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Abstract

Since the analysis of underground structures in seismic conditions was more based on non-linear terrestrial
environment and linear structure, regarding nonlinear behavior of soil and tunnel against earthquake was
of paramount significance in order to achieve real responses in practice. The use of polypropylene fibers
in concrete materials can help improve the performance of concrete members. In this regard, after
verifying the behavioral model of fiber-reinforced concrete seen in the structure of the tunnel and using
an article by Conforti et al., the nonlinear seismic analysis of the ground and the structure of the water
transmission tunnel of Amirkabir Dam to Tehran refinery no. 6 was performed by a time-history method
and through ABAQUS software and concrete damage plasticity model for concrete lining and mohr-
coloumb model for host soil of tunnel. Simulations were performed for the fibers with percentages of 0,
0.7, 1 and 1.5. Then, compressive and tensile stresses, compressive and tensile strains, and compressive
and tensile failures were obtained while tunnel lining in the mentioned conditions. Since then, normal and
shear stresses and normal and shear displacements of the longitudinal joints of the tunnel were examined.
Finally, this paper studied the analytical relationships that existed in the ACI 544.7R-16 regulations and
the moment-force diagram for the different percentages of fibers for the joint with the maximum normal
stress under earthquake records were compared. The results revealed that the tunnel lining and its
longitudinal joints using polypropylene fibers with a volume percent of 1.5 had a better performance than
other percentages against earthquakes.

Key words: Water Transmission Tunnel, Earthquake Loads, Fibers, Tunnel Lining, Concrete Damage
Model, Nonlinear Analysis

1. Introduction earthquake (1999) in central Taiwan on

September 21, in which many tunnels were

In designing and analyzing the underground
structures such as tunnels, it was assumed
that the main criterion was the deformation
of the structure and the surrounding
environment since their seismic response to
imposed deformation was very sensitive.
Before 995, the design of tunnels was not
taken place due to withstanding dynamic
loads, but their design process reformed at
the same time with the occurrence of
earthquakes of the 1990s and serious failures
created in some of the tunnels [1]. These
earthquakes were such as Kobe-Japan
earthquake (1995), in which the Daikai
subway  station  collapsed,  Chi-Chi
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seriously ruined and also Dozeke earthquake
(1999) in Turkey on November 12, in which
Bolu Twin Tunnel was extensively
destroyed [2].

In the studies by Mayoral et. Al. (2016)
appraised the vulnerability and the degree of
damages to various tunnel under the
earthquake [3]. Hashash in the years of 2001
and 2004 stressed this important point that
the tunnel structure should be investigated in
terms of ductility and resistance to
earthquakes. Also, it was recommended that
in order to provide sufficient ductility in the
tunnel lining while an earthquake, the force
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reduction factor should be equal to the
provided ductility for the tunnel [4].
Concrete is known by a very high and
considerable compressive strength, but it
acts in weak tensile strength. It can almost be
noted that the tensile strength of concrete is
about 11% of its compressive strength [5].
Hence, the primary utilization of concrete
was only observed in cases where the
concrete was pressurized, such as load-
bearing walls or domes [6]. In order to
overcome the weakness of concrete in
traction, concrete must be integrated with a
material that was resistant to traction. So, in
the early 11th century, steel bars were used
for reinforcement of concrete [7]. The
arrangement of steel in concrete can be seen
in one shape or different shapes in order to
increase the tensile strength of concrete.
Therefore, steel bars can be provided in the
shapes of square, rectangular, circular, or a
combination of them. Making use of fiber in
concrete, which was to improve its
mechanical properties, was first introduced
by Romualdi and Batson in 1990 [8].

Fibers could be separated into different
categories. One of these categories was
attributed to the material from which the
fibers were made. Fibers could be natural
(like animal hair), mineral or synthetic. The
other fibers category was recognized based
on their properties [9]. For example, their
resistance to fire, stiffness, or tensile
strength. In the early 1311s, they were more
inclined towards the production of fiber-
reinforced concrete with high ductility. In
the case of using FRC, the durability of
concrete increased, and no significant
change was observed in the ductility of
concrete [10]. Fibers could be portioned
based on different parameters:

1. Based on the type of material of their
constituents: natural fibers (such as
horsehair, hemp, or coconut fiber), mineral
fibers (asbestos, glass or carbon), and
synthetic fibers (such as polypropylene)
[11].

2- Based on their physical or chemical
properties:  density, surface roughness,
chemical resistance, the reaction of fibers

with cement and resistance to fire or
flammability, and so on.

3. Mechanical properties of fibers. Such as
tensile strength, elastic modulus, stiffness,
ductility, fiber length change until rupture,
surface adhesion, and so on.

4. Geometric properties of fibers: length,
diameter or radius of fibers, the shape of the
cross-section of fibers and its longitudinal
profile [12-14].

Synthetic fibers of polypropylene were
applied in the current study.

As mentioned in previous researches, the use
of fibers in concrete can help improve
various properties. Therefore, in this
research, it has been tried to investigate the
effect of using polypropylene fiber concrete
in improving the seismic performance of
existing tunnels in Amirkabir Dam. Also, in
this research, it has been tried to examine the
analytical relationships in ACI 544.7R-16
and discuss the effect of using the mentioned
fibers in these relationships.

2. Types and the application of Fiber-
Reinforced Concrete

It was recommended to divide fiber-
reinforced concretes into tensile stiffness and
tensile softness based on their tensile
response [15]. The most important
difference lay between concrete and tensile
softening behavior, and tensile stiffening
behavior was that in concrete with tensile
softening behavior, a crack was formed and
grew [16]. But, several parallel micro-cracks
were formed in the tensile stiffening
behavior. This was the difference in behavior
that finally appeared significant structural
differences in the durability and load-
carrying capacity of the structure [17].

Another method portioning the fiber-
reinforced concretes was the determination
of them based on the amount of fiber inside
them. The volume ratio of fibers was equal
to the volume of fibers used in concrete to
the total volume of the compound.
Regarding the difference in the specific
weight of the fibers, it was obvious that two
different types of fibers with the same
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volume ratio were not necessarily with the
same mass ratio [18]. The fibers were
prepared and purchased according to their
weight, but the mechanical features of the
compound were evaluated on the basis of the
volume ratio of the fibers. Typically, 1%
volume of steel fibers in a conventional
concrete included about 11 kg/m? of fibers,
while concrete with 1% volume of
polypropylene fibers encompassed only
about 3.2 kg / m® of fibers [19].

Making use of fibers led to a reduction in the
required thickness of the slabs, an increase in
the permissible distance between the
supports and in the ductility in the first days
of concreting, and also a reduction in the
initial cracks [20]. Moreover, fibers were
much more economical than steel meshes
because of high specific surface area,
reduced workshop costs, reduced individual
error potential at the workplace and
optimizing, and saving time. Fiber-
reinforced concrete was observed as the best
alternative to steel bars in the use of thin
membrane structures. It alone was more
practical for thin structures and when
resistance and strength were significant but
not decisive, such as prefabricated parts,
tunnel  lining, and shotcrete  [21].
Particularly, HPFRC concretes were seen on
bridge decks and coastal and hydraulic
specific structures, reservoirs, and shelters
[22].

3. Designing Joints between Segments in
Tunnels

In tunnel analysis methods, there was an
assumption that the tunnel lining section was
continuous. When the tunnel was dug with
tunnel boring machines (TBM), the tunnel
lining was usually mounted in the form of a
segment. These segments were linked to
each other by means of bolts. The joints
between the segments should be designed in
such a way to compromise the forecasted
deformation of the ground. The designer
probably observed the joint between the two
segments as elastic, or if the non-elastic
behavior was predicted in more detail, the
interaction between the ground and the

lining should be taken into consideration
[23].

Conforti et al. (2017) conducted
experimental research and studied the effect
of fibers on concrete. The results of this
laboratory research were adopted in order to
verify the used behavioral model. This paper
was conducted to verify and was located in
the Monte Liro area of Panama country,
which was bored through the TBM method.
The characteristics of this tunnel were as
follows [24]:

Tablel. Characteristics of studied tunnel
segments for verification [24]
Value Parameter
7.88 Total length of the tunnel (km)

3200 Segment internal diameter (mm)

250 Segment thickness (mm)

3700 Segment outer diameter (mm)

1200 Segment depth (mm)

4 Number of main segments in each
ring

2 Number of key segments in each
ring

Table 2 represented the properties of the
polypropylene fibers used in the study.

Table2. Properties of fibers used in Monte
Liro tunnel [24]

Value Property

54 mm Length

0.81mm Diameter

67 Dimensions ratio

552 MPa Minimum  tensile
strength

6000 MPa Modulus of
elasticity

910 kg/m?® density

Yield and final strength for bar 10 were
regarded based on Eurocode2 standard 475
MPa and 572 MPa, respectively [24].

4. Non-Linear Quasi-Static Modeling of
Monte Liro Tunnel Segment
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In order to model the Monte Liro tunnel
segment, ABAQUS and damage software
was applied for the concrete lining of the
tunnel. Concrete damage plasticity model
was used with the purpose of describing non-
linear materials in fiber-reinforced concrete
lining of the tunnel in ABAQUS software.
This behavioral model was the most
complex and popular model for concrete
modeling in this software. In this model, the
nonlinear behavior of concrete was
simulated through the concepts of damage
isotropic elastic and tensile and compressive
plastics. The relations 1-4 were presented for
compressive behavior of fiber-free concrete
with respect to Eurocode?2 standard [25]:
Where, f., indicated the cylindrical
compressive strength, which was equal to
48.2 MPa. g, was compressive strength, &,
was a compressive strain, & was
compressive strain at maximum compressive
strength, and E.,, was the modulus of
elasticity.

Figure 1 revealed the diagram of the
compressive  stress-strain  of  fiber-free
concrete.
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Figure 1. Compressive stress-strain of fiber-
free concrete.
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Hsu relations were applied for the concrete
tensile behavior model [26]. The tensile
stress-strain relation was exhibited in the
following relations.

ft = fet (ES_C:> )
for = 0.63 X \/fom (6)

Where, f,; and .. were attributed to the
tensile strength and the tensile strain,
respectively.
Table 3 represented the plastic parameters of
fiber-free concrete and their values.

Table3. Plastic parameters of fiber-free

concrete
Value  Parameter
30 Dilation angle of concrete
0.1 the eccentricity of concrete (¢)

1.16 The ratio of the yield stress of
biaxial compression to uniaxial
compression

0.667  The ratio of secondary stress to
the maximum amount of tension

0.001 The viscosity parameter of
concrete equilibrium equations

The stress-strain curve extracted from the
fibcode2010 regulation was adopted for the
compressive behavior of fiber-reinforced
concrete [27]. The extracted diagram from
the Yuan article was used for the tensile
behavior of fiber-reinforced concrete [28].
Huang relations were applied for the plastic
range and fiber-reinforced concrete failure
[29].
Table4. Huang Relations

Eq. Eqg.
No
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gin gek 0.033,0.0033
m,, m, 0.1,0.05
A1, b1, Az 0.452, 0.054,
0.628
b, 0.156

Definition
& morm- NOrmal compressive strain

: Final compressive strain

ck . : R
& norm- NOrmal tensile strain

ek Final tensile strain
m. sm; . Parameters responsible for
controlling the rate of damage
development.

hf _hf . ;
m.’,m,’ . Parameters responsible for
controlling the damage rate for fiber-
reinforcement concrete.
Am1r b1, Amz, bmz: Constant parameters
achieved from laboratory researches
Asg: A parameter dependent on volume
percent, length, and diameter of steel
fibers.
Aps o A parameter dependent on the
volume percent, length, and diameter of
polypropylene fibers.
Vyr: Volume percent of polypropylene
fibers, which was equal to 1.1% in this
study.

The plastic parameters of fiber-reinforced
concrete were as below:

(10)

A) Kchf Parameter (the ratio of
secondary stress to maximum tensile

value):
k 17
KM =k, (17
k.
ke =1+ 0.0815, + 0.1324,, (18)
ke =1+ 0.056A (19)

B) 0. /o Parameter (the ratio of
yield stress of biaxial compression to
uniaxial compression)

O'Lh({ (20)
o
_ z (0 728 — 0.749>
0.132k. [\ ke
+ \/<0.728 - 0'749)2 + 0.03
k, k2

C) ™ Parameter (Dilation angle of
concrete)

(21)
Y =1po(1 = ayAsy — bydpr)

1, Dilation angle for normal concrete

ay . Constant parameters achieved from
laboratory researches which were equal to
0.861.

by, : Constant parameters achieved from
laboratory researches which were equal to
0.097.

5.Verification

Figure 2 exhibited the load-displacement
diagram of a sample containing fibers-free
concrete and fiber-reinforced concrete
extracted from the article [24]. The
horizontal axis indicated the displacement in
the center of the segment mouth in
millimeters, and the vertical axis represented
the amount of load in kN.
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Figure 2. Load-displacement diagram of a
sample containing fibers-free concrete and
fiber-reinforced concrete

Figure 3 revealed the load-displacement
diagram derived from the ABAQUS
software for the fiber-free concrete sample.
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Figure 3. Load-displacement diagram derived
from the ABAQUS software for the fiber-free
concrete sample.

The load-displacement diagram obtained

from the software for the fiber-reinforcement

concrete sample was observed in figure 4.
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Figure 4. Load-displacement diagram obtained
from the FE software for the fiber-reinforcement
concrete.

Figure 5 was related to a comparison of the
load-displacement diagram extracted from
the paper and the software for the sample
containing fiber-reinforced concrete. The

blue curve represented the output of the
software, and the gray diagram was
attributed to the results of the paper, which
were observed with the same behaviors.
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Figure 5. Comparison of the load-
displacement diagram extracted from the
referenced article and FE software for the

sample containing fiber-reinforced concrete

6. Studied Tunnel

The selected tunnel for this study was the
water transmission tunnel of Amirkabir Dam
to Tehran refinery no. 6. This tunnel passed
through different rock masses, which most of
them were made of igneous rocks. The
desired section was selected at 2600 km. The
height of overburden in this section was 40
m. The physical characteristics and rock
mechanics of this section were showed in
table 5.

Table 5. Strength properties of rock mass for

the desired section based on design
consultant studies

Fricti  Adhesi  Poisso  Modulus Special charac
on on n's of weight teristic
angle ratio deformab S

ility
Degre  MPa - GPa Kg/m? Unit
e
49.6 1.35 0.25 6 2700 Value

The bored section of this tunnel was in the
shape of a circle. The radius of this tunnel
was equal to 1.95m. Segmental lining, along
with six-segment pieces (5+1) was used as a
maintenance system. The properties of the
segmental lining were presented in tables 6,
7, and 8. The parameters of the prefabricated
concrete parts were derived from the design
consultant studies, and the contact surface
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parameters between the segment and the Normal Gpa/m 4
surrounding environment and between the  stiffness

two segments were mainly came from
resources [30].

7. Reviewing the Results of the analysis of

Table6. Properties of prefabricated concrete the tunnel rings containing longitudinal

parts (segments) for the desired section based

on the design consultant studies [30] Joints
Specification  Unit Value A) Reviewing Stress Changes
Special weight ~ Kg/m*® 2500 This part investigated the main stress, which
Modulus of GPa 30.2 was the representative of compressive and
deformability tensile stresses for 0, 0.7, 1, and 1.5
percentages of polypropylene fibers under
Poisson's ratio - 0.2 seven earthquake records as displayed in
blue, red, gray, and yellow, respectively.
Adhesion MPa 55 Crushing was known as the major (85%) part
Friction angle  Degree 55 of the compre_ssive stress adapte;d to the
o software. In this paper, compressive stress
Uniaxial MPa 40 on the software was considered to be 40
COMPressive MPa, and the crushing stress 34 MPa. These
strength given compressive stresses were reviewed
based on the conducted test at Amirkabir
Uniaxial MPa 3.2 University. It was understood that tensile
tensile stress was equal to 0.1-0.07 compressive
strength strength, which here was equal to 3.2 MPa.

Table 7. Properties of the contact surface
between the two segments for the desired
section based on the design consultant studies

[30]
Specification  Unit Value
Adhesion MPa 0.75
Friction angle  Degree 45
Shear stiffness Gpa/m 12.58
Normal Gpa/m 16.7
stiffness Figure 6. Position of longitudinal joints of the

tunnel ring

Table 8. Properties of contact surface between

segment and surrounding environment for Figure 7 shows the comparison of

the desired section based on the design compressive stresses of the tunnel-ring in the
consultant studies [30] percentage of different fibers under the seven
Specification  Unit Value earthquake records. Generally, adding fiber

with any percentage to concrete under the
seven earthquake record resulted in the
Frictionangle  Degree 35 reduction of the compressive stress of the
tunnel-ring, which was due to state that some
parts of the concrete cracked in 0% of the
fibers and unloading share of the parts
increased. By adding fibers, the parts that

Adhesion MPa 0.6

Shear stiffness  Gpa/m 2.4
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were cracked in 0% fibers would no longer
crack, and other parts of the concrete would
participate in unloading, and their share of
the unloading would be lessened, leading to
the less compressive stress of ring. The
maximum compressive stress for concrete
with 0% fiber was observed in the Kocaeli
earthquake. The maximum compressive
stress was attributed to concrete with 1.5%
fibers under Kocaeli earthquake and was
equal to 38.47 MPa, declaring that the
concrete, in this case, was involved in
compressive crushing.
0

H 30 Hl }
i | |
Eoow ‘
v | | |

kobe Aqgaba ‘Kocaeh iandﬂz Sanfernando uTaka.\ Lanud:{d
uPFRC- 0% 50.1 3443 64.96 3441 35.67 36.3 35.50
aPFRC-0.7% 3112 21.83 36.84 251 188 27743 209
PFRC- 1% 34.76 2153 33.81 13 19.11 2193 2088
PFRC-15%  30.3 2134 3847 2082 219 2.7 21.66
Earthquakes

Figure 7. Comparison of compressive stresses
at longitudinal joints of the tunnel-ring under
seven earthquake records

A comparison of the tensile stresses of the
tunnel-ring at different percentages of fibers
under 7 earthquake records has been done. In
5 out of 7 earthquake records, tensile stress
minimized by adding fibers to concrete, the
reason for which was as same as the reason
mentioned for previous compressive stress.
But after adding fibers to concrete, tensile
stress increased in the Agaba and Kocaeli
earthquakes. The maximum tensile stress
was related to concrete with 1.5% fiber under
the Kocaeli earthquake, and its value was
equal to 2.61 MPa. Since this value was less
than 3.2 MPa, it was represented that the
concrete was not involved in tensile
cracking.

{1
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|
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T
o
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PFRC-0.7%  2.058 1.726 2455 1.793 1522 1.927 1.855
PFRC- 1% 2124 1.726 2.405 1.763 1.526 1.978 185
PFRC- 1.5% 1.99 1727 261 1.735 1.613 191 1854
Earthquakes

Figure 8. A comparison of the tensile stresses
of the tunnel-ring at different percentages of
fibers

B) Reviewing the Failure

Figure 9 displayed a comparison of the
compressive failure of a tunnel-ring under
seven earthquake records. In 6 of the 7
earthquakes imposed on the structure, the
addition of fibers reduced the compressive
failure. The maximum compressive failure
in concrete with 0% fiber was under the
Kocaeli earthquake, and its value was equal
to 0.0001863. This value was less than the
0.97 failure given to the software, and the
concrete was not involved in compressive
crushing. The minimum compressive failure
was related to concrete with 0.7% fiber under
Sanfernando earthquake and was equal to
0.00000001504. This slight value of
compressive failure declared the suitable
impact of adding fibers to the intended
structure.

00002
o 00018
g 000016
g oo
A omon
B 000l

@
@

3

.

AAqaba Kocaeli SEnfemandc Tabas Trinidad
0.00003794 0.0 3 0.00004833  0.00002947
1.504E-08  0.00001253
0004509 0.000013
)02 | 0.000003963 0.00001431 0.0

Earthquakes
Figure 9. Comparison of tunnel-ring

compressive failure in different percentages
of the fiber under 7 earthquake records

Con
=

PFRC-1%
PFRC-1.5% 0.00001306

0.000002481 ~ 0.00003704

Figure 10 respected a comparison of tunnel-
ring tensile failure in different percentages of
fibers under 7 earthquake records. The
addition of fibers in all earthquakes showed
a downward trend in tensile failure. The
maximum tensile failure occurred in
concrete with 0% fiber under the Kocaeli
earthquake, the value of which was 0.9663
and was a bit less than the value of 0.96632
given to software. This represented that the
concrete in this case was exposed to tensile
cracking. The minimum tensile failure was
seen in concrete with 0.7% fiber under
Sanfernando earthquake, which was equal to
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0.2123. This reduced value of tensile failure
exhibited the suitable impact of adding fibers
to the structure.

Tensile Damage
=

X I |
kobe Agaba Kocael Landers | Sanfernando Tabas Trinidad
uPFRC- 0% 0.9654 0.8441 0.9663 09356 0.835 0.8366 0.8715
sPFRC-0.7%  0.1086 0.04182 0.1652 0.04993 212 0.09377 0.04673
PFRC- 1% 0.1041 0.04129 0.1673 0.04244 0.03784
PFRC-1.5%  0.08133 0.03918 0.2037 0.03541 0.03993
Earthquakes

Figure 10. Comparison of tunnel-ring Tensile
failure in different percentages of the fiber
under 7 earthquake records

8. Examining the Results of Tunnel-Ring
with Longitudinal joints

As previously mentioned, 6 prefabricated
concrete pieces (5+1) were considered, and
their arrangement position was represented
in figure 17. The longitudinal joints were
numbered from 1 to 6, respectively, and the
sequences would be the same until the end.
The joint 1 was the first joint at the top right.
6 contacts were considered at the contact
surface between the two segments as well as
1 contact at the contact surface between the
segments and the rock (peripheral joint).
This part examined the effect of adding
0.7%, 1%, and 1.5% fibers on the results of
the time-history analysis, which was
consisted of shear stress, normal stress, shear
displacement, and normal displacement, for
longitudinal joints of a tunnel-ring.

A) Investigating Changes in Normal Stresses of
Longitudinal Joints

The conducted studies stated that the normal
stress of the joints in 5 of the 7 earthquakes
in most joints (at least 4 joints out of 6 joints)
was in the maximum state of 1.5% fibers,
showing the very suitable effect of fibers
with volume percent of 1.5 on normal stress
of tunnel-ring longitudinal joints. The
maximum normal stress of the tunnel-ring
joints in joint 3 occurred in the case of 1.5%
fibers under 6 of the 7 studied earthquakes,

indicating the sensitivity of the joint 3 for
normal stress.

Figure 11 was attributed to a comparison of
the maximum normal stress of joint 4 under
the Kobe earthquake and joint 3 under the
other earthquakes in the case of 1.5% fiber.
It was deduced from this diagram that the
maximum stress of the tunnel-ring joints
under the Kocaeli earthquake was more
considerable than that of other earthquakes.
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Figure 11. Comparison of the maximum

normal stress of joint 4 under the Kobe

earthquake and joint 3 under the other
earthquakes in the case of 1.5% fiber

B) Investigating the Changes in Shear Stresses
of Longitudinal joints

The conducted studies showed that the shear
stress of the joints in 5 of the 7 earthquakes
in most joints (at least critical ast 4 joints out
of 6 joints) was in the maximum state of
1.5% fibers, indicating the very suitable
effect of fibers with volume percent of 1.5 on
shear stress of tunnel-ring longitudinal
joints. The maximum shear stress of the
tunnel-ring joints at joint 4 was in the case of
0% fiber under 2 earthquakes, in the case of
1.5% fiber under 3 earthquakes, and totally it
was maximized for 5 earthquakes.
Moreover, this parameter was in the
maximum state in joint 3 in the case of 0.7%
fibers under 1 earthquake, in the case of
1.5% fibers under 1 earthquake and totally
under 2 earthquakes. These values
represented the sensitivity of the joints 4
relative to the other joints for shear stress.
Figure 12 was attributed to the comparison
of maximum shear stress of joint 4 under
Sanfernando and Tabas earthquakes in 0%
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fiber and under Kobe, Agaba and Trinidad
earthquakes in 1.5% fiber and maximum
shear stress of joint 3 under the Kocaeli
earthquake in 1.5% fibers and under Landers
earthquake in 0.7% fibers. It was referred
form this diagram that the maximum shear
stress of the tunnel-ring joints under the
Kocaeli earthquake was more considerable
than that of other earthquakes.
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Figure 12. Comparison of maximum shear
stress for the critical joint under earthquakes

C) Investigating the Von-Mises Stress of
Longitudinal Joints

In the case of elements under normal and
shear stress, Von-Mises stress was
considered to be used in examining the
stress. The Von-Mises stress relation for
two-dimensional mode was as follows [31].
oy (22
)

1
) \/E [(011)2+(—011)%] + 3(012%)

In the above relation, o, and o,, were
normal stress and shear stress, respectively.
Figure 13 displayed a comparison of Von-
Mises stresses under 7 earthquake records
for joint, which had a maximum Von-Mises
stress under the influence of fibers. In 6 of
the 7 given earthquakes to software, the
maximum Von-Mises stress was observed at
joint 3. With respect to the Japan Civil

Engineering Association, stresses, after
altering tunnel-ring from integrated to
segmental, would be minimized at the
formation position of longitudinal joints.
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©
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Figure 13. Comparison of Von-Mises stresses
under 7 earthquake records for the critical
joint

D) Investigating Changes in the Normal
Displacement of Longitudinal Joints

Figure 14 illustrated comparison of the
maximum normal displacement of tunnel
critical joints under 7 earthquake records.
This comparison was taken place at joint 4 in
the case of 1.5% fibers under Kobe
earthquake, at joint 6 in the 0% fibers under
Agaba earthquake and joint 3 in the 0%
fibers under Landers earthquake, the joint 3
in 0.7% fibers under Trinidad earthquake,
and joint 3 in 1.5% fibers under the other
earthquakes. It was cleared in this diagram
that the maximum normal displacement
occurred under the Tabas earthquake.
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Figure 14. Comparison of the maximum
normal displacement of tunnel critical joints

E) Investigating Changes in  Shear
Displacement of Longitudinal Joints

Figure 14 is related to a comparison of the
maximum shear displacement of the tunnel
critical joints under 7 earthquake records.
This comparison was for joint 1 in the case
of 0% fibers under the Kobe, Agaba, and
Landers earthquakes, and joint 1 in the 0.7 %
fibers under the other earthquakes. This
diagram showed that the maximum shear
displacement was observed under the Kobe
earthquake.
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Figure 15 revealed the maximum shear
displacement history of joint 1 in the case of
0% fibers.

9. Having an Eye on ACI 544.7R-16
Regulations

The ACI 544.7R-16 [32] regulation
attempted to study various factors involved
in the design and construction of tunnels by
means of prefabricated concrete segments.
One of these factors was the application of
fiber-reinforced concrete. One part of this
regulation dealt with the manner of drawing
an moment-force diagram of the longitudinal
joints of the tunnel under different
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compressive and tensile strengths of fiber-
reinforced concrete.

A) Investigate the Moment-Force Diagram of
Longitudinal Joints

The following figure indicated the whole
diagram of the moment-force for a
longitudinal joint. In this figure, the diagram
was portioned into three areas where each
area was observed with its own relations.
These three areas are presented by points A,
B, and C.

The following part securitizes the analytical
relations related to the moment and force of
the points existed in the above figure and the
equations related to the areas in the figure
[28].

Point A(Fig 4-1):

Py = 0.85f.A; = 0.85f.bh (23)
P,(max) = 0.8P, —» B, (24)
= 0.68f.bh
¢ = 0.7 > @B, = 0.476f.bh (25)
oM, =0 (26)

The above relations were achieved for three
fibers with the percentages of 0.7, 1, and 1.5
and compressive strengths used in the
software and the characteristics of the water
transmission tunnel of Amirkabir Dam.

PFRC 0.7%:

fc =41.1 Mpa,b = 250mm ,h
= 1200mm - @P,
= 5869.08 kN

PFRC 1%:

fc =43.11 Mpa ,b = 250mm , h
= 1200mm — P,
= 6156.108 kN

PFRC 1.5%:

fc = 44.77 Mpa ,b = 250mm , h
= 1200mm — P,

= 6393.156 kN
Point B(Fig 4-1):
bh c—h (27)
Cc = fc7<1 + c )
P, = C. = 0.68f.bh (28)
bh
=t (1
c—h
+ ) - C

c—h

0.562
fhot = c fo=

~1.562 fe
= 0.36f,
_ h(2x0.36f +f,)
Ye = T3(F. + 0.36f)
_ 1.72hf,
"~ 4.08f,
= 0.421h
_ (1+036)f,

Ce = =————bh = 0.68fbh
h
M, = CC(E_YC) =
0.68f.bh (% — 0.421h) =
0.68f,bh(0.78)
M, = 0.053f.bh?; @ = 0.7
- oM,
= 0.037f.bh?

~ Y

PFRC 0.7%:

fc =411 Mpa,b = 250mm ,h
= 1200mm - @B,
= 5869.08 kN

oM, = 547.452 kN.m

PFRC 1%:

fc = 43.11 Mpa ,b = 250mm , h
= 1200mm - @P,
= 6156.108 kN

oM, = 574.2252 kN.m

PFRC 1.5%:

fc = 44.77 Mpa ,b = 250mm , h
= 1200mm - @P,
= 6393.156 kN

oM, = 596.3364 kN.m

Point C(Fig 4-1):

bh
Cc=fc7
bh
Pn=CC—>Pn:fC7;<p=O.7

=

oP, = 0.35£.bh

h h h
= (5-3) = (5)

_JC 112
= 12 bh® -
oM, = 0.058f.bh?

PFRC 0.7%:

(29)

(30)

(31)

(32)

(33)

(34)

(35)

(36)
(37)

(38)
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fe =41.1 Mpa,b = 250mm ,h
= 1200mm — @P,
= 4315.5 kN

@M, = 858.168 kN.m

PFRC 1%:

fe = 43.11 Mpa,b = 250mm , h
= 1200mm — @P,
= 4526.55 kN

oM, =900.1368 kN.m

PFRC 1.5%:

fc =44.77 Mpa ,b = 250mm , h
= 1200mm - P,
= 5641.02 kN

oM, = 934.7976 kN.m

Zone 2(Fig 4-1):

X \bh (39)
Pn=Cc=fc(1+x+h)7; @
=0.7
_ () (G _ (40)
Y T Serite)  3(14)
E(3x+h)
3 (2x+h)
h
M, = C, (; - yc) = (41)
2x+h\ bh? (1 3x+h
fe (x+h)7(5_ 3(2x+h)) 9=
0.7
Zone 3:
h—vy)b 42
RO @)
- Pn = Cc - Ct
fe(h—y)b (43)
b, =T—apyb; ©Op
= 0.34f7P
y h h—y 44
o= (3+g)+a (%) o
h—y\(y h (45)
My =fc( 2 )(§+€)b

h—y
+opyb ()

fP in the above relation was representative
of the concept of tensile stress.

The maximum normal stress in the
longitudinal joints of the selected section of
the Amirkabir tunnel was attributed to the
joint 3 under the Kocaeli earthquake.
Moment-force diagram was prepared for the
percentages of 0.7, 1, and 1.5 of fibers for

this joint through software output and the
presented relations. Then, A, B, and C points
were achieved. In order to fully draw the
diagram, the point force should be gained, in
which the moment point was equal to zero.

PFRC 0.7%:
fe =41.1 Mpa,b = 250mm , h
= 1200mm,

a, = 0.1866 N/mm2 M, =0
-y =1200 - P, = —55.98 kN
fP =352 N/mm2 - @, = 1.196 -

@B, = —66.952

PFRC 1 %:

fe =43.11 Mpa ,b = 250mm , h
=1200mm,

a, = 0.1943 N/mm2 M, =0
_a2¢eN _
fP =36 /mm2 - @, =1224 -

P, = —71.346

PFRC 1.5 %:

fo =44.77 Mpa ,b = 250mm , h
=1200mm,

o, = 02165N/ . M, =0
-y =1200 - B, = —64.950 kN
— N =
fP =3.669 /mmz - @, = 1247 -
@P, = —80.992

Figure 16 indicated the anchor-force
diagram of the joint 3 under the Kocaeli
earthquake at different percentages of fibers.
Given the figure, an increase in the fiber
percentage made the diagram to be more
open, and finally, the joint would be more
resistant to more forces and moments. The
joint in the points out of the diagram would
be exposed to failure. The joint under the
points inside the diagram was safe from
failure, and the joint under the points on the
diagram would be at risk of failure. The
moment in the points placed on the vertical
axis was 0, and the joint was put under a pure
axial load.
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Figure 16. Moment-force diagram of the
joint 3 under the Kocaeli earthquake at
different percentages of fibers

Conclusion

Rebars of grade 8 and 10 have been used to
model the validation model, and according to
the graphs of the article, the maximum
displacement of the middle of the sample
opening was 30 cm, and this displacement
value has been applied in the model. The
maximum force tolerated in the middle of the
opening of the FE model for concrete
without fibers was about 200 kN, which
corresponds to the value of the diagram in
the article. The maximum force tolerated in
the middle of the opening of the software
model for fiber concrete was about 220 kN.
This value in the diagram of the article for
fiber concrete was about 210 kN. As a result,
the output obtained from the FE analysis was
in good agreement with the output of the
article for FRC.

Since the longitudinal joints were barely
under shear, it is desirable that the fibers
work more to reduce the normal
displacements, which could be deduced from
the results.

Due to the fact that in most of the examined
parameters, the best possible state for the
coating and longitudinal joints occurred for
the state of 1.5 percentage of fibers, it could
be concluded that the use of fibers with such

volume percentage could be more suitable
than other percentages of fibers.

By examining the relationships of ACI
544.7R-16 regulations and illustration of the
moment-force diagram of joint No. 3 under
the Kocaeli earthquake, it was concluded
that the more the percentage of fibers
increases, the wider the diagram could occur,
as a result, the joint can withstand more force
and moment.
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