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Abstract. A reinforced concrete pedestrian tunnel is constructed under a four-track surface railway. Heavy rainfall and soil
exposure to drying lead to soil with different water content throughout the year. A railway is an open utility that is subject to
rainfall without control on the quantity of the water on it and when there is a tunnel under a railway, the water content of the soil
around the tunnel is very influential. This research shows the effects of change of water content in the soil around a pedestrian
tunnel under a four-track surface railway. The pedestrian tunnel and the soil block around the tunnel are modeled in 3D by the
FEM and are studied under the vibrations induced by the moving trains on the four-track surface railway for different soil water
contents and the effects of the soil water content on the dynamic behavior of the tunnel and the surrounding soil are

demonstrated.
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1. Introduction

A reinforced concrete (RC) pedestrian tunnel is
constructed in Sohag, Egypt, under the four-track surface
railway. The problem of the soil in many structures is the
lack of control of changing the values of water content in
the soil for several reasons, whether the level of
groundwater or because of rainfall on the soil. The surface
railway is an open utility which is subjected to rainfall
without control on the quantity of the water on it and when
there is a tunnel under the railway, the effect of the soil
around the tunnel is very influential. The rainfall, even so, it
is rare in Upper Egypt, it comes as a torrent by a very big
quantity so the soil under the railway and around the tunnel
will be saturated by the water and after that will suffer from
the drying process which will change the water contents
with changing the dynamic properties of the soil especially
with vibrations induced by moving trains passing over the
tunnel region.

Zhao et al. (2017) checked the performance of
reinforced concrete linings of shield tunnels and proved that
the tunnel lining is more vulnerable under lateral unloading
due to excavation on both tunnel sides than underground
overloading on the top of the tunnel.

Aksoy et al. (2016) applied the “Non-Deformable
Support System” analysis method to the tunnel-34 of
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Ankara-Istanbul railway and showed that the results
coincide with the in-situ measurements.

Han et al. (2016) studied a method of design for a very
long submerged floating tunnel subjected to earthquake by a
model order reduction technique and proved that this
method can efficiently be applied with a good accuracy in
designing such structures.

Zhou et al. (2016) studied the exit portal of an express
railway tunnel with a bridge-tunnel combination; the
stability of the slope on which the railway portal was built
was analyzed using 3D numerical simulation and the results
obtained can be used to guide the structural design and
construction of such structures.

Cui et al. (2017) studied the deformation of concrete for
shotcrete  use in  hot-humid and hot-dry tunnel
environments.

Jafarnia and Varzaghani (2016) studied the effect of
near-field earthquake on the monuments adjacent to
underground tunnels using a hybrid Finite Element
Analysis-Neural Network technique.

0 ztiirk et al. (2016) studied the optimum cost design of
cut and cover reinforced concrete shallow tunnels using
artificial bee colony and genetic algorithms.

Ding et al. (2013) investigated the segment joint in
shield TBM tunnel lining construction and proposed a
mechanical model which was verified by full-scale tests.

Zheng et al. (2017) studied the effect of excavations on
adjacent tunnels and also they provided design charts and
tables; the proposed FEM techniques indicated that the
deformation mode of the retaining structure has a
significant influence on the deformation of certain tunnels.

Yang and Li (2017) applied the reliability analysis on a
shallow tunnel with surface settlement and it is found that
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the unit weight significantly affects the reliability index; the
reliability index for tunnel support pressure with different
situations was obtained and the required tunnel support
pressure can be calculated.

Ding et al. (2017) investigated the ground surface
settlement due to tunnel-excavation and succeeded in an
effective prediction of the surface settlement caused by
tunnel construction around an adjacent building.

Yuan et al. (2016) presented a modified grey clustering
method to evaluate the risk of water inrush in karst tunnels
and found that the proposed risk assessment methodology
provides a powerful tool for engineers.

Khezri et al. (2016) investigated the 3D stability of a
shallow circular tunnel in a layered soil and found that the
ratio of the thickness of cover layers particularly when a
weak layer is overlying a stronger one, has the most
significant influence on the minimum tunnel support
pressure.

Han and Liu (2016) investigated the failure mechanisms
of circular cast-iron tunnels in saturated soil subjected to
medium internal blast loading and found that the damage of
tunnel lining was a result of internal blast loading as well as
dynamic interaction between tunnel lining and saturated
soil.

Nikadat and Marji (2016) evaluated the effects of joints
spacing and joints orientation by using a hybridized indirect
boundary element method and found that that the tensile
and compressive tangential stresses at the boundary of the
circular tunnel increase by reduction in the joint spacing,
and by increase the dip joint angle the tensile stress in the
tunnel roof decreases.

Li et al. (2016a) studied the mechanism of macro failure
and micro fracture of local nearly horizontal stratum in
super-large section and deep buried tunnel and proposed a
simple analytical, economical and efficient approach.

Li et al. (2016b) studied water flow characteristics after
inrushing in process of karst tunnel excavation, using
numerical simulations for five case studies and obtained
important results to ensure safe tunnel construction.

Yoo (2016) studied the deformation behavior of tunnels
crossing a weak zone with emphasis on the spatial
characteristics of the weak zone (such as the strike and dip
angle) and concluded that proper interpretation of the
monitoring data can provide early warning and also the
orientation and the extent of the weak zone.

Sevim (2013) investigated the earthquake response of
the Arhavi Highway Tunnel using a 3D finite element
model and found that the displacement and stress results
were found to be in the allowable level of the concrete
material.

Al-Omari et al. (2016) successfully used both
experimental modeling and finite element analysis to
investigate the behavior of piled rafts overlying a tunnel in a
sandy soil.

Yang et al. (2016) investigated the effect of the soil’s
dilatancy coefficient on the collapse mechanism of a tunnel
roof in homogeneous and layered soils considering the
influences of nonlinearity and non-associated flow rule.

Nawel and Salah (2015) studied the interaction effects
between two real parallel tunnels by using 3-D Finite
Element modeling and analyses.

Liu et al. (2015) investigated by finite element
numerical simulation a shallow-buried bilateral bias twin-
tube tunnel surrounded by rock and subjected to seismic
forces, considering rupture angles, the failure mode of the
tunnel and the distribution of surrounding rock relaxation
pressure and provided recommendations for the rock
reinforcement.

Mazek (2014) investigated the limitations of the
parameters used in the “Surface Displacement Equation”
(SDE), and using the Finite Element Analysis at different
sand soil densities showed that the different sand soil
densities neglected in the SDE have a significant influence
on the surface displacement due to tunneling in
cohesionless soil.

Do et al. (2014) performed 2D numerical investigations
of the interaction in twin tunnels and studied the effect of
segment joints and tunnel distance and found that the
critical influence distance between them is about two tunnel
diameters.

Fattah et al. (2015) studied the dynamic response of a
lined concrete  tunnel with  transmitting  boundaries,
investigated the validity of the transmitting boundaries of
this soil-structure interaction problem and also found that
the results present significant differences when earthquake
is applied as a base motion or a pressure load is applied at
the surface ground.

Abdelrahim et al. (2015) studied the twin tunnel
configuration for Greater Cairo metro line No. 4, performed
the numerical analysis by using two-dimensional models,
and identified the suitable clear distance between the twin
tunnels according to internal forces and displacements in
tunnels, which has a major effect on soil movement and
internal forces in tunnel lining.

The four-track surface railway is located in Sohag city
in Upper Egypt and the tunnel is constructed as an
underground pedestrian tunnel connecting the automated
bakery area in the West Sohag district with the area of
Assiut-Sohag Road at the eastern district, where earlier the
pedestrians were prohibited from the tracks on the railway,
and it was needed to be constructed in order to prevent
accidents.

The pedestrian tunnel has a length of 28 m, while its
cross-section is circular of 5m internal diameter and
reinforced concrete thickness of 400 mm.

The weather in Upper Egypt is a very continental
climate where rainfall is rare, so the soil under the railway
sleepers is almost dry all the year. However sudden storms
sometimes cause devastating flash floods. Heavy rainfall
and soil exposure to drying lead to soil with different water
content throughout the year.

The pedestrian tunnel and the soil block around the
tunnel are modeled in 3D by the FEM and are studied under
the vibrations induced by the moving trains on the four-
track surface railway for different soil water contents and
the effects of the soil water content on the dynamic
behavior of the tunnel and the surrounding soil are
demonstrated.

2. Soil properties for different water contents

The soil is an uncontrolled medium because of the effect
of natural factors, where the most effective parameter in the
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Table 1 Soil specifications for different water contents
(Abdelrahim et al. 2017)

Shear strength parameters and Water Water Content Water Content
- Content
other properties 15% 30%
1%
Cohesion (kg/cm?), ¢ 0.03 0.23 0.08
Angle of internal friction 29 12 7
(degrees), ¢
Bulk density o3f cohesive soil 152 173 197
Wm).y
Pmssonvs Ratio, 037 0.44 0.47
i 2
Modulus of EII_:astlmty (t/m°), 1100 910 730

soil is the water, and changing of the water content in soil,
changes the soil properties and the bearing and dynamic soil
properties under different kinds of loads.

Herein three different water contents were checked to
show the effect of the change of the soil water content on
the soil and consequently on the pedestrian RC tunnel as a
result of the soil structure interaction between the soil and
the tunnel.

The particle size distribution curve of the soil showed
that the soil is 71% silt, 24% clay and 5% sand, the soil is
classified as clayey silt and medium plasticity silt (MI); the
consistency limits were determined by Casagrande’s
method and the results can be summarized as follows:
liquid limit = 48%, plastic limit = 29%, plasticity index =
19%, specific gravity Gs = 2.56, dry density = 1.505 t/m°
(Abdelrahim et al. 2017).

The shear strength parameters (cohesion, ¢ and angle of
internal friction, ¢), Poisson’s Ratio, v and Modulus of
Elasticity, E of the soil were determined for different water
contents using direct shear tests, and triaxial compression
tests and the results obtained are shown in Table 1
(Abdelrahim et al. 2017).

The cohesion (c) of the above clayey silt is found to
increase with increasing water content to a certain level,
after which it decreases. The angle of internal friction (¢)
for clayey silt is found generally to decrease with increasing
water content. Similar observations have been made e.g., by
Wells and Treesuwan (1978), Al-Shayea (2001), Dong et al.
(2011), and Bashar et al. (2015).

3. Model description

Fig. 1 shows the description of the model used in the
study. Fig. 1(a) shows the longitudinal section of the tunnel
with the details of the four railway lines (tracks) and the
cross section cross section of the tunnel. The depth of the
tunnel crown is 1 m. The infill under the railway above the
tunnel crown should be not less than 1 m in order to absorb
the vibrations induced by the moving trains. The 4 tracks
(lines 1, 2, 3, and 4) of the quadruple-track (four-track)
surface railway (over the tunnel) are also shown in Fig.
1(a). Four different dynamic load cases induced by the
moving trains were studied for three different water
contents (1%, 15% and 30%) in the soil around the tunnel
and under the railway. These train-induced dynamic load

cases were; only one outer track (at the edge near the start:
line 1) is occupied with moving train, two inner (central)
tracks (lines 4 and 3) are occupied with moving trains, two
outer tracks (at the edges: lines 4 and 1) are occupied with
moving trains, and all 4 tracks (lines 1, 2, 3, and 4) are
occupied with moving trains.

Fig. 1(b) represents the 3D FEM maodel of the soil block
and pedestrian tunnel, used in the SAP2000, where the soil
is represented by solid elements, the tunnel is represented
by shell elements, and the railway is represented by frame
elements (for each railway track, two frame elements).
The 3D FEM model of the soil block with length of 50 m,
depth of 25 m and width of 28 m was represented by solid
elements in SAP2000; the boundary conditions under the
soil block are hinged supports and around the block are
roller supports. The 3D FEM model of the reinforced
concrete pedestrian tunnel (under the railway), with length
of 28 m, circular cross-section with internal diameter of 5 m
and RC thickness of 400 mm, was represented by shell
elements in SAP2000.

Fig. 1(c) represents the cross section of the soil block
with the circular pedestrian RC tunnel (all dimensions are in
m) where the depth of the tunnel crown is 1 m.
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(a) Tunnel longitudinal section with the details of the railway
lines (tracks) and cross section (dimensions in m)

(b) 3D FEM model of the soil block and pedestrian tunnel with
boundary conditions
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Fig. 1 Description of the model
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Fig. 3 Measurements on the track ballast for a current
train (Picoux 2002)

4. Natural period of the model for different soil water
contents

Fig. 2 represents the natural period of the model
including the train weight for different occupied tracks
cases and soil water contents. The four railway tracks
(lines) were shown in Fig. 1(a). The natural period time in
outer track (1) and two inner tracks (lines 4 and 3) occupied
cases, is the lower in time, however increasing water
content increases the period time. The two outer tracks
(lines 4 and 1) and all 4 tracks (lines 4, 3, 2 and 1) occupied
cases give the higher period time than the rest cases. The
maximum period time takes place in the all 4 tracks
occupied case and this natural period time increases when

the soil water content increases, which means that the
heavier weight case with the higher water content, gives the
higher natural period time.

5. Moving train accelerogram

Picoux (2002), and Picoux and Le Houédec (2005) in
order to diagnose and predict the vibration from railway
trains near the track, successfully developed a prediction
model and also performed in situ measurements with the
aim of the validation of their proposed model.

A real accelerogram of a moving train is presented in
Fig. 3(a) (Picoux 2002). The measurements for 7 secs of the
acceleration signals were on track ballast for a current train
(heavy locomotive and many current carriages) moving at
135 km/h (Picoux 2002). The vertical displacement
spectrum (m/Hz) calculated by double integration and
Fourier transform is shown in Fig. 3(b) (Picoux 2002).

6. Dynamic load cases induced by the moving trains

The 4 tracks (lines 1, 2, 3, and 4) of the quadruple-track
(four-track) surface railway (over the tunnel) are shown in
Fig. 1(a). Four different dynamic load cases induced by the
moving trains were studied for three different water
contents (1%, 15% and 30%) in the soil around the tunnel
and under the railway. These train-induced dynamic load
cases were: only one outer track (at the edge near the start:
line 1) is occupied with moving train, two inner (central)
tracks (lines 4 and 3) are occupied with moving trains, two
outer tracks (at the edges: lines 4 and 1) are occupied with
moving trains, and all 4 tracks (lines 1, 2, 3, and 4) are
occupied with moving trains.

The dynamic responses of the tunnel and the soil are
presented by the maximum displacements and stresses in
the tunnel (shell elements) and by the maximum stresses in
the soil (solid elements), under the aforementioned four
dynamic load cases and for the three soil water contents
(1%, 15% and 30%).

6.1 Moving train on outer track (1)

Fig. 4 represents the maximum response of the tunnel
and the soil for one train moving on outer track (1) over the
tunnel (see Fig. 1(a): line 1) with different water contents
(1%, 15% and 30%) in the soil around the tunnel.

Fig. 4(a) shows the tunnel displacements at the top and
bottom of the tunnel along the start (0), middle (14 m) and
end (28 m) of the tunnel length (see Fig. 1(a)) for different
soil water contents; the horizontal X displacement at the
start of the tunnel length, increases at the top of the tunnel
by 2 times, and at the bottom of the tunnel by 1.6 times
when the water content increases from 1% to 30%; the
horizontal X displacement at the middle of the tunnel
length, increases at the top of the tunnel by 1.9 times, and at
the bottom of the tunnel by 1.7 times when the water
content increases from 1% to 30%; the horizontal Y
displacement at the start of the tunnel length, increases at
the bottom of the tunnel by 1.15 times when the water
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(c) Stresses in the soil at the middle of the tunnel length
Fig. 4 Displacements and stresses in the tunnel and stresses in the soil-Moving train on outer track (1)

content increases from 1% to 30%; the vertical Z
displacement at the middle of the tunnel length, increases at
the bottom of the tunnel by 1.13 times when the water
content increases from 1% to 30%, and at 30% equals -68
mm.

Fig. 4(b) shows the tunnel stresses at the top and bottom
of the tunnel, the stresses at top are compressive and the
stresses at bottom are tensile and the higher the moisture
contents of the soil, the higher stresses at the top of the
reinforced concrete tunnel and the lower stresses at the
bottom on the reinforced concrete tunnel.

Fig. 4(c) shows the stresses in the soil at top of the
tunnel and under it; compressive soil stresses increase by
about 3 times at the bottom of the tunnel when water
content change from 1% to 30% while at the top of the
tunnel the soil stresses are tensile for water content 1% and
equals 20 KN/m? which indicate failure of the soil around
the top of tunnel and afterwards become compressive for
soil water contents 15% and 30%.

Fig. 5 shows the maximum stress contours in the tunnel
and in the center of the soil block for one train moving on
outer track (1) over the tunnel with different soil water

contents (1%, 15% and 30%).

S11 (KN/m?)
(a) Water Content 1%

S22 (KN/m?)

Fig. 5 Stress contours in the tunnel and soil - Moving
train on outer track (1)
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S11 (KN/m?)
(b) Water Content 15%

S22 (KN/m?)

S22 (KN/m?)
(c) Water Content 30%

Fig. 5 Continued

6.2 Moving trains on the two inner (central) tracks

Fig. 6 displays the maximum response of the tunnel and
the soil for trains moving on the two inner (central) tracks
(see Fig. 1(a): lines 4 and 3) over the tunnel with different
soil water contents (1%, 15% and 30%).

Fig. 6(a) shows the displacements at the top and bottom
of the tunnel along the start (0), middle (14 m) and end (28
m) of the tunnel length (see Fig. 1(a)) for different soil
water contents; the horizontal X displacement at the start of
the tunnel length, increases at the top of the tunnel by 1.5
times and at the bottom of the tunnel by 1.1 times when the
water content increases from 1% to 30%; the horizontal X
displacement at the middle of the tunnel length, increases at
the top of the tunnel by 1.4 times and at the bottom of the
tunnel by 1.1 times when the water content increases from
1% to 30%; the horizontal Y displacement at the start of the
tunnel length, increases at the bottom of the tunnel by 1.13
times when the water content increases from 1% to 30%;
the vertical Z displacement at the middle of the tunnel
length, increases at the bottom of the tunnel by almost 1.1
times when the water content increases from 1% to 30%
and at 30% equals -68 mm.

Fig. 6(b) represents the maximum tunnel stresses at the

top and bottom of the RC tunnel for different soil water
content values; the stresses at top are compressive and the
stresses at bottom are tensile and the higher the moisture
contents of the soil, the higher stresses at the top of the
reinforced concrete tunnel and the lower stresses at the
bottom on the reinforced concrete tunnel.

Fig. 6(c) represents the stresses in the soil at top and
bottom of the tunnel, the stresses at bottom are all in
compression state, but tension appears in the soil at the top
of the tunnel and equals to 1 KN/m? for 15% water content
and 7.4 KN/m? for 1% water content which indicate the
failure of the soil around the top of tunnel, while afterwards
compression takes place in the soil at the top of the tunnel
for soil water content 30%.

Fig. 7 shows the maximum stress contours in the tunnel
and in the center of the soil block for trains moving on the
two inner (central) tracks over the tunnel with different
soil water contents (1%, 15% and 30%).
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6.3 Moving trains on the two outer tracks

Fig. 8 represents the maximum response of the tunnel
and the soil for trains moving on the two outer tracks (see
Fig. 1(a: lines 4 and 1) over the tunnel with different soil
water contents (1%, 15% and 30%) in the soil around the
tunnel.

Fig. 8(a shows the displacements at the top and bottom
of the tunnel along the start (0), middle (14 m) and end (28
m) of the tunnel length (see Fig. 1(a) for different soil water
contents; the horizontal X displacement at the start of the
tunnel length, increases at the top of the tunnel by 1.5 times
and at the bottom of the tunnel by 1.1 times when the water
content increases from 1% to 30%; the horizontal X
displacement at the middle of the tunnel length, increases at
the top of the tunnel by 1.6 times and at the bottom of the
tunnel by 1.2 times when the water content increases from
1% to 30%; the horizontal Y displacement at the start of the
tunnel length, increases at the bottom of the tunnel by 1.1
times when the water content increases from 1% to 30%;
the vertical Z displacement at the middle of the tunnel
length, increases at the bottom of the tunnel by almost 1.1
times when the water content increases from 1% to 30%
and at 30% equals -68 mm.

Fig. 8(b) represents the maximum tunnel stresses at the
top and bottom of the reinforced concrete tunnel for
different soil water content; the stresses at top are
compressive and the stresses at bottom are tensile and the
higher the moisture contents of the soil, the higher stresses
at the top of the RC tunnel and the lower stresses at the
bottom on the RC tunnel.

Fig. 8(c) represents the stresses in soil at top and bottom
of the tunnel, the stresses at bottom are all

S11 (KN/m?) S22 (KN/m?)
(a) Water Content 1%

S22 (KN/m?)

S11 (KN/m?)

S11 (KN/m?) S22 (KN/m?)

_

S22 (KN/m?)
(c) Water Content 30%

Fig. 7 Stress contours in tunnel and soil - Moving trains
on two inner (central) tracks

S11 (KN/m?)

compression state, but tension appears in the soil at the top
of the tunnel and equals to S11=21.7 KN/m? for 30% water
content, $11=14.9 KN/m? for 15% water content and 19.9
KN/m? for 1% water content which indicate failure of the
soil around the top of tunnel; while at the bottom of the
tunnel the compressive soil stress increase in 30% water
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Fig. 8 Displacements and stresses in the tunnel and stresses in the soil-Moving trains on two outer tracks

content by approximately 3 times than in 1% water content. almost does not change when the water content increases

Fig. 9 shows the maximum stress contours in the tunnel
and in the center of the soil block for trains moving on the
two outer tracks over the tunnel with different soil water
contents (1%, 15% and 30%).

6.4 Moving trains on all 4 tracks

Fig. 10 represents the maximum response of the tunnel e e
and the soil for trains moving on all 4 tracks (see Fig. 1(a): S11 (KN/m?) S22 (KN/m?)
lines 1, 2, 3 and 4) over the tunnel for different water ‘ :
contents (1%, 15% and 30%) in the soil around the tunnel.

Fig. 10(a) shows the displacements at the top and bottom of
the tunnel along the start (0), middle (14 m) and end (28 m)
of the tunnel length (see Fig. 1(a)) for different soil water ‘ _

contents; the horizontal X displacement at the start of the

tunnel length, increases at the top of the tunnel by 1.1 times S11 (KN/m? 2
4 m S22 (KN/m
and decreases at the bottom of the tunnel by 0.8 times when ( ) 0 ( )
the water content increases from 1% to 30%; the horizontal (a) Water Content 1%
X displacement at the middle of the tunnel length, increases Fig. 9 Stress contours in tunnel and soil - Moving trains

at the top of the tunnel by 1.25 times and at the bottom on two outer tracks
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(c) Water Content 30%
Fig. 9 Continued

S11 (KN/m?)

from 1% to 30%; the horizontal Y displacement at the start
of the tunnel length, increases at the bottom of the tunnel by
1.04 times when the water content increases from 1% to
30%; the vertical Z displacement at the middle of the tunnel
length, increases at the bottom of the tunnel by almost 1.06
times when the water content increases from 1% to 30%
and at 30% equals -71 mm.

Fig. 10(b) represents the maximum tunnel stresses at the
top and bottom of the reinforced concrete tunnel for
different soil water content values; the stresses at top are
compressive and the stresses at bottom are tensile and the
higher the moisture contents of the soil, the higher stresses
at the top of the RC reinforced concrete tunnel and the
lower stresses at the bottom of the RC tunnel.

Fig. 10(c) represents the stresses in soil at top and
bottom of the tunnel, the stresses at bottom are all
compression state, but tension appears in the soil at the top
of the tunnel and equals to S11=1.5 KN/m? for 30% water
content, S11=6.8 KN/m? for 15% water content and 12.6
KN/m? for 1% water content which indicate the failure of
the soil around the top of tunnel; while at the bottom of the
tunnel the compressive soil stresses increase by
approximately 2 times in 30% water content than in 1%
water content.

Fig. 11 shows the maximum stress contours in the tunnel
and in the center of the soil block for trains moving on all 4
tracks over the tunnel with different soil water contents
(1%, 15% and 30%).

6.5 Comparison of results

In the following figures some comparisons of selected
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Fig. 10 Displacements and stresses in the tunnel and
stresses in the soil-Moving trains on all 4 tracks
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results are depicted for the four train-induced dynamic load _ _
cases: one train moving on outer track (1), trains moving on Fig. 11 Continued
the two inner (central) tracks (lines 4 and 3), trains moving
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Fig. 12 Displacements in X direction in the top of the
tunnel at the middle of the tunnel length
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Fig. 18 Soil stresses at the top of the tunnel at the middle of the tunnel length

Figs. 12 and 13 show the horizontal X displacement at contents (1%, 15% and 30%).
the top and at the bottom of the tunnel respectively, at the Figs. 14 and 15 show the vertical Z displacement at the
middle of the tunnel length for the four dynamic load cases top and at the bottom of the tunnel respectively, at the
induced by moving trains and for three soil water middle of the tunnel length for the four dynamic load cases
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Fig. 19 Soil stresses at the bottom of the tunnel at the middle of the tunnel length

induced by moving trains and for three soil water contents
(1%, 15% and 30%).

Figs. 16 and 17 show the stresses at the top and at the
bottom of the tunnel respectively, at the middle of the
tunnel length for the four dynamic load cases induced by
moving trains and for three soil water contents (1%, 15%
and 30%).

Figs. 18 and 19 show the soil stresses at the top and at
the bottom of the tunnel respectively, at the middle of the
tunnel length for the four dynamic load cases induced by
moving trains and for three soil water contents (1%, 15%
and 30%).

7. Conclusions

A reinforced concrete pedestrian tunnel was planned to
be constructed in Sohag, Egypt, under the four-track surface
railway. The nature of the soil as an uncontrolled media
(because of the natural resources which can affect it, like
the water table, rainfall, etc.) must be taken into
consideration in the design of infrastructure works, thus for
different water contents of the soil around the tunnel body,
the responses of the tunnel and soil were studied under four
different dynamic load cases due to moving trains on the
railway tracks and the following conclusions were drawn
and should be taken into consideration in the tunnel design:

« The natural period of the model increases as the water
content increases in the soil.

» Vertical displacement in the bottom of the tunnel
increases as water content increases in the soil.

* Vertical displacements in the top and the bottom of the
tunnel are bigger when trains are moving on all four railway
tracks.

« Stresses at the top of the tunnel are compressive and
increase as the soil water content increases.

« Stresses at the bottom of the tunnel are tensile and are
bigger when trains are moving on all four railway tracks.
The tensile stresses at the bottom of the tunnel decrease as
the soil water content increases. The lower the water
contents in the soil, the greater the stresses at the bottom of
the reinforced concrete tunnel.

« Soil stresses at the top of the tunnel become tensile
which indicate the failure of the soil around the top of
tunnel and are bigger when trains are moving on the two
outer tracks.

+ Soil stresses at the bottom of the tunnel are
compressive and are a little bigger when trains are moving
on the two inner (central) tracks. The compressive soil
stresses at the bottom of the tunnel increase as the soil water
content increases.

* The dynamic effect of the moving trains increases the
danger of soil liquefaction, especially in cases of increased
soil water content, which is characterized by increased
settlement.

A drain system is necessary to protect the soil under
the railway and around the tunnel from an increase of the
soil water content.
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