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Underground facilities serve several purposes as an essential part of the infrastructure
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medium dense and loose sandy soils were studied. Three earthquake records, varying
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A parametric study for circular tunnels in different soil states under static load and
Accepted: 26 March 2024 earthquake dynamic loads was examined. Specific points were observed to monitor
deformations and stresses. Comparing the behaviour of tunnels under static load and
earthquake has been illustrated. The analysis of results shows that the duration of
earthquake records has a greater impact on horizontal displacement than PGA values.
Peak ground acceleration (PGA) significantly affects vertical displacements, bending
moments and axial forces. Axial forces are almost constant under earthquake records
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Analysis of Different Earthquake Records on The Behaviour of Circular Tunnel in Sandy Soil
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1. INTRODUCTION

In the last few decades, the construction of tunnels has significantly increased. Some of
these tunnels are constructed in seismic regions. Tunnel construction is in densely populated
urban areas and metropolises to meet the growing demand for space and passage. Various types
of dynamic loading conditions, such as impact load, blast load, and seismic stress, may be
imposed on tunnels. Due to the demand for infrastructure, it can sometimes be challenging to
avoid building tunnels in areas that have previously experienced earthquakes. If these
infrastructures are not properly planned with the effects of earthquakes in mind, they may suffer
damage. Analysis, design, construction, operation and damage assessment must carefully
consider the impact of seismic loading. Each seismic activity in that region increases the likelihood
that these infrastructures may be damaged.

Dynamic FEM analysis results for tunnel portals indicated that the largest force acting on
the lining occurs near the tunnel portal when an earthquake wave propagates parallel to the
tunnel axis [1]. Finite difference analysis showed that, the results of the analytical closed form and
the numerical solution are in excellent agreement. The study findings and some feasible
recommendations for utilizing closed-form solutions were presented [2]. Despite underground
structures being more resilient to seismic excitation compared to surface structures, were still at
risk of damage during a major earthquake, particularly if they were built in a fluid layer [3].
A study on seismic analysis of a crucial water tunnel facility in the San Francisco Bay Area using
modeling and simulations demonstrated that, the tunnel met seismic performance goals across
various analysis methods [4]. Dynamic behavior of circular tunnels in the transverse direction
using various methods. The cases examined concern a short tunnel that was dug in two distinct
clayey deposits. According to the plasticity assessments, a seismic event caused a significant
change in the loads operating on the lining, resulting in continuous increases in the hoop force
and bending moment [5]. A study used the ABAQUS v.6.8 program to present an idealized two-
dimensional plane strain finite element seismic soil-tunnel interaction analysis. Three ground
motion records were used to show seismic motions with low, intermediate, and high-frequency
content. Two types of sandy soil were modeled. The results showed that the tunnel amplifies
seismic waves on the soil surface, with the greatest amplification occurring at the tunnel-soil
interface [6].

Analysis for the seismic interaction between the surrounding soil and tunnels demonstrate
that, the maximum straining actions in the tunnel lining are anti-correlated with the relative
stiffness between the tunnel and the surrounding soil. The tunnel’s location and peak ground
acceleration have a significant impact. In regions with peak ground acceleration larger than 0.15g,
seismic analysis should be considered [7]. Examination for seismic analysis impact on tunnel
systems in Greater Cairo metro line No.4, Phase No.l. indicate that, seismic waves lead to
heightened displacement and notable alterations in internal forces, particularly in shear force and
bending moment, with minimal impact on the normal force of tunnel lining [8]. A finite element
analysis used to investigate the response of a shallow tunnel in soft ground under seismic
conditions.
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It was observed that the deformation of the tunnel lining is influenced by the depth of embedment
and the flexibility ratio of the tunnel. Ovaling (in a circular tunnel) and racking
(in a rectangular tunnel) decrease significantly when the embedment ratio exceeds 2 [9].
The accuracy of underground infrastructure risk assessment and seismic fragility curves
for circular tunnels under moderate to powerful earthquake was investigated, and the derived
fragility curves were found to fit well with the empirical curves based on seismic damage
seen in tunnels [10].

Finite element modeling of the in situ situation, which was validated by experimental
results to demonstrate tunnel deformation behavior under static loading conditions in soft rocks.
Using Abaqus, 3D nonlinear finite element analysis was performed. The results indicated that
tunnel diameter, overburden depth, and rock weathering indicate the stability of tunnels under
severe loading conditions [11]. A study carried out on concrete pipe behavior during seismic
shaking showed that, linear elastic and Mohr-Coulomb models had lower bending moments than
hardening soil and hardening soil with small strain stiffness models [12]. Results of ANSYS
for numerical simulations showed that, arch crown deformation at 3.8 cm and wall corner stress
at 2.6 x 107 Pa [13]. A study on Delhi metro tunnel behavior under various dynamic loading cases
showes that, combined earthquake and train motion cause larger displacements in soil and forces
in tunnel liners compared to individual loads [14].

Underground structures, like tunnels, need more accurate analysis and design in case of
earthquakes to prevent damage and excess deformation. This study investigates the behavior
of tunnel in sandy soil with different earthquake records.

2. Details of finite element analyses

In the present study, a finite element package of PLAXIS 2D version 21 [15] is used to
simulate a Non-linear numerical model of a circular tunnel embedded in sandy soil with different
consistencies. The study aims to investigate and analyze the influence of static loads and different
earthquake records on a circular tunnel in different type of sandy soil. Soil elements were selected
as plane strains with 15-node triangular elements. The sandy soil is presented as a hardening soil
model with a small strain stiffness (HS small). Table 1 shows the properties of the used different
soil states. Concrete tunnel lining was selected of Plate with 5-node beam elements. Table 2 shows
the properties of the used concrete material tunnel lining. The model dimensions were taken as
60D wide and 14D high, where D = diameter of the tunnel. For all investigated cases, the diameter
of the tunnel was D = 9.00 m with lining thickness (t) = 0.45 m and the tunnel embedded under
the ground surface with Cover (Y) =7D, where Y is the tunnel location measured from the ground
surface and crown of the tunnel as shown in Fig. 1.

One of the most important steps in the analysis is the definition of all loads, lining material
and soil types that affect behaviour of the model. Different types of loads were used in this study.
These types can be classified as static loads (own weight of the model elements) and three
earthquake records, varying in peak ground acceleration (PGA) values and duration [Olympia
earthquake (PGA = 0.16 g and duration = 89.08 sec), Kalamata earthquake (PGA = 0.331 g and
duration = 25.88 sec) and Northridge earthquake (PGA = 0.883 g and duration = 59.98 sec)]
as shown in Table 3 and Fig. 2 show the earthquake time with a dynamic multiplier
(accelerations). The parametric study conducted in this analysis is presented in Table 4.
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The horizontal displacement (dx), vertical displacement (dy), radial displacement (dr),

bending moment (M) and normal force (N) were determined and compared.

| S
Y=7D
Ob H=14D
h=6D
30D L 30D
W=60D
Fig. 1. Dimensions of the numerical model.
Table 1. Properties of different types of used soil.
Dense sand Medium dense sand | Loose sand .
Property Units
(S1) (S2) (S3)
Relative density (Rp) 80 50 25 (%)
Vunsat 18.2 17.0 16.0 (kN/m3)
Vet 20.3 19.8 19.4 (kN/m?)
Es5o"f 48 x 103 30 x 103 15 x 103 (kN/m?2)
Eoed"® 48 x 103 30 x 103 15 x 103 (kN/m?2)
En/ 144 x 103 90 x 103 45 x 103 (kN/m?2)
co™ 114 x 103 94 x 103 77x103 | -
m 0.45 0.544 062 | e
Yo7 12x 104 1.5x 104 1.8x 104 (kN/m?3)
@ 38 343 31.1 ©)
Y 8 43 1.1 )
Ry 0.90 0.938 0969 | -
Table 2. Material characteristics of the tunnel lining.
Parameter Symbol Value Units
Material type Elastic | | e
Young's modulus E 22 x 10¢ (kN / m?)
Concrete density Y 25.0 (kN / m3)
Thickness t 0.45 m
Poisson ratio Y 020 | e
Normal stiffness EA 9.9 x 1096 kN/m
Flexural rigidity EI 167.1 x 103 kN.m?>/m
Weight w 11.25 kN/m/m
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Table 3. Properties of selected Earthquake records [16].

No. Earthquake record Duration (sec) PGA PGA at time
Olympia earthquake (EQ1) 89.08 0l6g 10.96 sec
2 Kalamata earthquake (EQ2) 25.88 0331g 3.27 sec
3 | Northridge earthquake (EQ3) 59.98 0.883 g 9.82 sec

(g =acceleration due to Earth's gravity) (1 g =9.81 m/s?)
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Fig. 2. Acceleration time history for (A) Olympia earthquake record,
(B) Kalamata earthquake record and (C) Northridge earthquake record.

Table 4. Details of finite element models.

Diameter | Thickness | Cover Soil type Loads

Dense sand (51) Static.
Medium-dense sand (S2) Olympia record (EQ1).
Kalamata record (EQ2).
Northridge record (EQ3).

9.00 m 0.05D 7.00 D

Loose sand (S3)

3. Numerical results

From the parametric study, horizontal displacement, vertical displacement, radial
displacement, bending moment and normal force are obtained and represented in the following
mathematical form:

- Horizontal displacement as a ratio of tunnel diameter: 0x/D %

- Vertical displacement as a ratio of tunnel diameter : Oy /D%

- Radial displacement as a ratio of tunnel diameter : Or /D%
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4M

- Bending moment coefficient: a = Tco? Eq.1 [17]
. _ 2N
- Normal force coefficient: B = ~co Eq.2 [18]

Where: M = Bending moment in the lining (kN.m/m), N = Normal force in the lining (kN/m),
v= Unsaturated unit weight of soil (kN/m?), C = The tunnel location measured from the ground
surface and crown of the tunnel (m) and D = Diameter of tunnel (m).

The obtained results were divided into the following categories:
3.1. Response of Monitoring Points during the Earthquake

Four points; crown point, invert point, right spring point and left spring point, were
selected to study the behaviour of tunnel lining for all cases.

¥ Cover (Y=7D)
Crown (C)

Left spring (L)

t spring (R)

Invert (l)

Fig. 3. Monitoring points along the lining perimeter.
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Fig. 4. Dynamic horizontal displacements as a ratio of tunnel diameter of monitoring points
for different soil states during (A) Olympia earthquake, (B) Kalamata earthquake and
(C) Northridge earthquake.
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Fig. 4A shows the dynamic horizontal displacement as a ratio of tunnel diameter for
monitoring points subjected to the Olympia earthquake record in various soil types. For all points
and cases, the static deformation is nearly 0.0, reaching 4.36% at 23.12 seconds, then returning to
zero at 45 seconds. It increases to 3.63% at 69.36 seconds before returning to static deformation at
the end of the earthquake.

Fig. 4B shows the dynamic horizontal displacement as a ratio of tunnel diameter for
monitoring points subjected to the Kalamata earthquake record in various soil types. For all points
and cases, the static deformation is nearly 0.0, reaching 0.35% at 4.67 seconds, then returning
almost zero at 15 seconds, then returning to static deformation at the end of the earthquake.

Fig. 4C shows the dynamic horizontal displacement as a ratio of tunnel diameter for
monitoring points subjected to the Northridge earthquake record in various soil types. For all
points and cases, the static deformation is nearly 0.0, reaching 1.09% at 12 seconds and decreasing
to 0.89% at 14.39 seconds, returning 1.17 % at 26.39 seconds, and becoming around 1% at 30
seconds until the end of the earthquake.
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Fig. 5. Dynamic vertical displacements as a ratio of tunnel diameter of monitoring points for
different soil states during (A) Olympia earthquake, (B) Kalamata earthquake and
(C) Northridge earthquake.

Fig. 5A and Fig. 5B show the dynamic vertical displacements as a ratio of tunnel
diameter for monitoring points in different soil states subjected to the Olympia earthquake record
and the Kalamata earthquake record. It started with negative values from static deformation for
crown point, right spring point, and left spring point cases and increased until around peak
ground acceleration, then became constant till the end of the earthquake record. In addition, invert
points started with positive values from static deformation and continued constant till the end of
the earthquake record.
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Fig. 5C shows the dynamic vertical displacement as a ratio of tunnel diameter for
monitoring points in different soil states subjected to the Northridge earthquake record. It started
with negative values from static deformation for crown point, right spring point, and left spring
point cases, slightly increased to peak ground acceleration, continued with more increasing till 18
seconds, and became constant till the end of the earthquake record. In addition, invert points
started with positive values from static deformation and slightly increased until 18 seconds then
continued constant till the end of the earthquake record.
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Bending moment coefficient (a )
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Fig. 6. Dynamic bending moment coefficient (o) of monitoring points for different soil states
during (A) Olympia earthquake, (B) Kalamata earthquake and
(C) Northridge earthquake.

Fig. 6A and Fig. 6B show the dynamic bending moment coefficient (a) for monitoring
points in different soil states subjected to the Olympia earthquake record and the Kalamata
earthquake record. It started with positive values from static deformation for crown point and
invert point cases and increased until around peak ground acceleration, then became constant
until the end of the earthquake record. In addition, the right spring point and left spring point
cases started with negative values from static deformation, slightly increased to peak ground
acceleration, and became constant till the end of the earthquake record.

Fig. 6C shows the dynamic bending moment coefficient () for monitoring points in
different soil states subjected to the Northridge earthquake record. It started with positive values
from static deformation for crown point and invert point cases and increased until around peak
ground acceleration, then became constant until the end of the earthquake record. In addition,
right spring point and left spring point cases started with negative values from static deformation
and increased until around peak ground acceleration then became constant till the end of the
earthquake record.
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Fig. 7. Dynamic normal force coefficient (3) of monitoring points for different soil states during

(A) Olympia earthquake, (B) Kalamata earthquake and
(C) Northridge earthquake.

Fig. 7A and Fig. 7B show the dynamic normal force coefficient (3) for monitoring points

in different soil states subjected to the Olympia earthquake record and Kalamata earthquake

record. For all points and cases, it started with negative values from static deformation and then

became constant until the end of the earthquake record.

Fig. 7C shows the dynamic normal force coefficient (3) for monitoring points in different

soil states subjected to the Northridge earthquake record. For all points and cases, it started with

negative values from static deformation, slightly increased to peak ground acceleration and

became constant till the end of the earthquake record.

3.2. Deformations and stresses of tunnel lining at the end of the earthquake records

The deformations and stresses at the end of the earthquake were measured for all points

along the perimeter starting from the crown point (0 =0) in a clockwise direction.

(0)
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Fig. 8. Comparison between horizontal displacements along tunnel lining for different soil states

subjected to static load and different earthquake records.
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Fig. 8 shows the horizontal displacement along the tunnel lining. In case of static load

for all different soil states, it has positive values except around 0=195° to 345° which were

negative. Whereas, in case of EQ1 and EQ?2, for all different soil states, they have positive values

except around 0=210° to 330° which were negative. In addition, in the case of EQ3, all values were

positive except around 0=240° to 300° which were negative for all different soil states.

-0.7

0

30 60 90 120 150 180 210 240 270 300 330 360

(0)

. - Static S1

Static S2
- Static S3

EQ1S1
EQ1S2
+ EQLS3

EQ2S1
+EQ2S2
= EQ2S3

EQ3S1

-~ EQ3S2
+EQ3S3

Fig. 9. Comparison between vertical displacements along tunnel lining for different soil states

subjected to static load and different earthquake records.

Fig. 9 shows the vertical displacement along the tunnel lining. In cases of static load,

EQ1, and EQ2, the values were negative except around 0=120° to 240°, where they were positive

for all different soil states. Whereas, in case of EQ3, for all different soil states, they have negative

values except around 6 = 150° to 210° which were positive.
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Fig. 10. Comparison between radial displacements along tunnel lining for different soil states

subjected to static load and different earthquake records.

Fig. 10 shows the radial displacement along the tunnel lining. In case of static load, EQ1

and EQ2 for all different soil states have positive values except around 0=45° to 135° and ©6=225°

to 310°, values were negative. Whereas, in case of EQ3, for all different soil states, they have

positive values except around 0=45° to 165° and 0=210° to 290° where the values were negative.

0

(0)

30 60 90 120 150 180 210 240 270 300 330 360

T
e
"

o7

o, A
Tha il
»
¥

- Static S1
Static S2
- Static S3

EQ1S1
EQ1S2
+ EQ1S3

EQ2S1
+EQ2S2
= EQ2S3

EQ3S1
- EQ3S2
+ EQ3S3

Fig. 11. Comparison between bending moment coefficient () along tunnel lining for different

soil states subjected to static load and different earthquake records.
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Fig. 11 shows the bending moment coefficient («) along the tunnel lining. In case of static

load and earthquake records for all types of soil, it has positive values except around 0=40° to 135°

and 0=225° to 315°, it has negative values.
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Fig. 12. Comparison between normal force coefficient () along tunnel lining for different soil

states subjected to static load and different earthquake records.

Fig. 12 shows the normal force coefficient () along the tunnel lining. In case of static

load and earthquake records for all types of soil, it has negative values.

4. Analysis of results

Analysis of the obtained results has been conducted to evaluate the tunnel lining

behaviour as follows:
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Fig. 13 show the absolute maximum horizontal displacements for monitoring points as
the percentage ratio of tunnel diameter (0/D%) for different soil states under static load
and earthquake records. For the static load case, where no seismic activity is considered,
the horizontal displacement is found to be zero at the crown point and invert point of the tunnel.
This means that these particular locations experience no lateral movement when
subjected to static loads. However, at the right spring point and left spring point,
the horizontal displacement ranges from 0.128 to 0.176 as a percentage of the tunnel diameter.
This indicates that these points do wundergo some lateral displacement due to
static loading conditions.

Moving into the dynamic effects of earthquakes, three earthquake records are considered:
Olympia earthquake, Northridge earthquake and Kalamata earthquake.

- The Olympia earthquake, characterized by a peak ground acceleration (PGA) of 0.16g
and duration of 89.08 seconds, results in a significant maximum horizontal displacement
ranging from 3.971 to 4.426, expressed as a percentage of the tunnel diameter.
This indicates that the tunnel experiences substantial lateral movements during this
earthquake event. The long duration contributes to the larger horizontal
displacements observed.

- Similarly, the Northridge earthquake, which has a higher PGA of 0.883g but a shorter
duration of 59.98 seconds, leads to a maximum horizontal displacement ranging
from 0.645 to 1.242, expressed as a percentage of the tunnel diameter. Although the PGA
is higher compared to the Olympia earthquake, the shorter duration results
in comparatively smaller horizontal displacements. Nonetheless, it is important
to note that these displacements are still significant and must be considered
in the design and assessment of the tunnel's stability.

- Lastly, the Kalamata earthquake, with a PGA of 0.331g and duration of 25.88 seconds,
produces a maximum horizontal displacement ranging from 0.188 to 0.391,
as a percentage of the tunnel diameter. The lower PGA and shorter duration
contribute to the relatively smaller displacements observed compared to the other
earthquakes. However, these displacements are still non-negligible and can affect
the overall behavior and structural integrity of the tunnel.

In summary, the analysis of the results illustrates that under dynamic earthquake effects,

the tunnel experiences significant horizontal displacements at various points.
The magnitude of these displacements depends on the characteristics
of the earthquake, such as PGA and duration. It is crucial to consider
these dynamic effects in the design, construction and evaluation of tunnels
to ensure their stability and safety during seismic events.
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Fig. 14 show the absolute maximum vertical displacements for monitoring points as the

percentage ratio of tunnel diameter (0y/D%) for different soil states under static load and

earthquake records as follows:

Crown Point: The vertical displacement at the crown point gradually decreases from dense
to loose sand for both static loads and earthquake records. This suggests that denser soil
states provide better resistance to vertical movement compared to looser soil states. The
decrease in vertical displacement can be attributed to the increased soil stiffness and ability
to withstand applied loads.

Invert Point: The vertical displacement at the invert point is nearly equal for all types of soil
and remains constant across both static and earthquake loading conditions. The
displacement ranges from 0.166 to 0.208. This indicates that the invert point is relatively less
affected by soil type and loading conditions, resulting in similar vertical displacements
regardless of these factors.

Right Spring Point and Left Spring Point: Under static loads, the vertical displacement at
these points is relatively small, ranging from 0.004 to 0.012 as a percentage of the tunnel
diameter. This indicates minimal vertical movement due to static loading conditions.
However, under earthquake records, the maximum vertical displacement increases
significantly. For the Northridge earthquake, with a PGA of 0.883g and duration of 59.98
seconds, the vertical displacement ranges from 0.201 to 0.241. For the Olympia earthquake,
with a PGA of 0.16g and duration of 89.08 seconds, the vertical displacement ranges from
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0.042 to 0.065. For the Kalamata earthquake, with a PGA of 0.331g and duration of 25.88
seconds, the vertical displacement ranges from 0.013 to 0.046. The dynamic effect of
earthquakes significantly amplifies the vertical displacement at the spring points. This
amplification can be attributed to the inertial forces generated during seismic waves, causing
the soil and the tunnel structure to undergo larger vertical displacements compared to static
loading conditions.

In summary analysis of the results shows that, although the crown point experiences reduced

vertical displacement with denser soil, the invert point is not significantly affected. The spring

points show minimal vertical displacement under static loads but undergo significant

amplification during earthquakes.
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Fig. 15. Absolute maximum bending moment coefficient («) for different soil states

subjected to static load and different earthquake records for (A) Crown point, (B) Invert point,

(C) Right spring point and (D) Left spring point.

Fig. 15 show the absolute maximum bending moment coefficient (&) of monitoring

points for different soil states under static load and earthquake records as follows:

Crown Point: The crown point experiences an increase in absolute bending moment under
earthquake loading compared to static loads. For the Northridge earthquake, with a PGA of
0.883g and duration of 59.98 seconds, the increase ranges from 95.7% to 111.4%. Similarly,
for the Olympia earthquake, with a PGA of 0.16g and duration of 89.08 seconds, the increase
varies from 41.4% to 50.3%. For the Kalamata earthquake, with a PGA of 0.331g and duration
of 25.88 seconds, the increase ranges from 21.6% to 26.3%.

These findings indicate that earthquakes impose higher bending moments on the crown
point of the tunnel compared to static loading conditions. The significant increases in the
absolute bending moment coefficients suggest that seismic events induce additional forces
and moments that lead to greater demands on the tunnel structure, particularly at the crown

point.
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- Invert Point: Similar to the crown point, the invert point experiences an increase in absolute

bending moment under earthquake loading. Under the Northridge earthquake, the increase
varies from 93.4% to 105.2% compared to static loads. For the Olympia earthquake, the
increase ranges from 33.7% to 40%. For the Kalamata earthquake, the increase ranges from
18.4% to 22.8%.
These results indicate that earthquakes generate higher bending moments at the invert point
of the tunnel structure. The increase in absolute bending moment coefficients suggests that
seismic events impose additional forces and moments on the tunnel, resulting in greater
structural demands at the invert point.

- Right Spring Point and Left Spring Point: The right spring point and left spring point also
experience an increase in absolute bending moment under earthquake loading. For the
Northridge earthquake, the increase at the right spring point ranges from 54.8% to 65.2%
compared to static loads. In the case of the Olympia earthquake, the increase ranges from
19.9% to 23.1%. For the Kalamata earthquake, the increase varies from 7.2% to 8.8%.
Similarly, at the left spring point, the increase under the Northridge earthquake ranges from
68% to 80.5%, while for the Olympia earthquake, the increase ranges from 17.2% to 22.6%.
For the Kalamata earthquake, the increase varies from 9.8% to 10.3%.

These results indicate that earthquakes induce higher bending moments at both the right

and left spring points of the tunnel structure. The increase in absolute bending moment

coefficients suggests that seismic events impose additional forces and moments, leading to

greater demands on the tunnel structure at these specific points.

In summary, analysis of the results shows that the behavior of the tunnel under the dynamic
effect of earthquakes differs significantly from static loading conditions. The crown point, invert
point and spring points of the tunnel experience increased bending moments during earthquakes.
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Fig. 16. Absolute maximum normal force coefficient (B) for different soil states
subjected to static load and different earthquake records for (A) Crown point, (B) Invert point,
(C) Right spring point and (D) Left spring point.
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Fig. 16 show that the maximum normal force coefficient () of monitoring points for
different soil states under static load and earthquake records is as follows:

- Consistency across soil states: The maximum normal force coefficient ([3) remains nearly
constant for all types of soil (dense, medium dense and loose sand) under both static and
earthquake loading conditions. This consistency suggests that the normal forces experienced
by the tunnel structure at the monitoring points do not vary significantly with the soil state.

- Earthquake Loading: Regardless of the soil type, the maximum normal force coefficient ([3)
remains relatively constant under earthquake loading conditions compared to static loads.
This indicates that seismic waves do not significantly affect the normal forces experienced
at the monitoring points of the tunnel structure.

Overall, the maximum normal force coefficient (3) of the tunnel monitoring points is not
significantly influenced by soil type or the dynamic effect of earthquakes. This consistency
indicates that the normal forces experienced by the tunnel structure remain relatively constant,
regardless of the loading conditions or soil characteristics. It's important to note that while the
normal forces may not vary significantly, other factors such as bending moments and
displacements may still be affected by earthquakes and soil type.

5. Summary and Conclusions

In this study, circular tunnels were investigated under the influence of three different
earthquake records (Olympia earthquake, Kalamata earthquake and Northridge earthquake)
for different soil states. Three types of soil, ranging from dense sand to loose sand were studied.
The earthquake records varying in PGA values (0.16 g to 0.883 g) and duration in addition to
static loads have been considered. Specific points were observed to monitor deformations
and stresses.

The most important results and conclusions are as follows:

1) Dynamic horizontal displacement as a ratio of tunnel diameter (0x/D%), in the case
of earthquake analysis, increases by 0.194 to 4.225 compared to static analysis for the crown
point. While it increases by 0.188 to 4.193 for invert point and by 0.290 to 4.015 for
the right spring point and by 0.352 to 4.426 for the left spring point.

2) Dynamic vertical displacement as a ratio of tunnel diameter (dy/D%), in the case
of earthquake analysis, increases by 0.207 to 0.579 compared to static analysis for the crown
point. While it increases by 0.175 to 0.208 for invert point, and by 0.013 to 0.236
for the right spring point, and by 0.016 to 0.241 for the left spring point.

3) Bending moment coefficient («), in the case of earthquake analysis, increases by 21.60%
to 111.40% compared to static analysis for the crown point. While it increases by 18.40%
to 105.20% for invert point and by 7.20% to 65.20% for the right spring point and by 9.80%
to 80.50% for the left spring point.

4) Normal force coefficient ({3), in the case of earthquake analysis, increases by 0.20% to 1.80%
compared to static analysis for the crown point. While it increases by 0.20% to 1.40%
for invert point and by 0.50% to 3.10% for the right spring point and by 0.30% to 3.10%
for the left spring point.

5) Axial forces remain nearly constant for earthquake records with PGA below 0.331g,
but slightly increase for PGA exceeding 0.331g.
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6) Duration for earthquake records has a greater impact on horizontal displacement
than PGA values.

7) Peak ground acceleration has significant effects on vertical displacements, bending
moments and axial forces.

Finally, the growing and increasing frequency and intensity of earthquakes
led to the necessity of considering the effects of earthquake records on tunnel
behaviour and design.
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