure Balancing Machine," while common

excavation techniques for rocks include "Drilling and Blasting", "Sequential Excavation Technique" and "Mechanized
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Tunneling" using a tunnel boring machine (TBM) [1]. Nunes and Meguid [2] conducted an investigation into the effects
that topping sandy layers might have on a tunnel that was dug through softer ground. They were able to conclude that,
when compared to the scenario with homogeneous clay, the bending stresses were reduced by nearly 70% when the stiff
layer (sand) was found close to the tunnel.

According to the findings of Mazek & Almannaei [3], they have shown that the volume loss in stratified soil had an
effect on the deformation and stresses of the underground opening. This was measured as the ratio of the difference
between the volume of excavated soil and the volume of the tunnel over the volume of excavated soil. They found out
that a loss of volume ranging from 1.5 to 4.5% had an effect on the stress and displacement in underground openings.
Since analytical solutions are sometimes unavailable, conformal mapping techniques are crucial for stress and
displacement analysis of tunnels of any shape. The study introduces numerical conformal mapping methods, including
Symm's. Numerical examples of U-shaped and rectangle tunnels show the method's accuracy and adaptability to real
circumstances [4]. Zhang et al. [5] had also examined the effect of the multi-layered soils on the lining behavior,
specifically looking at how the relative stiffness of the strata and the thickness of the layers affected the lining. It had
been observed that, for two-layered soil conditions, an increase in the relative stiffness of the overlying sandy layer leads
to approximately a 45% reduction of the bending moment and a 50% reduction of the convergence. On the other hand,
for three-layered soil conditions, an increase in the relative thickness of the sandwiched clay layer causes a rise of
approximately 90% of both the moment and the convergence. Both results were found to be consistent with the
hypothesis. Zhao et al. [6] examined spalling, a stress-induced brittle fracture at tunnel entrances in hard rock masses.
The study examines spalling strength, failure depth, excavation-damaged zones (EDZ), and cross-section morphologies
in 29 gneissic granite examples. The results show that EDZ greatly influences tangential stress, causing deeper failures.
EDZ increases spalling failure depth by 1.85 to 2.18 times in D- and Horse-shoe tunnels. Comparisons with in-situ
geophysical testing reveal present approaches may overestimate. The study reveals that D-shape tunnels prevent spalling
better than Horseshoe tunnels in hard and brittle rock masses. The interaction between the soil and the structure of the
soil was a significant factor in the improvement of the estimated surface settlement trough for Shanghai soft clay in
layered soil. Accurate predictions of the sectional forces, moment, and deformation of the tunnel support system are
necessary for the system to work optimally [7].

Esmaeili et al. [8] examine optimal fiberglass dowel arrangements for tunnel face stability in layered soil. Horizontal
layering has higher extrusion than vertical layering and rises with lower soil elasticity modulus. Initial stress variations
considerably affect tunnel face extrusion, but fiberglass dowel angle adjustments have little effect. The study stresses
the importance of soil conditions and initial stress in tunnel face stability optimization. In order to facilitate a sensible
and economically efficient design of the support system for a soft ground tunnel, several studies have been conducted
to investigate the impact of various parameters in static analysis [9—-13]. The result for determining the horizontal and
vertical displacement was modified due to the interaction between the soil and the structure. When compared to the
green field condition that was analyzed by Bian et al. [14], the horizontal displacement had increased by 21% in the
layered soil. This was due to the fact that the soil-structure interaction was taken into consideration. Numerous authors
Azadiab [15], Abdel-Motaal et al. [16], Gomes et al. [17], have investigated the effect that seismic waves have on liners
in stratified soil. The relative position of the stiff layer in relation to the vicinity of the aperture has a major impact on
the stability of the tunnel liner [2, 5, 18-20]. Tang et al. [21] investigated the dynamic interaction that occurs between
silty-clay soil and an irregular-section subway station. The findings indicated that the motion of the subway station was
mostly affected by the characteristics of the adjacent silty-clay soil, specifically in relation to its phase and amplitude.
The phenomenon of seismic settlement had a strong correlation with Arias intensity, resulting in non-uniform settlement
patterns and the separation of soil and structures. The subway station experienced deformation in a shear mode,
necessitating the implementation of stronger structural elements and the use of meticulous seismic design guidelines.

Xin et al. [22] proposed a casing-shape tunnel lining system with internal, exterior, and buffer layers to alleviate
constraint effects. The external lining and buffer layer minimize earthquake-induced internal forces, according to
Timoshenko composite beam theory. Shaking table experiments confirm the model, showing that fault angle affects
lining length, fault slippage directly shears the external lining, and the higher exterior and interior linings are adequately
protected. To apply casing-shape tunnel lining in seismic scenarios, the work gives theoretical and experimental insights.
The previous studies have not shown any experimental or numerical investigations of the tunnels in Yemen (Sana’a).
Also, because of urbanization and housing growth, a tunnel transit system has become necessary. Especially when we
consider that all of Yemen's neighbors, including Saudi Arabia, the United Arab Emirates, and Oman, have begun to
use tunnels in considerable numbers.

Thus, in the present research work, an experimental soil exploration study has been conducted on the four locations
in Sana’a city, Yemen, and the suitability of the chosen sites was assessed for the construction of an underground
concrete tunnel system. The geotechnical parameters for tunnel design were evaluated using the finite element package
ABAQUS, and two-dimensional plane-strain numerical models of underground tunnel structure were developed to
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conduct the parametric study in different soil types and boundary conditions under static loading. The material behavior
of soil strata has been incorporated into the well-known Mohr-Coulomb constitutive model. At last, the suitability and
structural performance of the RC tunnel system were compared at all four sites.

2. Experimental Study

The soil exploration of the four sites was conducted by performing various field and laboratory tests. The wash/rotary
boring technique was used to drill holes to the necessary depth. Regular UDS and SPT tests were carried out, and soil
samples were correctly identified and labeled when they were brought to the lab. The Standard Penetration Test was
performed with a standard split spoon sampler. Once the sampler was fully inserted, it was carefully removed. Both the
head and the cutting shoe were taken off. After being correctly labeled with the depth of the bore hole mark, reference
number, and other details, the soil samples were sealed in polythene bags and used for visual examination and
identification in the process of logging the bore holes. The summarized data sheet has the field "N" values that were
recorded at different depths (see Tables 1 to 4). The sub-soil report contained distinct presentations of the test data and
boring logs for the soil samples. Soil samples that had not been disturbed were meticulously removed, taking care to
preserve the soil's moisture content and structure. Samples of undisturbed soil were collected using a standard open-tube
sampler. The sampling tube's bore hole number and depth were marked on the tube for accurate identification, and each
end was meticulously sealed with wax.

To determine the different mechanical and physical qualities of the soil, laboratory experiments were performed on
the soil samples. The Unconfined Compressive Strength, or "q," test (ASTM D 2166), and the Unconsolidated,
Undrained Triaxial Compressive Strength, or UU Test (ASTM D 2850), are the two most common types of strength
testing. In each of these tests, the compressive strength of the soil was determined by applying an axial load to a
cylindrical sample of undisturbed soil until failure. The "q," test's lack of laterality confinement, which can result in an
early failure and lower compressive strength results, was the main distinction between the two tests. The UU test is
usually limited to the lateral stress that the in-situ soil sample was exposed to, and it is conducted laterally within a
triaxial chamber. The soil boring log documents the compressive strength and the axial strain at failure (gf). Recorded
was the confining tension associated with UU testing. The Atterberg's Limit tests (ASTM D 4318) were used to assess
the soil's consistency, or "Clayeyness." The Liquid Limit (LL), Plastic Limit (PL), and Plasticity Index (PI), which is
the difference between the LL and the PL, make up Atterberg's limit. The distribution of the soil sample's individual
particle sizes was ascertained using the ASTM D 422 particle size analysis test. For soils with sand and gravel, the test
was conducted using mechanical sieves; for soils with clayey and silty textures, a "hydrometer" was used. Additionally,
the soil sample's dry density and moisture content were determined using the ASTM D 2216 standard. Tables 1 to 4
contain tabulations of all the soil parameters for the various sites.

Table 1. Physical and mechanical properties at Site 1

Layer No. 1 2 3 4 5 6 7
Average Thickness (m) 0.80 9.0 0.75 5.30 0.90 40 3.0
Physical properties
Specific Gravity (Gs) 2.60 2.63 2.51 2.49 2.60 2.70 2.63
Bulk Density (Y) kN/m? 183 187 18.4 186 179 18.7 19.3
Natural '\?\‘,’\'/if,%e Content 450 6.20 8.38 12.27 21.60 7.00 6.97
Dry Density (Yd) kN/m? 175 17.61 16.98 1657 14.72 1750 18.04
Natural Void Ratio (%) 47.9 46.52 45.04 47.44 73.54 53.4 43
Natural Porosity (n%) 324 31.75 31.05 32.18 42.38 348 30.07
Degree of Saturation (s%) 249 35.0 46.7 64.4 76.5 35.7 42.6
Saturated Density (Ysat) 20.7 20.7 20 19.7 18.9 20.9 21
Submerged Density (Ysub) 10.90 10.90 10.21 9.91 9.07 11.10 11.18
Liquid Limit (LL%) ... 27.90 27.83 27.90 27.85 2790 L
Plastic Limit (PL%) ... 21.37 23.52 21.37 20.93 2120 L
Liquidity Index (LI %) ~ ...... PL>W PL>W PL>W PL<=Wc<=LL PL>WC ...
Plastic Index (P1%) ... 6.53 431 6.53 6.92 670 .
Relative Consistency (Cr %) ... 3.32 451 2.39 0.90 314 L
Plasticity Non plastic low plastic Slightly plastic low plastic low plastic low plastic Non plastic
Consistency Dense Dense Dense Dense Medium Stiff Dense Dense
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Mechanical properties

Angle of Internal Friction (°) 35.0 36.0 35.0 36.4 26.0 34.7 36.0
Cohesion (C) kN/m? 0.75 1.2 13 3.0 13 6.0 0.1
Friction Coeff (o) 0.53 0.55 0.53 0.56 0.38 0.53 0.55
Standard Penetration
(Blwos) (Ncorr) 23 40 36 46 36 40 36
Modulus of Elasticity (Es) kPa 34800 55200 50400 62400 50400 55200 50400
Classification Properties
Color Brown Brown to Gray Gray Reddish Brown to Gray Light Brown Brown Light Brown
Gravel (%) 69.40 54.62 16.48 48.15 11.67 49.29 81.35
Sand (%) 29.51 35.30 65.05 30.37 3281 29.16 17.32
Percentage of Fine Soil (%) 1.04 10.2 18.47 21.09 55.5 21.55 1.33
(GP-GM) . .
(GP) poorly oorly araded (SM-SC) silty (GP-GM) poorly (CL-ML) sand (GM-GC) silty (GP) poorly
Classification graded gravel poorty grace clayey sand with graded gravel - y clayey gravel graded gravel
. gravel with silt . silt clay - ]
with sand gravel with silt and sand with sand with sand
and sand
Table 2. Physical and mechanical properties at Site 2
Layer No. 1 2
Average Thickness (m) 2.0 18.0

Physical Properties

Specific Gravity (Gs) 2.57 261
Bulk Density (Y) kN/m? 175 18
Natural Moisture Content (Wc%) 8.3 5.2
Dry Density (Yd KN/m?) 16.2 17.1
Natural VVoid Ratio (e%) 55.8 49.6
Natural Porosity (n%) 35.8 33.1
Degree Of Saturation (s%) 37.9 27.2
Saturated Density (Ysat) 19.7 204
Submerged Density (Ysub) 9.9 10.6
Liquid Limit (LL%) 257
Plastic Limit (PL%) 2
Liquidity Index (LI %) pL>wc .
Plastic Index (P1%) a7
Relative Consistency (Cr %) 368 L.
Plasticity Slightly plastic Non plastic
Consistency Very Loose Dense
Mechanical Properties

Angle Of Internal Friction (°) 27.2 33.57

Cohesion (C kN/m?) 9.129 2.448
Friction Coeff (o) 0.54 0.45
Standard Penetration (Blwos) 21 43

(Ncorr)
Modulus of Elasticity (Es kPa) 11520 14700

Classification Properties

Color Brown Yellowish Brown to Gray
Gravel % 35.61 26.80
Sand % 19.23 55.58
Percentage of Fine Soil (%) 45.17 14.22

Classification

(GM- GC) silty clayey gravel with sand

(CL-ML) sandy silt clay with some gravel
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Table 3. Physical and mechanical properties at Site 3

Layer No. 1 2 3 4 5 6
Average Thickness (m) 4.8 1.6 2.3 6 2.2 5.6
Physical Properties
Specific Gravity (Gs) 2.65 2.86 2.74 2.76 2.7 2.66
Bulk Density (Y) kN/m3 15.6 17.4 16.6 18.3 16.6 175
Natural Moisture Content (Wc%) 23.8 18.4 18.9 20.1 17.4 12.1
Dry Density (Yd kN/m?) 12.6 147 14 15.2 141 15.6
Natural Void Ratio (%) 16.3 90.9 925 7.7 87.3 67.2
Natural Porosity(n%) 51.5 47.6 48 43.7 46.6 40.2
Degree Of Saturation (s%) 59.4 57.8 55.9 71.4 53.8 48
Saturated Density (Ysat) 17.7 19.4 18.7 19.5 18.7 19.6
Submerged Density (Ysub) 7.8 9.6 8.9 9.7 8.9 9.7
Liquid Limit (LL%) 35.4 355 353 33.9 33.2
Plastic Limit (PL%) 27 28.7 26.2 27.2 26.5
Liquidity Index (LI %) P.L>Wc P.L>Wc P.L>Wc P.L>Wc PL>We .
Plastic Index (P.1%) 8.4 6.8 9.2 6.7 6.7 0
Relative Consistency (Cr %) 1.38 251 1.8 2.06 23 L
Plasticity low plastic low plastic low plastic low plastic low plastic Non plastic
Consistency Stiff Dense Stiff Dense Stiff Dense
Mechanical Properties
Angle Of Internal Friction (°) 23.5 34.0 30.0 34.0 28.0 34.0
Cohesion (C kN/m?) 16.6 27 7.0 2.7 5.6 2.0
Friction Coeff (o) 0.34 0.51 0.44 0.51 0.41 0.51
Standard Pt(aplectg?gon (Blwos) 32 46 36 i 31 35
Modulus Of Elasticity (Es) (kPa) 15040 19520 16320 18880 14720 16000
Classification Properties
Color Dark Brown Brown to Gray Brown Gray Light Brown Brown to Gray
Gravel % 3.21 23.35 6.16 9.68 15.33 26.11
Sand % 23.87 43.4 25.43 51.41 33.67 41.13
Percentage Of Fine Soil (%) 72.92 33.25 68.41 38.91 51 32.76
o fill, silty clayey (SM-SC) silt_y (CL) inorg_anic clay (SM-SC) silty (CL) inorgani_c (SM-SC) silt_y
Classification sand with gravel clayey sand with and very fine sands clayey sand with  clay and very fine clayey sand with
gravel gravel gravel sands grave gravel
Table 4. Physical and mechanical properties at Site 4
Layer No. 1 2 3 4 5 6 7
Average Thickness (m) 1.6 1.7 2.7 45 25 35 55
Physical Properties
Specific Gravity (Gs) 2.60 2.68 2.66 2.66 2.68 2.65 2.69
Bulk Density (Y) kN/m3 17.7 18.0 17.2 18.0 18.2 184 18.9
Natural Moisture Content (wc%) 134 185 16.4 18.3 10.8 14.9 7.1
Dry Density (Yd kN/m?) 17.68 17.97 17.17 17.97 18.18 18.37 18.89
Natural VVoid Ratio (e%) 441 46.4 51.9 45.2 44.7 41.8 39.8
Natural Porosity(n%) 43.9 46.2 51.6 45,0 445 41.6 39.6
Degree Of Saturation (s%) 79.0 96.0 84.0 97.0 65.0 94.3 48.0
Saturated Density (Ysat) 254 26.2 26.0 26.0 26.2 26.0 26.3
Submerged Density (Ysub) 15.6 16.4 16.2 16.2 16.4 16.2 16.5
Liquid Limit(LL%) ... 2618 o e
Plastic Limit(PL%) .. e 1952 . e
Liquidity Index(L1%) ... e PL>Wc ...
Plastic Index (P1%) .. e 66 e
Relative Consistency (Cr%) ... e e 118 e
Plasticity Non plastic Non plastic Non plastic Low plastic ~ Non plastic Non plastic Non plastic
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Angle Of Internal Friction (°) 29 35 27 31 33 34 33
Cohesion (C kN/m?) 2.039 0.102 7.648 2.039 1.733 0.102 0.714
Friction Coeff (o) 0.554 0.692 0.501 0.6 0.656 0.671 0.656
Modulus Of Elasticity (Es kPa) 32100 44900 33600 37100 42600 39600 39000
Standard Penetration (Blwos) 21 M 23 28 37 32 31
(Ncorr)
Classification Properties
Color Yellowish Brown Brown Redish Brown Brown Light Brown Brown Gray
Gravel % 0 511 11.99 21.65 55.15 32.14 20.5
Sand % 41.44 11.61 32 52.46 37.05 43.43 67.59
Percentage of Fine Soil (%) 58.56 83.28 56.01 25.89 7.8 24.43 11.91
o ) (GW) well ) (sC) cla_yey (GW-GM) well (SM) si_lty (SP -SM) poor_ly
Classification (ML) sandy silt (ML) sandy silt sand with graded gravel sand with graded sand with
graded gravel gravel with sand gravel silt and gravel

3. Numerical Modeling

In order to investigate the structural performance of the underground tunnel under a variety of soil and boundary
conditions, a two-dimensional numerical model of the tunnel was developed in the ABAQUS/CAE module. Following
a thorough examination of the relevant literature, a soil domain with dimensions of 4530 m was selected with the
objective of minimizing the impact of the boundaries and simulating the conditions found in the real field [2, 11, 19, 23,
24]. In this study, an RC circular tunnel of 5 m overall diameter and 200 mm thick concrete liner of M30 grade was
driven by mechanized tunneling (see Table 5). An overburden soil stratum of 15 m was assumed from the crown of the
tunnel. The soil domain was modeled with Mohr-Coulomb's constitutive model with a non-associative flow rule, and
the liner was discretized using the elasticity model. In this study, shield tunneling has been simulated by taking into
consideration the appropriate stiffness of liner material at various points, as indicated in Tables 1 to 4. Reduced
integration, hourglass control, and a bilinear plain strain quadrilateral element with four nodes (CPE4R) have been used
to discretize the soil domain and the liner material. Several mesh sensitivity studies were run, and the optimum mesh
size was finalized (Figure 1). The soil domain of the mesh consists of 27960 equally spaced quad-type elements (Figure
2). The initial stresses in the soil ahead of excavation were calculated in the geostatic step module given in
ABAQUS/Standard. By deactivating the soil components in the excavation area and activating the liner elements, the
stiffness reduction method has been used to simulate excavation. To ensure deformation compatibility between the liner
and the ground, it is necessary for the nodes of the ground's elements to be in contact via the general surface-to-surface
contact algorithm. The stratification effect was simulated by incorporating various soil layers with their respective soil
properties.

32.9

32.8

32.7

32.6

325

324

Deformation (cm)

323
32.2

321
e @ ® ~ © 1w 3 M N Ad O o 9 ~ © W0 S 0 N A 9
o~ — — — — — — — — — — o o o o o o o o o o

Mesh size (m)

Figure 1. Mesh convergence study for optimum element size of soil domain
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Table 5. Input properties of M30 grade concrete

Parameter Value

Mass density (kg/m®) 2500
Modulus of elasticity (GPa)  26.6

Poisson’s ratio 0.2

Three CPE4R elements
across the thickness of
liner

Figure 2. Mesh details of soil domain and RC concrete liner

4. Discussion of Results

After analyzing the soil samples from all four sites, the physical and mechanical properties were extracted and used
in the finite element analysis of the soil and tunnel model in the ABAQUS/Standard solver. The numerical study was
carried out in order to observe the effect of the stratification of the soil in the area around the opening. The observations
were made on the underground RC tunnel structure and soil domain in terms of displacement and stresses. In general,
the experimental program and methodology of the current study are presented in the following flowchart for proper
tracking of the project process.
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Project
starting

4

Space Utilization

Study of Soil in Sana’a
(YEMEN) for Underground

Figure 3. Flowchart of workflow

4.1. Observations at Site

The displacement patterns in the soil domain prior to and after the soil excavation are given in Figure 4. The
maximum downward displacement of 136 mm was observed at the topmost layer of the soil. The displacement value
increases by 14 cm after excavation and the placement of an RC liner made of concrete. The vertical displacement was
found to be reduced as the depth was increased from the top surface to the crown of the tunnel, as observed at Section
1-1, as shown in Figure 5.

U, U2
+0.00e+00
-1.13e-02
-2.272-02
-3.402-02
-4.532-02
-5.662-02
-6.80e-02
-7.932-02
-9.062-02
-1.022-01
-1.13e-01
-1.252-01
-1.362-01

u, u2
+0.00e+00
-1.17e-02
-2.34e-02
-3.51e-02
-4.68e-02
-5.85e-02
-7.02e-02
-8.20e-02
-9.37e-02
-1.05e-01
-1.17e-01
-1.2%e-01
-1.40e-01

(b)
Figure 4. Displacement of soil in (m) at Site 1; (a) before excavation and (b) after excavation
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Figure 5. Displacement in soil in (m) at Site 1 before excavation and after excavation; (a) at top surface and (b) along depth
at section 1-1

Figure 6 shows the deformation of the RC liner of the tunnel. The largest amount of displacement (112 mm) occurred
at the crown, which was the critical point, and the smallest amount of displacement occurred at the invert, where it
measured 67.9 mm. The values for outward displacement at the right springer and the lift springer were both 92.1 mm
on both sides.
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7
U, Magnitude CROV\ N
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+1.08e-01
+1.05e-01
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15.000-02 L SPRINGER
+8.63e-02
+8.26e2-02
+7.90e-02
+7.53e-02

+7.162-02
+6.7%9e-02

(b)
Figure 6. Deformation in RC liner at Site 1

Tresca stress distribution in the soil before and after excavation has been presented for gravity loads in Figure 7. It
could be observed that the excavation process has increased the stress value from 396 kPa to 401 kPa at the base of the
tunnel. The stress pattern in the tunnel liner has been presented in Figure 8, and the maximum Maises stress value of
16.2 MPa was observed at the invert.

S, Tresca

(Avg: 75%)
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+3.21e+05
+2.94e+05
+2.68a+05
+2.41e+05
+2.14e+05
+1.882+05
+1.61e+05
+1.34e+05
+1.08e+05
+8.11e+04
+5.442+04
+2.77e+04 ] o
+1.04e+031 : ——

(b)

Figure 7. Tresca stress distribution in the soil; (a) before and (b) after excavation at Site 1
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Figure 8. Mises stress distribution in the tunnel liner at Site 1

4.2. Observations at Site 2

There were two layers of soil strata present at Site 2. The displacement pattern of soil strata subjected to gravity has
been described in Figure 9. It could be observed that the process of excavation and placement of the tunnel liner has
enhanced the soil displacement from 467 mm to 496 mm, exhibiting a 3.52% increase (Figure 10). Further, the vertical
displacement was observed to be reduced with an increase in depth.
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Figure 9. Displacement of soil in (m) at Site 2; (a) before excavation and (b) after excavation

51



Civil Engineering Journal Vol. 10, No. 01, January, 2024

Horizontal distance (m)
[Te) [=] o] o 0 S o [To) o [Te] o 0
§ § 5 9 9 8 8 53 28 2 L2 9858 9
0-00
-0.05 ~ ——— dis before exv
£ -0.10 A
= dis after exv
= -0.15 A
[}
£ -0.20
5]
< -0.25
&
2 -0.30 A
-0.35 -
-0.40 -
- -0.45 -
S — ————
-U.oU -
(@
Displacement (m)
n o n o o o [Te) o [To) o [Tl
[Te] 0 < < ™ ™ N Y] — — o =4
Q@ Q@ Q@ Q@ Q@ Q@ Q@ < < < Q@ =
0.0
= dis before exv -15
-3.0
dis after exv 45
60 E
75 B
<3
90 A
-10.5
-12.0
-135
-15.0

(b)
Figure 10. Displacement in soil in (m) at Site 2 before excavation and after excavation; (a) at top surface and (b) along depth
at section 1-1

The overall displacement in the concrete tunnel liner at various locations has been described in Figure 11. A
significant amount of displacement of 376 mm was observed at the crown, which is the key point. Whereas, the least
significant amount of displacement of 225 mm was found at invert. Both at the right and left springers, the displacement
values were found to be equal to 309 mm on both sides.
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Figure 11. Deformation in RC liner at Site 2
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Figure 12 depicts the characteristics of the Tresca stresses in existing soil strata before excavation. According to the
numerical findings, the maximum stress at base of the strata was observed at 378 kPa; however, this value was observed
to be increased after excavation and the placement of the concrete liner, reaching a maximum value of 398 kPa, as shown
in Figure 12-b. The ratio of the percentage of rise to that of displacement is probably close to 5%
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Figure 12. Tresca stress distribution in the soil; (a) before and (b) after excavation at Site 2
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4.3. Observations at Site 3

Site 3 was found to have six different strata of soil. The modeling of a tunnel with a circular shape was carried out
at a fixed depth of 15 m below the surface using the data that was obtained from Table 3 in order to evaluate and discuss
the various parameters, such as displacement and stress. Figure 13-a illustrates the nature of the displacement of the soil
in the vertical part prior to the excavation. According to the results, the highest amount of surface movement that occurs
prior to excavation takes place at the very uppermost layer of the surface, where the maximum value is 401 mm. The
value of displacement, on the other hand, increased following the excavation and the placement of a lining made of
concrete. As shown in Figure 13-b, the maximum amount of displacement takes place at the surface's topmost level and
equals 418 mm. As can be seen in Figure 14-a, the percent increase in overall vertical displacement is rather close to
being equal to 2.69%. On the other hand, as shown in Figure 14-b, the vertical displacement from the ground surface to
the tunnel's crown rises as depth decreases. The ratio of growth to displacement is extremely close to 4.75% in both
cases.
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Figure 13. Displacement of soil in (m) at Site 3; (a) before excavation and (b) after excavation
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Figure 14. Displacement in soil in (m) at Site 3 before excavation and after excavation; (a) at top surface and (b) along depth
at section 1-1

The displacement of the tunnel's concrete lining has been depicted in Figure 15. The highest value of displacement
was observed at the crown at 327 mm, while the invert experienced the least amount of displacement, which measured
197 mm. The displacement values at the left springer and the right springer were both equal to 268 mm.
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Figure 15. Deformation in RC liner at Site 3

Figure 16-a illustrates the pattern of the Tresca stress values that existed in the ground prior to excavation. The
greatest stress that could have been measured, per the findings, was 363 kPa; nevertheless, this value increased upon
excavation and the placement of the concrete liner, reaching a maximum of 378 kPa, as shown in Figure 16-b. The
percentage rise to that of displacement is most likely close to 3.96%.
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Figure 16. Tresca stress distribution in the soil; (a) before and (b) after excavation at Site 3

4.4. Observations at Site 4

The strata at Site 4 were found to be made up of seven separate soil layers. Using the data from Table 4, a circular
tunnel was modeled at a fixed depth of 15 m below the surface in order to assess and examine the various characteristics,
such as displacement and stress. The pattern of soil displacement in the vertical area before the excavation is shown in
Figure 17-a. The findings show that the topmost layer of the surface, where the maximum value is 181mm, experiences
the greatest degree of surface movement prior to excavation. On the other hand, after excavation and the installation of
a concrete lining, the value of displacement rises. The largest displacement, which is 192 mm, occurs at the uppermost
level of the surface, as depicted in Figure 17-b. Figure 18-a shows that the proportion of increase displacement is very
nearly equivalent to 3.2%. Contrarily, as illustrated in Figure 18-b, the vertical displacement between the tunnel's top
surface and its crown always increases as the depth lowers. In both instances, the growth-to-displacement ratio is quite
close to 3.72%.
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Figure 17. Displacement of soil in (m) at Site 4; (a) before excavation and (b) after excavation
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Figure 18. Displacement in soil in (m) at Site 3 before excavation and after excavation; (a) at top surface and (b) along depth
at section 1-1
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Figure 19 illustrates the movement of the concrete lining that surrounds the tunnel. At the crown of the concrete
liner, the highest amount of movement was observed, which was measured to be 151 mm, while the invert experienced
the least amount of movement, which was measured as 85.6 mm. The left springer and the right springer showed the
same amount of displacement, which was equivalent to 122 mm.
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Figure 19. Deformation in RC liner at Site 4

Figure 20-a depicts the characteristics of the Tresca stress that were present in the ground before the excavation took
place. According to the data, the highest amount of stress that could have been observed was 381 kPa; nevertheless, this
value was increased during excavation and the placement of the concrete liner, reaching a maximum of 401 kPa, as
shown in Figure 20-b. It is highly likely that the ratio of rise to displacement is somewhere around 4.98%. According to
Figure 20-b, the tunnel's Mises stress after excavation was found to be 20.7 MPa.
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Figure 20. Tresca stress distribution in the soil; (a) before and (b) after excavation at Site 4

5. Conclusions

In the current capital of Yemen, Sana’a, a time-efficient and economical transportation system is one of the greatest
challenges to overcome the increasing urbanization for many years. For rapid transport systems, tunnel structures play
a pivotal role in reaching the most unapproachable locations within the city. This present research work has presented
experimental soil exploration in Sana’a, Yemen, for searching out the possible locations for tunneling to develop a rapid
transportation system in Sana’a city. The field exploration, in-situ, and laboratory soil testing were performed at the four
locations with the collaboration of the Ministry of Public Works & Highways, Yemen. Further, to calculate the
geotechnical parameters for tunneling, a numerical investigation was carried out using the finite element package
ABAQUS software. The geotechnical parameters obtained from the analysis were discussed in terms of effective
settlement, deformation in tunnel structure, and the formation of stress patterns in soil and concrete tunnel liner. The
following conclusions have been drawn from the presented research work:

e It has been found from the field investigation that the geotechnical properties of the soil strata in Sana’a have a lot
of variation.

o From the experimental program, it was observed that sites 1, 2, 3, and 4 were suitable for tunnel structure as they
showed less variation in modulus of elasticity, cohesion, and internal angle of friction value between the layers of
soil.

e It has been observed that the maximum ground settlement at sites 1, 2, 3, and 4 was approximately 4 mm, 25 mm,
17 mm, and 11 mm, respectively.

e The maximum deformation in the concrete liner of the tunnel was observed at the crown of the tunnel. The ovalling
effect was also seen in all the tunnel models.

e The deformation ascertained at the crown of the tunnel was found to be 0.14%D, 0.6%D, 0.302%D, and 0.274%D
at sites 1, 2, 3, and 4 respectively, where D is the overall diameter of the tunnel.
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