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ABSTRACT: In this study, the replacement of fibers with reinforcements of tunnel-reinforced concrete
segments has been optimized using the method of the genetic algorithm by five fibers of steel, carbon,
aramid, glass, and polypropylene, respectively. As an example, two steps of optimization of the Tehran
metro, line seven, have been studied for this purpose. In the first step, the appropriate geometry is
selected for the arrangement of the optimized ring reinforcements. The results showed a 62% removal
of reinforcements. In the second step, the separated optimal percentages of all five types of fibers and
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the combination of steel fibers and polypropylene are expressed. Also, for a more accurate simulation of  Keywords:

modeling the plastic part of the segment, the results of two methods have been validated, including CDP

Optimization

(concrete damage plasticity) and Brittle Cracking. According to the genetic algorithm, the optimized

percentage for steel fibers is 1%, aramid fibers 3%, glass fibers 3%, carbon 1.1%, polypropylene 0.2%,
and the composition of steel fibers 1% with 0.1 polypropylene is determined, as well.

Genetic algorithm
Tunnel

Fiber concrete

1- Introduction

Tunnels are underground structures that are drilled for
ease of transportation. After a long history of tunneling,
tunnels with reinforced or unreinforced prefabricated concrete
segments have become common in the last century. The
replacement of bars with steel and non-steel fibers became
more significant in tunnel concrete segments due to the
executive difficulties and increase in tensile strength. Fiber-
reinforced concrete structures were developed extensively in
the last century due to the increase in tensile and compressive
strength, toughness, durability, and decrease in the drop,
resistance to wear and corrosion, etc. Fiber-reinforced
concrete can improve many functions in tunnel cover. Hence,
many tunnels have been constructed by using fiber-reinforced
concrete segments in recent years. Today, the performance
of tunnels against various loads has been improved by using
steel fibers along with four fibers of carbon, aramid, glass,
and polypropylene. The ACI544 7R [1] and ACI544 &R [2]
are widely used to help the optimization of steel fiber tunnel
reinforcement. The study of RILEM TC 162-TDF [3] and
[4] Model Code 2010 regulations is also recommended for
fiber-reinforced concrete segments. The widespread use of
fiber-reinforced concrete with steel fibers (SFRC) has been
common in the world since 1970. The main reason for using
fibers in concrete is to control concrete cracks and delay the
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formation of primary concrete cracks. In 1994, Moysen et
al. [5] developed the use of steel fibers in tunnels as a new
research method. They compared plain concrete and steel fiber
reinforced concrete and concluded that the addition of steel
fiber increased the bending capacity of tunnel concrete. Also,
the combination of steel fibers and reinforcement gives the
best results in improving the bending performance and axial
forces. In 2009, Chiaia ef al. [6] studied the combined use of
reinforcement and steel fibers in an integrated manner (not as
a prefabricated tunnel). By examining the underground tunnel
in Italy, they concluded that the excessive increase of steel
fibers, along with the significant reduction of concrete cracks,
caused the reinforcement and concrete to slip, which reduced
the tensile strength of reinforced concrete. In 2011, Molins [7]
conducted a numerical and experimental study of composite
segments of reinforcement and steel fibers. They performed
their experiments on real rings and loaded 15 life-size ring
tunnels. They conducted real tests on the rings and placed 15
true-size rings under load. Then, the results were compared
with experimental data. In the same year, Fuente et al. [§]
increased the percentage of optimal reinforcement to 38% by
adding 25 kg / m2 of steel fibers and verifying the numerical
results obtained from ABACUS software in the laboratory. In
2014, Tiberti et al. [9] numerically optimized the tunnel of
all the old reinforcement for steel fiber reinforcement. They
modeled and simulated an old tunnel built with reinforcement,
leaving only reinforcements close to the ground in the ring
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unchanged. Then, more than 50% of the upper and side
reinforcements of the tunnel were removed and compensated
with metal fibers. In 2014, Li ef al. [10] optimized reinforced
concrete slabs with carbon fiber-reinforced polymers using
the numerical density method and topology optimization.
They reduced and optimized concrete slab reinforcements
based on increasing the load-bearing capacity by carbon
fiber design. Also, their method for optimizing other concrete
structures with reinforcement can be generalized. In 2016,
Carmona et al. [11] examined the Barcelona 9 line for
laboratory research into the actual distribution of steel fibers
in the segment. The results showed that the accumulation
of fibers in the corners and the lower surface of the arch is
more than in the middle and upper surfaces of the arch. In
2017, Meng et al. [12] examined the connections of tunnel
segments. They concluded that the flexural strength of
segments made of steel fibers is higher than purely reinforced
specimens. They also found that the initial crack appeared
much earlier in all samples reinforced by steel bars. Cartley
et al. [13] proposed the use of glass reinforcement instead
of steel in tunnel prefabricated segments. The advantage of
the mentioned reinforcements is the increase in corrosion
resistance compared to steel reinforcements, which are
also suitable for making dielectric connections. The most
significant issue in this study is the increase in the estimated
economic costs compared to steel reinforcement. In 2020,
Al-Wasabi et al. [14] investigated the impact strength of a
mixture of steel fibers and polypropylene. In this study,
concrete specimens were subjected to a slow hammer fall
test. They found that concrete made of 0.9% polypropylene
fibers and 0.1% steel fibers increased the impact strength
of concrete tenfold compared to plain concrete. They also
concluded that with the increase of concrete particles, the
impact resistance of concrete increases, and the compressive
and tensile strength of fiber-reinforced concrete decreases.
In 2020, Tengilimoglu et al. [15] investigated the effect
of synthetic fibers and polypropylene along with tunnel
segment reinforcements on a real scale. By constructing 14
tunnel segments made of synthetic fibers and polypropylene,
they found that polypropylene fibers, although capable of
splitting and controlling tensile stresses, were not able to
control flexural stresses properly if used alone and without
reinforcement. They found that if synthetic fibers were used
in combination with polypropylene fibers, better results
could be obtained than in the case of reinforcement and
polypropylene fibers in the form of only flexural stresses.
In 2020, Guo ef al. [16] investigated carbon fiber-reinforced
concrete at high temperatures. Additionally, Vivas et al. [17]
investigated the impact strength of concrete made of glass,
polypropylene, and metal fibers separately. They found that
there was a relationship between static residual stresses and
impact strength in concrete.

In this research, seven different mixing designs have been
made for concrete by changing the length of carbon fibers
and the volume percentage of fibers. The results show that
the addition of carbon fiber at high temperatures increases the
flexural strength of concrete while having a limited effect on
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the compressive strength of concrete. The results of this study
showed that the small cracks of glass fibers, the large cracks of
polypropylene fibers, and the pre-and post-cracking recovery
in concrete steel fibers have shown better performance. In this
research, with the help of a genetic algorithm and simulation
in ABACUS, 62% of tunnel segment reinforcements have
been removed and replaced.

2- Genetic Algorithm Optimization

The task of the optimization module in the ABACUS is to
optimize the geometry of the structure to reduce materials and
reduce costs [18]. The mechanism of the genetic algorithm is
that a set of response points in each iteration moves toward
the optimal solution. This answer is not necessarily the best
possible answer, but the process of the algorithm converges
toward superior answers. The completion of the algorithm
is also defined either by defining the number of selected
cycles or continuing the cycle until convergence is achieved
in the results. In this study, first, according to ACI544-7R
regulations and reputable scientific authorities to remove
reinforcement that does not withstand high flexural and
tensile stresses by the roulette cycle in the genetic algorithm,
the chances of areas that are less involved with tunnel loads
are lower and they are considered the delete option is included
in the algorithm. On the other hand, the chances of segmental
side reinforcements are defined in such a way that the initial
population of the genetic algorithm is selected more than
these areas. This part of the process optimization of geometry
defined segment. Superior geometry is the geometry that has
the most reduction of the reinforcement and also the final
interaction curve of the ring is within the allowable range of
ACI544-7R [1]. According to the mentioned condition, two
geometries have been selected for the arrangement of the
reinforcements, which represent the elimination of 62% and
70% of the segment reinforcements. Then, five steel fibers,
glass, aramid, carbon, and polypropylene, which are resistant
to tensile and flexural stresses, have been used to compensate
for the removal effects of the reinforcement. Hence, the
volume percentage of all fibers from zero to three percent
with steps of 0.1 percent is considered. Therefore, for each
fiber, there are 30 selected chances. The algorithm considers
zero percent volume fibers and compares the interaction
curve created by the optimal segment with the ACI544-7R
code. If the interaction diagram is not within the regulations,
one-tenth of a percent could increase the volume percentage
of the fibers until the interaction curve is within the allowable
range. For the combined state of polypropylene and steel
fibers, the lowest volume percentage is considered for these
two fibers. Hence, the interaction curve of the fabricated
ring is within the allowable range of ACI544-7R. In addition
to the chance of selecting fibers, there is also the chance of
selecting superior geometry, which together makes up the
initial population of the genetic algorithm of the present
study. For example, in the fiber combination mode, the
algorithm selects a geometry and then randomly selects two
percent of the volume of the two fibers. Then, it examines the
condition for checking the interaction curve with ACI544-
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7R. If not allowed, the next geometric arrangement and a
different volume percentage (between zero and three percent)
are selected for both fibers. This chromosome (chance of
selection) is selected if it is within the allowable range. This
cycle is done until 6 parents are created. Now that the initial
population is formed, randomly selected parents give birth.
In this way, two parents from the initially selected population
randomly transfer some of their characteristics to the child.
The offspring have a geometric arrangement of reinforcement
and the percentage of fibers selected by their parents at
random. The permissibility of the children’s interaction curve
is then compared with ACI544-7R. This cycle will continue
until the 6 accepted children are identified. Finally, some of
the characteristics of the selected children are mutated and
changed. This cycle also continues until the selection of 6
allowed chromosomes. The lowest percentage of composite
fibers that can be within the allowable range of the interaction
curve of ACI544-7R is known as the superior chromosome.
To take a closer look at the research process, a flowchart
of Fig. 1 is drawn, which includes the steps and operators
mentioned.

3- Methods of operation
3- 1- Fiber Examination

A) Steel fibers: The high strength and modulus of the
steel because these fibers have a good performance against
impact loads. The tensile strength of steel is estimated at 345
to 2100 MPa. The only significant weakness of steel fibers is
the possibility of corrosion. Due to the alkaline environment
of the cement matrix and the use of stainless steel, this
problem can be solved. The strength of these fibers against
bending is also acceptable according to standard tests.

B) Glass fibers: The most famous common glass fibers
used in concrete can be seven types: A-Glass, S-Glass,
E-Glass, R-Glass, Z-Glass, D-Glass, and AR-Glass. Among
these fibers, the E-Glass type with a tensile strength of about
350 MPa and Young modulus of about 572 GPa, and the
S-Glass type, with a tensile strength of about 33.1 times that
of the E-Glass type and Yang modulus of about 96 GPa, have
the most applications in concrete.

C) Polypropylene fibers: Polypropylene (PP) fibers are
not suitable for use alone in concrete against various loads due
to their melting point and low modulus of elasticity. However,
the combination of a small percentage of polypropylene
fibers with steel fibers has reported satisfactory results. The
advantages of these fibers include high resistance in acidic
and alkaline environments.

D) Aramid fibers (a special type of nylon fiber): Aramid
fibers have the brands Kevlar and Nomex. The advantages of
these fibers include high heat resistance and high strength of
these fibers. Also, the modulus of elasticity of these fibers in
the direction of the fiber axis is very high. Disadvantages of
these fibers include their low shear modulus.

E) Carbon fiber: The advantages of carbon fiber include
high Young modulus (up to about 700 GPa), high thermal
resistance, low weight, and high resistance in an alkaline
environment. An important point in carbon fibers is the high
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cost of these fibers compared to the other fibers.

The mechanical properties of steel, glass, polypropylene,
aramid, and carbon fibers are compared in Table 1, one by
one [19-24].

Two important parameters for selecting fibers in concrete
according to ASTM A820 [21] are high tensile and flexural
strength. For this reason, these fibers have been selected for
use in tunnel rings.

3- 2- Investigation of the concrete plastic part simulation
method

In this study, a tunnel segment designed in ACI544-7R
is drawn in a laboratory and modeled in ABAQUS software
for validation. After applying different modules, the force-
displacement curve between the segments is compared with
numerical work. The designed segment is the work of Gettu
et al. [23], who in 2004 placed the Barcelona Line 9 segment
in the form of all-metal fibers with complete removal of
reinforcement under a three-point bending test. This segment
is a 48-degree segment of the 9th line of Barcelona, 7.4 meters
long and 8.1 meters wide, which is 0.35 meters thick. In the
simulation of the present study, the displacement-control
method has been used to obtain the necessary force. Both
CDP (concrete damage plasticity) and Brittle Cracking have
been used to examine the force-displacement curve as closely
as possible to assign plasticity properties. In CDP the force-
displacement curve of the drop section is not shown because
the elements are not removed, but in the Brittle cracking
model, the drop section is also modeled. The advantage of
the CDP model is that it applies to the application of soil
geostatic stresses. The simulation images of this section are
shown in Fig 2.

The force-displacement output for the model simulated
by the CDP method and the model simulated by the Brittle
Cracking model is shown in Fig 3. As shown in Fig. 3, in the
Brittle Cracking model, the final drop section of the diagram
is also consistent with the Gettu laboratory work. In the CDP
model, it is not compatible with the laboratory work of the
Gettu because it does not remove the corroded elements of
the drop section. As illustrated in Fig. 3, to compare and
evaluate the accuracy of results obtained from the present
simulation with reference [24], the results obtained from the
force-displacement curve in two CDP and Brittle Cracking
models, are plotted with the results of the Gettu work.

As shown in Fig. 3, the CDP model failed to validate
properly with the reference experimental work [23], but in
the Brittle cracking model, the maximum tolerable load of the
segment and the maximum displacement obtained are close
to the laboratory results. The results of the two simulated
models with the reference are compared in Table 2 [23].

According to Table 2, in the Brittle cracking model,
the total error rate is 5%. Considering that the reference
[23] is experimental research and the present simulation is
numerical and has been examined from two different analyses
of this segment and in the Brittle cracking model, like the
experimental results, the drop section of the graph has been
simulated, it seems that the obtained results can be cited. In
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Table 1. Comparison of mechanical properties of fibers [19-25].

Fiber Tensile Modulus of Poisson's Specific Diameter Eloncation
properties strength (GPa) elasticity (GPa) ratio density (micrometers) g
Steel 0.5-2 200 0.28 7.84 5-500 0.5-3.5
Glass 2-4 70-80 0.22-0.25 2.6 9-15 2-3.5
Polypropylene 0.45-0.76 3.5-10 0.29-0.46 0.9-0.95 20-400 15-25
Aramid 2.3-35 63-120 0.32 1.44 10-12 2-4.5
Carbon 2.5-4 230-380 0.35 1.6-1.7 8-9 0.5-1.5
Y
A . Y
X z’t‘x
(a)
U, Magnitude y S, Mises
gyt ' (Avg: 75%)
+1.042e-02 7 +5.082e+06
+9.3766-03 S 46590406
+6.3360-03 +4.237e406
0 - 436140408
21008 12 Seaton
bepirarcd +2.5450406
+2.084-03 21226406
+1.0420-03 7 +1.700e406
+0.000400 / +1.277e406
/ +8.540e405
43126405
483562403
X YY g:::' ’sou:;ziﬂdb Abaqus|Explicit 3DEXPERIENCE R2018x  Fri Jun 12 16:40:40 Iran Daylight Time 202 ! °£“5’s°t§"’1'°"b Abaqus/Standard 3DEYPERTENCE R2018x FriJun 12 16:10:29 Iran Daylight Time 2
Increment  5089: Step Time = 1000 "X Incr%meng 11: Step Time = 0,2635

Primary Var: U, Magnitude

(©) (d)

Fig. 2. Barcelona 9th line segment simulation a) Mesh generation b) Boundary conditions c) brittle cracking
model d) output image.
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Fig. 3. Comparison of results with reference [23].
Table 2. Comparison of Reference Segment Validation Results [23].
Maximum Maximum Percentage of Maximum
Model . . . . Percentage of
tvoe sustained load displacement maximum load displacement error total error (%)
yp (KN) (mm) error (%) percentage (%) °
CDhP 580 14 3 54 28.5
Brittle 630 8.8 7 3 5
cracking

the continuation of the simulation, the Brittle cracking model
is used to model the nonlinear part of the segment and the
ring.

4- Verify

It is first necessary to simulate a ring designed with
reinforcement and without fibers, and after simulating and
applying geostatic loads caused by soil, to optimize the ring
reinforcements used in Tehran Metro Line 7. According to
Fig. 4a, the ring was created by six segments with an angle of
85.56 and a key segment with an angle of 90.18 (the ring used
in the seven metro lines of Tehran). Table 3 shows the ring
of Tehran Metro Line 7 by three layers of soil with different
specifications. The geometric characteristics of these three
soil layers are shown in Fig. 4b. To apply the loads caused by
geostatic stresses of the soil in the loading part, these details
are necessary and have been used in the present study.

A complete and accurate reinforcement plan is needed to
simulate aring. Hence, this study is based on the reinforcement
plan of Tehran Metro Line 7. According to Fig. 5, three
types of reinforcement are used as composed of transverse,
longitudinal and vertical. The diameter dimensions are
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illustrated in Fig. 5. The distance between the longitudinal
reinforcement is 100 mm, and the transverse reinforcement is
133 mm. Also, the length and width of each segment are 4350
by 1500 mm [24].

After examining the characteristics of the tunnel segment,
the ring is reinforced, and the soil of Tehran Metro Line 7
is studied, which is a sample model of this research for the
optimization process. Additionally, the modules expressed in
this chapter were applied to simulate the Tehran Metro Line
7 ring. In the part module, the key segment and six segments
were drowned first, and the reinforcements were placed in the
ring. As shown in Fig. 6, the ring without the key segment was
drawn, then the key segment was added to the ring. Finally,
the created reinforcements were connected to the ring, and
the integrated ring was formed.

In the next step, the mechanical properties of the
reinforcement and concrete segments were assigned to them
in the property module. In the next step, the elastic properties
of reinforcement and the elasticity and plasticity of concrete
were defined appropriately. As shown in Table 4, the elastic
properties are given to reinforcement and concrete elements.
According to the Brittle Cracking pattern, the plastic
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(@)

(b)

Fig. 4. a) Geometric characteristics b) Soil around the ring of Tehran Metro Line 7.

Table 3. Mechanical characteristics of the soil around the ring of Tehran Metro Line 7 [24].

Soil layer

Poisson's Young modulus

Internal friction

Cohesion

The soil's dry

. density
number ratio (Mpa) angle (Kpa) (g/cm3)
Layer 1 0.35 35 28 31 1.70
Layer 2 0.30 75 33 15 1.84
Layer 3 0.32 50 33 30 1.90

133 mm
100 mm = Label No | Diameter (pp) | Length (mm)
= Stirrup bar | 12 16 4024
g Bar 12 16 4250
Wide bar | 32 10 1390
4350 mm

Fig. 5. Map and specifications of segment reinforcement used in Tehran Metro Line 7 [24].
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(c) d)

© ®

Fig. 6. Geometric drawing a) segment b) key segment c¢) armature segment d) ring without key
e) ring armature f) ring, of Tehran metro line seven.

Table 4. Mechanical properties of concrete and ring reinforcement of Tehran Metro Line 7.

Type of Material Young modulus (Gpa) Poisson's ratio density

concrete 32 0.2 2440

Armature 210 0.3 7800
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Fig. 7. Creation of internal forces between segments and reinforcement.

properties of concrete were introduced as well. According to
the Merge option, the interactions of the segments with each
other, as well as the interactions of the segment and the bars,
were created and connected, as shown in Fig. 7.

Next, the boundary conditions and loads were created
in the next step. The use of soil reaction forces is preferred
over tunnel rings because very small elements were needed
due to the soil simulation. Hence, no significant difference
was observed in the results. Moreover, the analysis time was
greatly increased, and stress concentration was observed in
the elements. In this step, geostatic forces were applied to the
simulated ring, which includes slag soil forces in normal and
lateral forces to the body of the ring. The boundary conditions
were created by ACI-544-8R, where there was another ring
before and after each ring. It should be noted that the ring is
not able to move in any direction and must be kept fixed with
the necessary restraints of the ring. Fig. 8 shows the applied
forces and boundary conditions applied to the simulated ring.

The simulated ring has meshed in the next step, after
applying the boundary conditions and loading. A rectangular
mesh was used due to its high efficiency with a size of 20
cm. It should be noted that the mentioned mesh size was used
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in the modeling because the smaller values only increase
the computational run time without any change in results.
An example of a mesh ring is illustrated in Fig. 9.a. After
meshing and fixing possible errors, the output image of the
simulated rim under the applied forces is shown, according
to Fig. 9.b.

To check the accuracy of the work, the results were
converted into an interaction curve and compared with the
ACI-544-7R code, as shown in Fig. 10. It shows that all
parts of the interaction curve are inside the interaction curve
obtained from the ACI-544-7R code. Hence, the results
obtained from the present study seem to be correct in terms
of design.

5- Modeling

The lists of all simulated models and their characteristics
in this study are compared in Table 5.

After applying the genetic algorithm, two geometric
patterns of Figs. 11a & b had been selected for optimization,
which was relatively resistant to the flexural loads of the
primitive design. The obtained figures were compared with
the proposed ACI544-7R code-optimized image in Fig. 11c.
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Fig. 9. a) Mesh generation b) Simulated ring output image.
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Fig. 10. Investigation of the interaction curve obtained with ACI-544-7R code.

Table 5. Simulated models.

Plastic part simulation

Percentage of reinforcement

Model type method Loading type removed
Segment Line 9 Barcelona CDP Three-point -
Segment Line 9 Barcelona bending -
Ring optimized by steel fibers
Ring optimized by carbon fibers
Ring optimized by glass fibers Geostatic
Ring optimized by aramid fibers stresses
Ring optimized by polypropylene fibers
Ring optimized by polypropylene and
steel fibers
%62

segment optimized by steel fibers

segment optimized by carbon fibers

segment optimized by glass fibers

segment optimized by aramid fibers

segment optimized by polypropylene
fibers

segment optimized by polypropylene and
steel fibers

whole segment reinforced completely by
armature

plain concrete segment

Brittle Cracking

Three-point
bending
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Fig. 11. Optimized geometry by fibers and a) 30% reinforcement b) 38% reinforcement c¢) All reinforce-
ment d) Optimized according to ACIS44-7R.

Table 6. Six optimized states of fibers used in the tunnel segment by genetic algorithm.

Type of fibers Aramid Steel Glass

Carbon

Polypropylene Combination of Steel fibers and PP

Optimal percentage 3 1 3 1.

1

0/2 0.1 PP+1 Steel

As can be seen, the geometric arrangement obtained from the
reinforcements is very close to the geometric shape of the
ACI544-7R code. The volume percentage of reinforcement
obtained in Fig. 11a is about 30%, and in Fig., 11b is about
38% of the primary segment reinforcements of all segment
bars in Fig. 11d.

According to the ACI544-7R regulations, the optimized
form with 38% reinforcement (although it has 8% more
reinforcement than the 30% optimized form) due to its
proximity to reliable authorities has been used for the next
steps. It is concluded that the presence of reinforcement
around the segment is necessary, and the most tensile and
flexural stresses are created in the side strip of the tunnel
segment, according to the obtained geometric shape and the
proposed shape of ACI544-7R. In the next step, five different
fibers were used in tunnel segments to resist tensile stresses. In
this step, five steel, glass, aramid, carbon, and polypropylene
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fibers have been used to compensate for the removal effects
of the reinforcement, according to applied tensile and flexural
stresses. For this purpose, from zero to 3% volume fibers with
0.1% step were distributed in the segment. To compensate
for the tensile stresses remaining in the tunnel segment, due
to the removal of 62% of the design reinforcements, the
protection against loads can be satisfied by using fibers in the
tunnel segment. It should be noted that the fibers were firstly
used for optimization in the genetic algorithm separately. By
increasing the fibers in the convergence results, the optimal
percentage was selected as appropriate data. Also, in the final
step, the composition of polypropylene and steel fibers was
analyzed. As illustrated in Table 6, the genetic algorithm
suggests six states.

In the next step, the fibers were assigned to the ring,
and the optimized geometry was used, according to Fig.
11.b. Hence, ten rings were placed next to each other, where
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Fig. 12. a) Creating ten optimized rings with steel fibers and polypropylene b) Boundary conditions c) Mesh
generation.

the created model was under the forces of soil interaction.
Fig. 12.a shows the shape of the ten rings that place next to
each other, which corresponds to the combination of steel
fibers and polypropylene. In the created rims, the volume of
reinforcements in each ring was reduced to 38% of the whole
reinforcement condition due to the optimized geometry. In
the next step, it is necessary to merge all the rims to connect
and integrate. Then, the boundary conditions must be applied
to the tunnel segment created from the ten connected rings.
According to Fig. 12.b, boundary conditions were applied to
the beginning and end of the tunnel, where the tunnel can
properly withstand the loads caused by the soil. The load
was then applied to the tunnel created from ten similarly
optimized rings. After loading and boundary conditions,
it is necessary to generate mesh for the created tunnel. The
optimized meshing tunnel related to the combined state of
steel fibers and polypropylene is shown in Fig 12.

To obtain the tunnel interaction curve, the final shape of
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the tunnel was obtained after correcting possible errors in
ABAQUS software. It should be noted that the maximum
tensile stresses were created in the areas of the tunnel where
the reinforcements were present (inside the tunnel), which
testifies to the correctness of the geometric optimization of
the optimized segment. Also, stress concentration occurred
in the beginning and end areas of the tunnel due to border
conditions. Schematic images of the face and side of the
optimized tunnel, related to the combined state of steel fibers
and polypropylene, are shown in Fig. 13. Also, the optimized
segments in all cases, such as the 2-3 section line, were
simulated by a three-point bending test and compared with
all reinforced concrete and non-reinforced concrete.

6- Discussions and study

It is necessary to create a tunnel interaction curve and
compare it with ACI544-7R regulations. The results obtained
from the numerical analysis of the ABAQUS have created a
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Fig. 13. Front and side view of the tunnel optimized by a combination of steel fibers and poly-
propylene.

tunnel interaction curve, which is compared with the ACI544-
7R code in Fig. 14. As shown in Fig. 14, all optimized rings
are within the safe design range compared to this regulation.

Finally, according to the wvalidity of the force-
displacement diagram, the optimized segments of steel fibers,
aramid, polypropylene, carbon, glass, and a combination of
polypropylene and steel fibers with designed tunnel segments
of all reinforcement and unreinforced concrete under three-
point bending test in the diagram of Fig. 15 were compared
with each other. The optimized tunnel segment from the
combination of steel and polypropylene fibers and the
optimized tunnel segment from carbon fibers led to the best
results, respectively.

7- Conclusion

(1) The Brittle Cracking method has closer results to
the laboratory results than the CDP method.

(2) Based on the genetic algorithm, the optimized
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geometry was created to keep the side reinforcements
along with the middle line in each segment. According to
the algorithm, 62% of the segment reinforcements were
removed and replaced with fibers.

(3) According to the genetic algorithm, the
optimized percentage for steel, aramid, glass, carbon,
and polypropylene was 1%, 3%, 3%, 1.1%, and 0.2%,
respectively. Additionally, the optimized percentage for
the composition of steel and polypropylene fibers was 1%
and 0.1%.

(4) The interaction curve of all optimized cases (all six
cases) was in the allowable range of ACI544-7R.

(5) The optimized segment with the combination of
polypropylene and steel fibers showed the best response
against the simulation of the three-point bending test.

(6) If two fibers separately improve the performance
of the tunnel ring, their combination does not necessarily
produce a better performance.
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