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ABSTRACT: Increasing the popularity of using fibres in precast structures has brought questions about their usability in
segmental tunnel linings as an alternative to the conventional reinforced lining. Most prior studies have already revealed that
the replacement of conventional steel reinforcement is possible with steel fibres. However, the usability of macro-synthetic
fibres (MSFs) as reinforcements in precast tunnel segments is still unclear and one of the controversial questions to be answered.
This study aims to evaluate the structural applicability of using polypropylene (PP) MSFs in precast tunnel segments by means
of an experimental program on full-scale specimens. Within this framework, totally fourteen full-scale precast tunnel segments
of Mecidiyekoy - Mahmutbey underground railway tunnel in Istanbul/Turkey characterized by four different reinforcement
cases were analysed: i) typical conventional steel reinforcement; ii) the combination of MSFs and conventional reinforcement;
iii) the combination of MSFs and glass fibre reinforced polymer (GFRP) rebars; and iv) MSFs only. Flexural tests were carried
out to compare the flexural behaviour of specimens at the allowable crack opening width, while point load tests were conducted
to observe the structural performance of precast tunnel segments under the effect of design thrust forces. The experimental
results showed that the combination of MSFs and GFRP could be an innovative solution for precast tunnel segments in case of
using a suitable quantity that satisfied the project requirements. Although PP fibres exhibited adequate spalling and splitting
stress control, it is observed that they could not overcome high flexure forces without using reinforcement bars at a low volume
of fractions. Thus, more comprehensive studies need to perform on GFRP + MSFs segments because of having the advantages

of corrosion resistance in the presence of an aggressive surrounding environment.
Keywords: Full-Scale Tests, Precast Tunnel Segments, Macro-Synthetic Fibres, Glass Fibre Reinforced Polymer Rebars

1. Introduction

With the advancements of the tunnel construction technology and adoption of more powerful Tunnel Boring Machines
(TBMs), the popularity of precast tunnel segmental lining in metropolitan areas has increased dramatically in the last decades
(Conforti et al., 2017). Precast tunnel segmental linings serve as both initial ground support and final lining in the modern

tunnels, which are constructed by full-face mechanised excavation methods (Bakhshi and Nasri, 2015) and they provide the
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required operational cross-sections for many projects such as water supply, wastewater, gas pipeline, railways, and power cable.
However, there are some drawbacks in terms of structural performance and manufacturing process of precast tunnel lining. The
bended shape of the tunnel segments causes the use of conventional steel reinforcements with complex detailing (Caratelli et
al., 2011). This result in increases in project construction time and higher labour costs due to requiring extra manpower during
the manufacturing process. Moreover, in tunnels reinforced by conventional steel reinforcements, corrosion can be a problem
for precast tunnel segments especially, in harsh soil environment and damaged part of the tunnel. In general, to prevent the
possible corrosion on steel reinforcing bars, cathodic protection is applied in tunnel lining, but this application leads to an
increase in project cost. Therefore, one of the main efforts of engineers is to decrease the construction time and enhance the
structural behaviour of precast tunnel segments in terms of flexural bearing capacity, corrosion resistance, and crack control.

Fibre reinforced concretes (FRC) are popularly tried to be used for the construction of tunnel lining since they allow
the possibility of reduction or disuse in conventional rebars. In the last decade, various experimental and numerical studies
have been conducted to investigate the usability of FRC in tunnels (Plizzari and Tiberti, 2008; Caratelli et al., 2011; Beno and
Hilar, 2013; Abbas et al., 2014a; Liao et al., 2015; Di Carlo et al., 2016; Gong et al., 2017) and some authors conducted research
on actual applications (Molins and Arnau, 2011; Caratelli et al., 2012; De La Fuente et al., 2012). In these efforts, steel fibres
reinforced concretes were commonly investigated for the adoption in tunnels and they are successfully used in many tunnel
projects across the world (ITA report n.16, 2016). However, segments reinforced with steel fibres require additional measures
in terms of crack width and cover thickness, as they are expected to be exposed to corrosion in an aggressive environment
(Abbas and Nehdi, 2018; ITATech report n.7, 2016). More importantly, cathodic protection of steel fibres is harder than
conventional reinforcements due to the discontinuity. For this reason, there is a growing interest in the field of engineering on
macro-synthetic fibres (MSFs) to obtain more durable precast tunnel segments due to its higher resistance to corrosion than
steel fibres (Yan et al., 2015; Conforti et al., 2017; Demir, 2019). However, to date, limited studies have been conducted to
investigate the structural behaviour of segments reinforced with synthetic fibres. Previous research revealed that the usability
of polypropylene MSFs is possible in a hydraulic tunnel (Conforti et al., 2017), but it is controversial whether they are suitable
for relatively large metro tunnels. More interestingly, although synthetic fibres have been used in some tunnels in the last
decade (ITA report n.16, 2016), quite limited experimental research has been done associated with MSFs in metro tunnel
segments in the literature. Recently, Conforti et al., (2019) investigated the probability of total or partial replacement of
conventional reinforcement in the metro tunnel lining with the help of using MSFs. Based on their experimental research, they
revealed that using MSFs can be a very effective solution in combination with traditional steel rebars to withstand the main
stresses that arise in a segment both construction and final phases. They conclude that the advantages of the hybrid system in
improving the flexural performances, increasing the ductility level, and reducing the crack widths.

More recently, in addition to MSFs, the possibility of implementation of glass fibre reinforced polymers (GFRP) rebars
in tunnel segments were investigated by some authors with the help of experimental methods on full-scale specimens (Caratelli
et al., 2016; Caratelli et al., 2017; Spagnuolo et al., 2017, Meda et al., 2019). The findings of these studies demonstrated that
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using GFRP rebars instead of conventional steel reinforcements in precast tunnel segments are possible and allows many
advantages in the sense of structural durability. The main benefits of the GFRP reinforcing bars are their high tensile strength
and being non-corrosive properties. Furthermore, compared to other types of fibre reinforced polymer (FRP) bars, GFRP
materials do not conduct the electricity and they are non-magnetic (ACI 440.1R-15, 2015). Nevertheless, using GPFR
reinforcing bars in concrete also has some handicaps in terms of structural performance and there is a need for extra attention
since they cannot be suitable for all type of applications (Meda et al., 2019). GFRP rebars face a static fatigue problem when
they are subjected to high-level long-term tensile stresses (Almusallam et al., 2006) and have an anisotropic property which
the coefficient of thermal expansion differs in longitudinal and radial directions. This also affects the shear strength capacity
of GFRP rebar which is lower than steel reinforcement. Another critical factor is that concrete structures reinforced with GFRP
bars have low ductility since they show linear elastic behaviour up to failure. Moreover, serviceability has to be controlled
during the design part of the structure because of the lower modulus of elasticity of GFRP bars and they show poor bond
behaviour with respect to the traditional steel reinforcement (Yoo et al., 2015; Yan et al., 2016).

From the structural point of view, GFRP rebars do not suffer corrosion problems, this is extremely important for tunnels
passing through aggressive soil conditions. Therefore, for the purpose of removing the cathodic protection in the tunnel and
reducing project cost, macro-synthetics fibres and GFRP rebars can be used in precast tunnel segment together as a hybrid
solution. However, up to the present, there is scant evidence on the usability of GFRP rebars with synthetic fibres in tunnel
segments as a hybrid solution. Within this framework, experimental programs on fourteen full-scale segments of Mecidiyekoy
— Mahmutbey (MM) metro tunnel (Istanbul) were carried out to investigate the possibility of using PP macro-synthetic fibres
with or without rebars in precast tunnel segments and also to evaluate the usability of glass fibre reinforced polymer (GFRP)
reinforcing bars instead of conventional bars in precast tunnel segments. This research aims to enhance the structural
performance of precast tunnel segments and to reduce the construction time by using PP fibres in precast tunnel segments.
Additionally, the research work presented herein contributes to the existing gap in the literature by using MSFs along with

GFRP rebars in precast tunnel segments, which enable exclusion of the cathodic protection in tunnels.

2. Full-Scale Experimental programme

2.1 Geometry and reinforcement details of specimens

The MM metro line project that is located within the European side of Istanbul city comprised of the construction of a
twin tunnel of total length approximately 23 km, which has been designed to be excavated both by TBM and New Austrian
Tunnelling Method (NATM). The tunnel passes under an urban area with an overburden of 10.2 to 42.8 m along the project
route. Fig. 1 illustrates the general view of segmental tunnel lining constructed by TBM and geometric features of segment C,
which is used for experimental tests. Type of ring is universal and composed of six segments: four rhomboidal and two
trapezoidal segments (key and counter-key). The tunnel presents an internal diameter of 5.7 m, a segment thickness of 0.3 m

and an average length of 3.5 m. Thus, the segment aspect ratio that is the ratio of segment length to segment thickness is about
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11.8, while the tunnel aspect ratio, which is the ratio of internal diameter to ring thickness, is 19. Furthermore, two vacuum
holes for erector and one opening for lifting are included on the internal surface of the segments. Apart from that, totally sixteen
sockets (longitudinal connectors) are located on segment circumferential sides at each 22.50° for connection with the adjacent

rings.

Internal diameter: 5700 mm
External diameter: 6300 mm
Circumferential Thickness: 300 mm
Average length: 3534 mm
Width: 1400 mm
Shape: Rhomboidal

I JLongitudinal
connector

Test specimen = Longitudinal

Vacuum lifting pad centring holes

(@ (b)

Fig. 1. Three-dimensional view of segmental lining (a) and general features of segment C (b).

In order for moving forward, TBM uses the previously placed lining ring as a reaction frame and it applies 16 loading
shoes to the whole ring. Based on the manufacturer's report, in exceptional cases, the maximum total ring load of the TBM is
40 MN, which means that the maximum thrust load that can be applied on a single pad is 2,500 kN. In the adopted configuration
of TBM, except for the key segments, all segments are subjected to the actions of three loading shoes, leading to a total load of
7,500 kN. Before thrust load being applied in the lining rings, segments are mainly subjected to transient phases in which
flexural and shear resistance are required (Conforti el al., 2019). The transient stage includes the demoulding, storage,
transportation and handling of the precast tunnel segments. In all of the transient stages, the section is subjected to bending
moment without axial forces. The design values of segments of the MM project for provisional phase were determined by the
following loading conditions:

- Demoulding phase: the main load acting in the segment is due to the segment self-weight which is nearly 37 kN.

Based on the 1.35 load factor and 1.5 dynamic shock factor, design values for flexure and shear were calculated
as 31.31 kN.m and 37.57 kN, respectively (only one lifting point placed in the middle of the segment was
considered).

- Storage phase: design values for flexure and shear were calculated as 44.25 kN.m and 128.09 kN, respectively (all

six segments of one ring are piled up in one stack considering an eccentricity of 0.3 m, as well as a 1.35 load factor

was considered);
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- Transportation phase: design values for flexure and shear were calculated as 40.08 kN.m and 104.46 kN,
respectively (three segments are piled up in one stack considering an eccentricity of 0.3 m, as well as 1.35 load
factor and 1.5 dynamic shock factor were considered);

- Handing phase: design parameters are considered the same as the demoulding phase, but the compressive strength
of concrete is expected to reach 40 MPa.

Given the design values, the adopted segments must meet the minimum bending moment of 44.25 kN.m and a shear
action of 128.09 kN for the transient stage. Considering the difficulties of experiments on rings like Luttikholt’s (2007) research,
only one type of full-scale precast tunnel segment (segment C) of MM metro project was selected for the experimental study.
This is because the segment C is placed at the bottom during the storage phase and is exposed to high forces compared to the
others during construction and transient. A total of sixteen segments with four different reinforcement solutions were produced
and ten of them subjected to the flexural test (2 samples for each A and D type segments, 3 samples for each B and C type
segments), while four (1 sample for each type) were used for the point load test. Indeed, conventional steel reinforcement is a
reference sample that is currently used in tunnel, while others designed as an alternative case for the similar metro tunnel
projects in Turkey. Although some design codes/guidelines are available for the design of fibre reinforced precast tunnel
segments, most of these codes are for steel fibre reinforced members. More importantly, there are limitations of
codes/guidelines for the design of fibre reinforced concrete tunnel segments reinforced with FRP bars (Demir, 2019). Therefore,
the quantity of fibres and rebars were determined based on a preliminary design of both temporary and permanent loads checks
for the construction of tunnel lining segments, as well as consideration of the manufacturer experiences. The adopted method
in the study is to compare the structural performance of possible alternative solutions. To do all this, full-scale tests are one of
the effective ways to investigate the mechanical and structural behaviour of fibre-reinforced concrete segments, so this study
followed the experimental procedure that is recommended by ITA report n.16, (2016). The analysed precast tunnel specimens
are:

A. Typical conventional reinforcement (RC segments);

B. Combination of polypropylene fibres and traditional reinforcing bars also referred to as a classical hybrid solution
(RC +PFRC segments);

C. Combination of polypropylene fibres and glass fibre reinforced polymer reinforcing bars, innovative hybrid solution
(GFRP + PFRC segments);

D. Polypropylene macro-synthetic fibres only (PFRC segments).

Fig. 2 displays the general view of the reinforcement details of test specimens. Type A consists of traditional steel
reinforcement which was used as reference samples. This reinforcement solution is characterized by a total steel content equal
to 160 kg. In other words, this can be considered as 108.3 kg/m®. Curved rebars 8®10 (poses 1&3 in Fig. 3) and 4012 (poses
2&4 in Fig. 3), which are corresponding to the longitudinal reinforcement ratio under flexure (ps) of 0.32%, were located at the

bottom and top segment for flexure. This is higher than the minimum amount of flexural reinforcement requirement for RC
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members (0.26.fe/fyx = 0.21%) according to Model Code 2010. Stirrups ®10 with 2 legs (pose 5 in Fig. 3) were used as shear
reinforcement. However, the adopted segment does not satisfy the minimum shear reinforcement ratio of Eurocode 2. In fact,
the segment shear resistance without shear reinforcement is higher than the design shear force. Moreover, local tie ®8 with 1
leg (pose 8 in Fig. 3) were used to cope with the splitting stresses, while curved bars 4012 (poses 6&7 in Fig. 3) were used for

spalling stresses.

RC-A| =% " |RC+PFRC-B

Fig. 2. General view of reinforcement details of A, B and C type specimens.

Type B comprised of the combination of conventional steel reinforcements and PP fibres. They are characterized by
42.1 kg/ m? typical steel and 4 kg/m? (Vi = 0.44 %) PP fibre content. Curved rebars 4®12 (poses 1&2 in Fig. 4), which is
corresponding to the longitudinal reinforcement ratio under flexure (ps) of 0.13%, were used for flexure and partially helping
of PP fibres for resisting spalling stresses. Stirrups ®8 with 2 legs (pose 6 in Fig. 4) were exploited to cope with the splitting
and shear stresses. For the B4 specimens, the total number of stirrups in the curved side was preferred fifteen instead of twenty.
The polypropylene fibre reinforcement can be considered to resist splitting and shear stresses for tunnel segments, also to obtain
better control of spalling stresses (Conforti et al., 2017). Compared to the type A, the traditional steel reinforcement content of
this hybrid solution was reduced by 61% by using MSFs. This classical hybrid solution is based on a combination of fibres and
steel reinforcing bars recommended by Plizzari and Tiberti (2007). In addition to this proposal, as mentioned before
experimental programs on precast tunnel segments carried out by De la Fuente et al. (2012) and Conforti et al. (2017) represent
competitive solutions and show significant examples of hybrid cases. Particularly, Conforti et al. (2017) demonstrated that it is
possible to use smaller values of ps than code requirements for conventional RC elements.

Type C consisted of both glass fibre reinforced polymer (GFRP) rebars and PP fibres. GFRP + PFRC segments were
designed as an alternative hybrid solution to eliminate the corrosion problems in tunnels. This reinforcement solution is
characterized by combination of 4 kg/m? (V= 0.44 %) PP fibres content with total 28.20 m ¢8 and 44.70 m ¢10 GFRP rebars.
Similar to the type B, longitudinal reinforcements 4¢10 (poses 1&2 in Fig. 5) were used for flexure and partially helping of PP

fibres for spalling stresses. Local stirrups ¢8 with 2 legs (pose 6 in Fig. 5) were placed for splitting stresses. Since the shear
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capacity of GFRP bars is limited compared to conventional reinforcement, PP fibres were considered to resist shear stresses in

precast tunnel segment.

|DB Msvio

310

Section A-A

210 Section B-B

Fig. 3. Reinforcement details of RC segments (units mm, not to scale).

Type D was reinforced only by 6 kg/m? (Vi = 0.66%) polypropylene MSFs, considering a solution only by using fibres
for the flexural, shear, spalling, and splitting stresses. Although the amount of fibres selected is lower compared to similar
experimental programs (Tiberti et al., 2015; Conforti et al., 2016; Conforti et al., 2017) and ITA report n.16, (2016) suggestion,
which ranges from 8 to 10 kg/m? dosage for MSFs, it was assumed to be a guide for determining of quantity for the future
works. Moreover, the reason why 6 kg/m® MSF were chosen in the mix design is that comparison cost analysis with the RC
segment type was made. Since the workability of concrete is getting harder with the increasing fibre quantity, chemical
admixtures are needed in the concrete mix to easy the casting process. This results in increasing the total cost of the concrete,
considering the fibre cost, as well. The detail information about the theoretical design procedure of type C and type D specimens

can be found in Demir (2019).
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Figure 5 Reinforcement details of GFRP + PFRC segments (units mm, not to scale).
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2.2 Materials

Table 1 represents the mix proportions of concrete for the production of test specimens, namely PC and PFRC. The PC
mix design is used for tunnel segments with conventional reinforcement. The PFRC was used for both RC + PFRC and GFRP
+ PFRC hybrid segments with the same amount of fibre. Moreover, the last one represents the mix design which corresponds
to the MSFs only. All the mix designs were provided from the ready-mixed concrete plant at the precast manufacturing yard
that produced four concrete batches. In this experimental program, the C40/50 concrete class was chosen to produce specimens
according to EN 1992-1.1 (2004). With reference to this code, the target average cylindrical compressive strength, which is
generally adopted in practice at 28 days, is about 48 MPa (fom = fek+ 8 MPa). The specimens were cast in steel moulds and
consolidated with the help of a vibration system. All concrete mixes displayed sufficient workability without considerable
reduction of their flowability from the beginning to the end of the casting process. Furthermore, all specimens were cured in
the steam-curing chamber approximately 5.5 hours before demoulding to obtain concrete with a minimum compressive strength
of fck = 15 MPa. Then all specimens stored at the precast manufacturing yard up to testing (age of 28-90 days). Table 2

summarizes the PP macro-synthetic fibre characteristics based on the EN 14889-2 (2006).

Table 1 Concrete mix design of specimens.

Sample type A B&C D
Concrete designation PC PFRC PFRC
Cement type CEM I CEM 1 CEM I
Cement content (kg/m?) 365 374 385
Water (L/m?) 152 142 146
W/C Ratio 0.42 0.38 0.38
Admixture (kg/m®) 3.33 3.23 3.71
Crushed sand (kg/m®) 361 361 358
Aggregate 5-12 (kg/m®) 498 498 494
Aggregate 12-19 (kg/m?) 413 395 392
Aggregate 19-25 (kg/m?) 585 604 599
Fibre content (kg/m®) - 4 6
Fibres V(%) - 0.44 0.66

Table 2 Polypropylene macro-synthetic fibre properties.

Type: Polypropylene
Length (mm): 54

Diameter ¢ (mm): 0.677

Aspect ratio 1/¢: 79.76

Tensile strength (MPa): 550-750
Elastic modulus (MPa) 5750

Density (kg/m?) 910

Number of fibres per kg (approximately) 220000

In all four concrete batches, six cubes (150 mm side dimensions) were cast to determine the compressive strength at
ninety days, while three cylindrical samples (100 x 200 mm) were prepared to measure the compressive strength at both seven
and twenty-eight days according to EN 12390-3 (2009). Besides, nine small beams (150 x 150 x 550 mm), three samples for
each mix designs which consist of MSFs, were prepared to evaluate the fibre reinforced concrete (FRC) residual flexural tensile

strengths according to EN 14651 (2005).
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Based on EN 14651, nominal stress versus crack mouth opening displacements (CMOD) curves from three small beams
of each FRC sample are displayed in Fig. 6. Experimental result of bending test demonstrated that all FRC samples show
flexural softening behaviour since there was no considerable increase in stresses after the first crack (see Fig. 6). Apart from

that, multiple cracking was not observed on any of the FRC samples.
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Load vs Crack Mouth Opening Displacement
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Fig. 6. Load versus crack mouth opening displacement (CMOD).
Table 3 summarizes the mean mechanical properties of the four concrete batches that were evaluated cubes (at 90 days)
and cylinders at both 7 days and 28 days. Coefficient of variances (CVs) is also provided in brackets. The mean cylindrical

compressive strength (fem) result of all samples provided target values of 48 MPa, it varies from 48.3 to 55.2 MPa.

Table 3 Residual tensile strengths of test specimens and compressive strength of concrete.

Specimen RC RC+PFRC GFPR+PFRC PFRC
fem,cube (MPa) 62.57 (0.05) 60.15 (0.03) 64.09 (0.01) 68.96 (0.02)
fem.cylinder (MPa) 49.90 (0.04) 48.30 (0.03) 50.10 (0.01) 55.20 (0.01)
fem.cylinder, 7 days (MPa) 41.30 (0.01) 41.50 (0.01) 42.30 (0.01) 47.70 (0.01)
fLm (MPa) - 6.08 (0.04) 6.46 (0.02) 5.64 (0.27)
fr.1m (MPa) - 1.16 (0.03) 1.13 (0.06) 1.32(0.12)
from (MPa) - 1.19 (0.07) 1.13 (0.02) 1.37 (0.13)
fr3m (MPa) - 1.30 (0.12) 1.23 (0.01) 1.44 (0.12)
fr 4m (MPa) - 1.26 (0.14) - 1.36 (0.06)

The limit of proportionality fL and the residual flexure tensile strengths (fr1, fr2, fr3, fre, corresponding to Crack Mount
Opening Displacements values of 0.5, 1.5, 2.5 and 3.5 mm, respectively) and CVs are stated in Table 3. According to ITAtech
report n.7 (2016), typical minimum performance levels for tunnel segmental linings under the bending effect should be frik >
2.2 MPa and fr3k > 1.8 MPa in terms of residual tensile strength after the 28 days. However, it is observed that 6 kg/m? PP
fibres have not provided significant structural performances both at SLS (fr3m of about 1.44 MPa) and ultimate limit states
(ULS) (frim of about 1.32 MPa) since the results are considerably lower than expected. Similarly, samples that contain 4 kg/m?
fibres displayed low residual flexural tensile strength. Based on the results, the RC + PFRC and PFRC samples were classified

as lc, while the classification of GFRP + PFRC sample was found 1d according to Model Code 2010.
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Fibre reinforcement can substitute (even partially) the conventional reinforcing bars or steel mesh at the ULS, if both
the relationships (frix/fix >0.4 and frsk/frix >0.5) are fulfilled according to fib Model Code 2010, (2012). Based on the
experimental results, the following ratios were obtained: frix/fLk = 0.2 and frak/frik = 1.02 for RC+ PFRC; frix/fik = 0.17 and
frak/frik = 1.15 for GFRP+ PFRC; friw/fik = 0.28 and frsk/frik= 1.1 for PFRC. Thus, samples do not fulfil the requirements of
the Model Code 2010 criteria for use in structural elements considered the ULS. Moreover, PRFC samples did not satisfy the
criteria that the minimum amount of conventional shear reinforcement is not needed if the characteristic value of ultimate
tensile strength (considering with wy=1.5 mm) for fibre reinforced concrete is higher than the limit (fruk > 0.08Vfux) according
to equation 7.7-14 of MC 2010. Characteristic values were obtained by considering the equation that is given in the ITAtech
report n.7 (2016); fre = frerm X (1-0.95 *Vx). In summary, although this study focuses on allowable SLS for tunnel segments,
results of EN 14651 test indicated that the adopted fibre amounts are not suitable for significant post-cracking residual strengths.
Preferred concrete matrix did not meet the criteria of Model Code 2010 for both structural applications and using only PP fibres

as minimum shear reinforcement.

Table 4 Glass fibre reinforced polymer rebars properties.

Diameter ® (mm) 8 10
Nominal cross-sectional area (mm?) 50 80
Elastic modulus (GPa) 50.2 51.7
Ultimate strength (MPa) 997 895

Coefficient of thermal expansion
(Longitudinal direction, 1/°C)

Rupture strain (%) 4.50 6.40
Shear strength (Transverse direct., MPa) 222 248

2.2x10-7  2.2x10-7

60
Load - Displacement (Tensile)
50
40
z
&
< 30
<
S = Diameter (8§ mm)
20 Diameter (10 mm)
10

0 0.2 0.4 0.6 0.8 1 1.2 1.4
Displacement (mm)

Fig. 7. Load versus displacement curve of GFRP rebars.

Table 4 summarizes the GFRP rebar characteristics which were taken from the related company’s catalogue prepared
according to ISO 10406-1 (2008). In addition, experimental set up was prepared to measure ultimate tensile capacity for GFRP
rebars in accordance with ASTM D7205 standard. Tensile tests were performed for both ®8 and ®10 reinforcements in the

samples which are taken from the field. In this experiment, 9 specimens for ®8 and 8 specimens for ®10 were tested but
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displacement values were recorded for 3 specimens of each reinforcement (Fig. 7). As expected, GFRP rebars showed linear
behaviour until failure. The ultimate tensile strength of the ®8 reinforcement, which has a 50 mm? nominal cross-sectional
area, was calculated to be 904 MPa. This value is very close to the ultimate strength (§895MPa) that is used in the preliminary
design. However, for ®10 rebars, which have 78.5 mm? nominal cross-sectional area, the average value was measured as 600
MPa. This finding is 39% less than the expected strength capacity of 977 MPa (Table 4). Moreover, the experimental curve
displayed that there are significant differences in stiffness of the tested bars (Fig. 7). This suggests that the flexural capacity of
type C segments will be lower than expected due to low production quality.

Considering conventional steel reinforcing bars, three different steel deformed reinforcements with diameters (®8, ®10
and ®12) were used as both transverse and longitudinal reinforcement in the production of precast tunnel segments. However,
since the rebars properties did not measure by means of experimental way, S420 class steel reinforcement properties have been
considered by TS-708-2010 specification. According to related specification, minimum yielding and ultimate tensile strength
of these steel reinforcement should be 420 MPa and 500 MPa, respectively and it is assumed that they satisfy the minimum

criteria of the specification.

3. Flexural test

The full-scale flexural tests are useful tools to provide the design approach (ACI Committee 544, 2016; ITA report n.
16.,2016). For the current research, the main purpose of the flexural test is to measure and compare the flexural bearing capacity
of specimens at the allowable SLS. Since segments are subjected to flexure during demoulding, transportation and storage, the
aim of the flexure test is to analyse whether the segments meet the criteria during these phases. Design moment for the
production and transient phase of MM metro project is approximately 44.25 kN.m. This was calculated by the scenario that
each ring can be stacked in one pile at storage phase and the distance between two bearing timbers was taken 2.3 m with an
accidental eccentricity (e = 0.30m) concerning the supports. In this experiment, crack width opening due to flexure and mid-
span deflections of the segment were measured to evaluate the specimen’s capacities. To determine the maximum bending
moment capacity of specimens, allowable SLS crack width was taken into consideration. In this experimental program, the

crack width limit was considered to 0.3 mm, which is based on the MM project criteria.
3.1 Experimental set-up of the flexural test

In accordance with the previous experimental tests (Caratelli et al., 2012; Abbas et al., 2014b; Meda et al., 2016;
Conforti et al., 2017), three-point bending test was adopted to evaluate the flexural behaviour of full-scale precast tunnel
segments (Fig.8). In this test, the load was applied to the segments to the outer face by two loading steel plates (200x200 mm)
on the mid-span. In addition, the rubber layer having a 20 mm thickness, Teflon, and another 10 mm rubber layers were placed
at the bottom of steel plates to obtain full contact with the surface. The above-mentioned load was applied to the system by

means of a hydraulic jack with a loading capacity of 500 kN and applied load levels were measured by load cell during
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experiments. However, the load has not been applied with a displacement-controlled hydraulic jack, therefore, it was paid
attention to applying load rate as close as possible during experiments. Apart from that, two roller supports were placed

continuously on the entire segment width, providing that 2.6 m net span length between these supports.

]

\'H]‘”“lm [ = ¢ 'H"!mmm[i

i
-

Fig. 8. Loading systems of flexural test (a) and frontal view of test set-up (b).

Linear Variable Differential Transformers (LVDTs) were installed to the specimens to measure flexural crack opening
width and mid-span deflections. Two LVDTs (CWL and CWR) were placed on the segment’s inner surface to measure the
crack opening width due to flexure. Similarly, two strain gauges (SG1 and SG2) were also placed on the segment’s inner
surface to evaluate the first cracking load level. Since the maximum flexural moment occurs at the mid-span of the specimen
due to three-point bending test system and the weakest section of the segments is in the middle zone because of the holes,
measuring devices were installed to this region. 6 LVDTSs were placed outer surface of specimens to evaluate the mid-span
deflection of segments. Deflections were measured by identifying vertical displacement of segments during the test. The
average value was obtained from the four LVDTs which were in the middle (D3, D4, D5, and D6), while the others measured
left and right sides deflections of the mid-span (D1 & D2). In addition, horizontal displacements were measured by means of
two LVTDs which are located at two longer corners of segments (H1 and H2). The instrumentations details and general view

of the flexural test are shown in Fig. 9.
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Fig. 9. Instrumentation details of the flexural test (units mm).

3.2 Experimental results of flexural test

Table 5 summarises the load levels at the first crack observation on specimens (Pcracking) and corresponding moment
(Meracking) and deflection (Ocracking) at Peracking. The table also shows the load levels at the allowable crack width (0.3mm) limit
(PsLs) and corresponding moment (MsLs) and deflection (SsLs) at Psis. The experimental curves of load versus flexural crack
opening width are displayed in Fig. 10. In addition, Fig. 11 shows the load versus mid-span deflection of segments. The first
cracking of RC specimens (Al and A2) occurred at a load of about 77 and 86 kN, respectively. Corresponding moment values
of these loads were nearly 59 and 64 kN.m. In the flexural test, moment on the segments was calculated by following the
equation (M = 8.63 kN.m + 0.65xP kN.m). The constant part in the equation represents the moment caused by self-weight of
the specimens, while the second part is the effect of the applied load. Given this formula, the load corresponding to the design
moment of 44.25 kN.m is found as approximately 55 kN. When the opening crack width reached the SLS limit, the load (PsLs)
was measured as about 145 kN for both RC specimens. This indicates that measured moments at SLS crack limit are 1.75 and
1.59 (MsLs/Meracking) times higher than their first cracking moments, respectively (see Table 5). It should be noted that Mcracking
of RC specimens resulted in about 40% greater than the design bending moment (44.25 kN.m), which is important because

flexural cracking of segments should be avoided at any phase of the project (Conforti et al., 2017).

14



343
344
345
346
347
348
349
350
351
352
353

354

355

Contrary to adopted structural ductility term in the technical literature, since this research focuses on the SLS limit
rather than ULS, to make a comparison between specimens, the deflection ratio was calculated as the ratio of deflection of at
the SLS crack width limit to the at the value at the first visible flexural cracks. Given the results in Table 5, the deflection ratio
of Al and A2 specimens (OsLs/Ocracking) Was calculated as approximately 3.7 and 3.4, respectively. Considering the final situation
of the tunnel, these experimental results indicate that RC segments have stable post-cracking response under flexure, which is
important for workers since this enables them to escape in case of exceptional events (ITA Report n.16, 2016). Although
applying the load until the failure of the samples is important for evaluating the failure mode and determining the ultimate

bearing capacity, the load level applied after the SLS crack limit has not been increased for safety reasons. Because the main

purpose of the flexural test in the present study is evaluating the flexural behaviour of specimens at the SLS limit.

Table 5 Load and corresponding moments and deflections.

Specimen RC RC + PFRC GFRP + PFRC PFRC

Al A2 B2 B3 B4 C2 C3 C4 D1 D4
First crack
Peracking (KN) 713 85.8 69.9 - 68.5 - 69.4 - 59.4 89.4
Mracking (KN.m) 58.9 64.4 54.1 - 53.2 - 53.7 - 473 66.7
Bcracking (MMm) 0.80 0.93 0.74 - 0.70 - 1.05 - 0.86 0.98
SLS crack limit - 0.3 mm
Psis (kN) 145.3 1439 119.4 93.8 91.8 70.4 68.2 79.2 64.7 78.7
Msys (kN.m) 103.1 102.2 86.2 69.6 68.3 54.4 53.0 60.1 50.7 59.8
Jdsrs (mm) 2.96 3.18 2.45 2.08 1.86 1.47 1.70 1.74 1.66 1.53
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Fig. 11. Load versus mid-span deflection curve (average of D3, D4, D5, and D6),

RC + PFRC hybrid segments, which are the combination of PP fibres and conventional steel reinforcements, also
showed sufficient structural performance under the flexure for MM project. The measured moment at both the first structural
cracking occurred and at the allowable SLS crack limit satisfies the design criteria of production and transient stages. The first
structural cracking of RC + PFRC specimens (B2 and B4) occurred at about 70 and 69 kN load levels, respectively. At the
flexural opening width of specimens (B2, B3 and B4) reached the allowable crack limit, the loads were recorded as 119.4, 93.8
and 91.8 kN respectively. This indicates the moment of RC segments at SLS (MsLs) are 1.6 and 1.3 times higher than their first
cracking moments (Mecracking) for B2 and B4 samples, respectively. It should be noted that the number of stirrups in the segment
affects the bending capacity after cracking occurs. Therefore, the experimental bending capacity of the B4 sample was observed
to be lower than other RC + PFRC segments due to its fewer stirrups. The positive effect of macro-synthetic fibres was observed
in RC + PFRC segments, especially in terms of energy absorption capacity (Fig. 11). RC + PFRC segments have also significant
deflection ratio (dsLs/Ocracking) and it is nearly 3.31 and 2.66 (due to fewer stirrups) for B2 and B4 specimens, respectively.
Although a longitudinal reinforcement ratio was 40.6% smaller than RC ones, the deflection ratio of B2 specimen is very close
to RC segments. Considering the post-cracking stiffness of RC + PFRC segments, it showed high resistance up to a certain
crack width. However, after cracking width reached the serviceability limit the resistance level decreased (always remaining
greater than cracking load) up to unloading time. In fact, RC + PFRC segments exhibited a hardening behaviour under flexure
after first cracking of concrete occurred, with multiple cracking was observed on segments (Fig. 12).

Considered to another hybrid solution (GFPR + PFRC), even though the flexural capacity of segments at the initial
crack occurrence satisfied the design criteria, they did not show stiffer behaviour under the flexure compared to RC+PFRC
specimens. The behaviour of GFRP + PFRC segments was remarkably different from segments contains traditional
reinforcement. Peracking of C3 specimen was detected at 69 kN. Thereafter, the stiffness increased slightly up to 72 kN because
of the stress transmitting along the cracks providing by fibre reinforcement. At this stage, the specimen has reached the
maximum bearing capacity that was calculated nearly 55 kN.m and with 0.2 mm crack width. Afterwards, a softening branch
was developed, and the resistance started dropping in a stable way and the critical crack continued to open. When the critical

crack width reached the serviceability limit, 53 kN.m bending moment was measured on the segment. Similarly, during the
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experiment of C4 specimen, the same structural behaviour was observed, but the C2 specimen had more post-cracking stiffness
compared to C3. It reached the maximum load level that is nearly 73 kN after the serviceability crack limit. The crack with
corresponding to maximum load is about 0.71 mm and this is approximately 2.4 times higher than serviceability limit. The
deflection ratio (3sLs/Ocracking) for C3 specimen is about 1.62. However, it should be noted that opening the flexural crack width
at the left side of the C3 could not be measured because the crack occurred in the area where width measurement is not possible
by CWL (Fig 10a).

As far as the PFRC segments are concerned, it was observed that a similar scenario observed with the GFRP + PFRC
specimens. PFRC segments exhibited a softening behaviour under flexure due to the low quantity of PP fibres in the concrete
mixture. PP fibres led to a partial enhance in post-cracking stiffness after initial structural cracking. The first cracking of PFRC
specimens (D1 and D4) occurred at about 59 and 89 kN load levels, respectively. After this stage, the specimens reached
maximum load levels at a crack width very close to the initial structural cracking values. Based on the experiment results,
although the bending capacity of PFRC segments fulfils the minimum requirement of design moment, the post-cracking
stiffness of the specimens was not at desirable level. Besides, it was seen that the ratio between maximum loads (P..,) and the
loads at which the first crack is formed (Peacing), 1S Very close to each other and resulted in 1.12 and 1.04 respectively. For the
D4 specimen, maximum load was recorded before the cracking opening reaches the SLS limit, then critical crack continued to
open, and the segment collapsed. Deflection of the specimens at the SLS crack limit are nearly 1.93 and 1.56 times higher than
initial crack observed (dsLs/Ocracking). These are significantly lower compared to RC and RC + PFRC segments. In addition, the
test results demonstrated that PFRC segments have lower energy absorption capacity than other specimens (Fig. 11).

For all the segment types mid-span deflection is lower than 1 mm at the 55 kN load level that constitutes design moment
of the metro project. On the contrary, deflection values changed significantly between the specimens depending on the
reinforcement type at the high load level. It can be clearly seen that RC and RC + PFRC segments are stiffer than others.
Compared to load level at 3 mm deflection, RC segments are nearly twice as much stiff as than PFRC and GFPR + PFRC.
Moreover, when energy absorption capacities of specimens up to 3 mm deflections are considered, segments with steel
reinforcement shows higher capacity than other types (Fig 11).

Fig. 12 shows final crack patterns which observed on the inner surface of precast tunnel segments due to flexure. It can
be seen that the multiple cracking has occurred on RC and RC + PFRC segments. It can be noted that multiple cracking occurred
at the specimens that showed hardening behaviour under the flexure, on the contrary, single critical cracks occurred at the
segments that exhibit a softening behaviour (GFRP+PFRC and PFRC segments). Furthermore, as it is seen in the figure, almost
at all specimens, cracking pattern pass through the critical section that is the weakest region of the segment due to existing of

vacuum and longitudinal connecters holes.
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Fig. 12. Final crack pattern of specimens (inner surface view).

4. Point load test

The main purpose of this test is to evaluate the structural performance of precast tunnel segments subjected to the TBM
actions during the excavation process of the tunnel. TBM is pushed itself forward by thrust jacks which are acting on the last-
placed lining ring. Even though the applying forces on the tunnel lining, which is induced by TBM thrust, is a temporary
loading condition for construction stages, this causes serious stresses on precast tunnel segments. Therefore, it must be properly
considered since this may be the most critical condition for the segment design (Meda et al., 2016). For that reason, point load
tests were conducted to the designed segments. The application of the high concentrated TBM thrust load on relatively small
surfaces causes splitting stresses or bursting stresses on a plane perpendicular to the direction of the applied thrust. Another
type is known as spalling stresses that they occur in the unloaded zone between the TBM rams in the circumferential direction.
Similar to the flexural test, allowable SLS cracking width was considered in point load test to evaluate the structural

performance of specimens. In addition, vertical displacements of segments and the cracking pattern was also considered.

4.1 Experimental set-up of point load test

In the MM metro project, an earth pressure balanced (EPB) type of TBM has been used for the construction of the
tunnel. Therefore, in this experiment, loading systems were adapted to reflect the actual TBM thrust loading to evaluate the
structural performance of precast tunnel segments. To perform a full-scale test, a suitable testing system has been designed and
constructed considering both actual pad configuration on segment C and geometry used by the chosen TBM (Fig. 13). Within
this framework, a rigid steel system, which close ring frame made with HEB 300 steel beams and 52 mm diameter stem bars
were designed for equal load distribution of 3 pads. In this experiment, irregularities that can occur during the segment
placement in the ring were not considered. Therefore, tunnel segments were placed on a stiff steel base (S235JR class and
dimensions 4500 x 1000 x 100 mm) that having continuous support. In the adopted configuration of TBM, maximum 2,500
kN load can be applied on a single pad in exceptional cases. Since three pads are placed on segment C, the maximum total load
capacity was considered as 7,500 kN. Based on this information, six hydraulic jacks that having a load capacity of 1,500 kN

each were inserted in the closing rigid ring frame. In the experimental set-up, these hydraulic jacks were located between steel
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pads and frame and two hydraulic jacks were acted on each steel pad, which is the same dimensions as the real one. The
locations of pads on the segment surface and dimensions of pads are demonstrated in Fig. 14. Applied load levels on the
specimens were measured by means of pressure transducers that were located at each hydraulic jack and at the output of the
hydraulic pump. All the data were continuously recorded by an acquiring digital system and transmitted to a computer during

experiments.

2 HEB 300

2

< - o =
2
[ LVDT TBM pad
W
z

() (b)

Fig. 13. Loading systems of point load test, inner surface (a) and outer surface (b).

To measure cracking width due to local tensile stresses that caused by high compression load, LVDTs were placed on
the specimen surfaces. Two LVDTs (H1-T, H2-T) were located on the top sides of the segment between loading pads to record
the spalling crack width (Fig. 14). Similarly, two more LVDTs (H1-I, H2-I) were located on the inner surface of the segment
between loading pads. One LVDT (H3-I) was also placed under the middle loading pad near the vacuum hole to measure
splitting crack width. Moreover, totally six LVTDs were placed on both outer (V1-O, V2-0O, V3-0) and inner (V1-1, V2-1, V3-
I) surface of segments to measure the vertical shortening of specimens under the loading plates. The locations of instruments

on segments and details of the full-scale point load test are shown in Fig. 14.
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Fig. 14. Instrumentation details of point load test (units mm).

4.2 Experimental results of point load test

Fig.15 shows applied total thrust load level versus spalling cracking opening values that were obtained from H1-I (Fig.
15a) and H1-T (Fig. 15b). The findings in the graphs reveal that all specimens showed sufficient structural performance under
the maximum thrust forces level of TBM (7,500 kN) in terms of the allowable crack limit (0.3 mm). Even though measured
crack width from LVDTs at the top and inner surface are slight differences between, all crack formed on the specimens are
smaller than 0.3 mm limit. This can be caused by the location of LVDTs or the geometry of specimens. According to Fig. 15b,
the first crack on the top surface of all segments has occurred almost at the same load level except for GFRP + PFRC (C1)
segment. The first crack occurred at a higher load level than others. While the inner surface is considered, the load levels of
single pad corresponding to occurred first cracking for RC (A4) and RC + PFRC (B1) segments ware nearly 1700 kN and 1830
kN, respectively. Nonetheless, the values for both PFRC (D2) and GFRP + PFRC were considerably lower. Moreover, observed
cracks on the inner surface of the test specimens were marked and measured their corresponding depths. The final crack patterns
are shown in Figure 16.

However, it should be noted that the PFRC segment has a lower resistance to spalling stresses compared to other types

of segments. Based on the experimental results, the maximum spalling crack width was recorded as approximately 0.22 mm
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on the PFRC segment's top surface (Fig. 15). The reason for that there is no reinforcement rebar in the corresponding regions
where the local stresses are high. Also, it may be caused by the low amount of fibre content present in the PFRC segments (V¢
= 0.66 %). First cracks on segments have occurred between the loading pads. Thereafter, with the increasing load, cracking
depth has extended along the segment width. Maximum spalling cracking depth was measured 371 mm under the 8300 kN

load (Fig. 16).
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Fig. 15. Load versus spalling cracking opening width on inner surface (a) and on the top (b).

RC segment, which is the reference sample, displayed significant resistance to the thrust action. Compared to others,
cracking caused by splitting or bursting stresses were also observed in the RC segment (Fig. 16a). However, although more
cracks were observed on the segment surface, recorded cracking widths are quite smaller than others. This is because a high
amount of steel rebars in the segment led to the preventing of occurring larger cracks. Based on the results, maximum spalling
crack width was recorded as about 0.06 mm on the segment's top surface and corresponding crack depth was measured as
213mm, while maximum splitting cracking depth was measured as 230 mm. Apart from that, contrary to expectation, another
crack has emerged on the mid-region that near the base level of the test system (Fig. 16).

When the RC+ PFRC segment is concerned, it can be observed that the classical hybrid solution has displayed sufficient
structural performance against to maximum thrust effect of adopted TBM. Compared to the PFRC segment, both the cracking
width and depth values are significantly smaller. Based on the recorded data, maximum spalling crack width was detected on
the segment's top surface approximately 0.14 mm (Fig. 15b), and maximum crack depth was measured as 140 mm (Fig. 16).
Similar to PFRC specimen, any cracks caused by splitting or bursting stresses were not observed on the segment.

Considered the innovative hybrid solution, which is comprised of the combination of glass fibre reinforced polymer
(GFRP) rebars and PP fibers, showed also well sufficient performance under the applied maximum thrust forces. Maximum
spalling crack width was recorded by LVTDs on the segment's inner surface approximately 0.08 mm. However, there was no
crack observed on the specimen surface, although, applied load level pretty much higher than the others. This may be due to

the presence of GPRP in the segment which provides a higher tensile strength with respect to traditionally reinforced segments.
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Fig. 16. Crack patterns and corresponding crack depths of test specimens.

5. Conclusion

The main purpose of this study was to evaluate the structural applicability of using macro-synthetic fibres in precast
tunnel segments by means of an experimental program on full-scale specimens. Accordingly, totally fourteen full-scale precast
tunnel segments of Mecidiyek0y - Mahmutbey metro tunnel characterized by four different reinforcement cases were studied
both under the flexure and point load test. The four different reinforcement solutions analysed were; typical conventional steel
reinforcement (RC); combination of polypropylene (PP) fibres and conventional reinforcement (RC + PFRC); the combination
of polypropylene and glass fibre reinforced polymer rebars (GFRP + PFRC); polypropylene fibres only (PFRC). Macro-
synthetic PP fibres with a 4 kg/m3 (Vf =0.44%) were adopted in hybrid cases, GFPP + PFRC and RC + PFRC segments, on
the other hand, the 6 kg/m3 (Vf =0.66%) were used for PFRC samples. Based on the experimental research, the following
conclusions can be highlighted:

- Precast tunnel segments of the metro project can be reinforced either by the combination of glass fibre reinforced
polymer rebars and polypropylene fibres or by a combination of conventional reinforcement and polypropylene fibres
in case of satisfy the minimum criteria of project and codes. However, it should be noted that the conventional
reinforcement case (RC) guarantees a better structural performance when compared with the use of low volume
fraction of fibres. Although this study focuses on allowable serviceability crack width limit for tunnel segments, the

adopted fibre amounts are not suitable for significant post-cracking residual strengths. Preferred concrete matrix did
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not meet the criteria of Model Code 2010 for both structural applications and using only PP fibres as minimum shear
reinforcement at ULS. If the aim is to improve the structural performance in addition to crack control, higher volume
fractions should be preferred;

- Although PFRC specimens satisfy the design moment of the metro project when taken into account of initial crack
observation, the adopted quantity of PP fibres in the concrete mixtures did not significantly enhance both the flexural
capacity and the ductility of precast tunnel segments under flexure. They showed a low stiffer behaviour and post-
cracking softening under the flexure since they did not meet the minimum requirement of Model Code 2010;

- PP fibres can partially increase both the flexural strength and the ductility under flexure in hybrid solutions of precast
tunnel segments; GFRP + PFRC and RC + PFRC. In fact, flexural test results of RC + PFRC solutions indicate that
the structure was able to develop multiple cracking. They also exhibited not only a considerable strength but also an
adequate ductility. While GFRP+PFRC showed a lower ductile behaviour compared to the classical hybrid case
because of the brittleness of the GFRP rebars. This may be caused due to the lower bond of GFRP rebars with respect
to the traditional steel ones and due to manufacturing lower quality of GFRP rebars than expected;

- Under point load test, PP fibres both in case of PFRC and hybrid solutions (RC + PFRC and GFRP + PFRC) satisfied
the required structural performance at design TBM thrust load. The GFRP + PFRC exhibited suitable behaviour and
guaranteed a better cracking control ability compared to other solutions. In all specimens, the maximum crack widths,
even under high load level, were always lower than the allowable limit (0.3 mm).

In summary, full-scale test results revealed that combination of PP macro-synthetic fibres and GFRP rebars could be
an innovative reinforcement solution for precast tunnel segments in case of using a suitable quantity that satisfy the
requirements of projects and related codes. PFRC and GFRP + PFRC segments enable to fully exploit the advantages of MSFs
in terms of corrosion resistance in the presence of an aggressive surrounding environment, while the combination of PP fibres
with conventional steel reinforcement as a classical hybrid solution results in enhancing structural performance that could be
particularly effective in presence of aggressive conditions.

In spite of the achievements that were reported aforementioned, some issues regarding the topics presented in this
research still remain unclear. Even though the experimental results of alternative reinforcement solutions satisfy the design
values of MM metro project in terms of allowable crack width at serviceability limit, residual strength parameters are not
adequate in the tested specimens. More studies should focus on the optimisation of the quantity of both fibres and
reinforcements in precast tunnel segments in order to obtain more economic and durable solutions. In particular, finding suitable
fibre quantity and concrete mix design is significantly important to satisfy the minimum requirement of fib Model Code 2010
for fibre reinforced concrete segments, enhance the ductility of segments and obtain the post-cracking hardening behaviour.
Another important point is that carrying out many full-scale flexural tests is necessary to go deeper on a topic related to the
bearing capacity of hybrid solutions. In addition to serviceability limit state analysis, performing in-depth analysis to evaluate
the ultimate bearing capacity of alternative solutions of precast tunnel segments would be important to understand the general
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structural behaviour of segments. Moreover, the fire resistance of alternative reinforcement solutions, especially their load-
carrying capacity during the fire event and after the fire, should be analysed experimentally like Yan et al., (2015). Although
shear force is not governing in design of FRC tunnel segments mostly, it is required to check the shear capacity of the tunnel
segments (ITA report n.16, 2016). Lastly, the long-term behaviour of precast segments under sustained loads should be
analysed, as well. These measures are significantly crucial for the safety of tunnel lining under extreme or unexpected

conditions.
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