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Compressive strength performance of concrete after exposure to the elevated temperature is important for evaluating and
repairing concrete structures. Tis paper presents an experimental study to determine the residual compressive strength of
concrete used in tunnel lining after exposed to tunnel fre. Two types of concrete tunnel lining segments are evaluated in this study.
One of it was constructed using a patented fre-resistant concrete (MYC) containing high volume fy ash and nanosilica
(HVFANS). Another concrete tunnel lining segment was constructed using concrete containing silica fume normally used in the
current construction, coded as SPC concrete. Te drilled core results show that, after exposure to tunnel fre temperature up to
around 1045°C, the compressive strength of MYC has dropped to 66% of the design strength. In comparison, the SPC concrete
showed a decrease in compressive strength to 62% of design strength. Te experimental results confrmed that the SPC segments
have shown slightly lower residual compressive strength compared to the MYC segments. However, the MYC tunnel segment
shows high resistance to the spalling of cover concrete compared to the SPC tunnel segment. Terefore, it can be said that the
residual strength alone is not sufcient to compare the damage of concrete exposed to tunnel fre; the spalling damage observation
is similarly important as it is one of the important serviceability criteria for designing concrete structures.

1. Introduction

A massive number of concrete structures have been con-
structed all over the world, and this number is increasing day
by day. Concrete compressive strength is the main property
among the mechanical and physical properties, which is
necessary for the design of constructional element or de-
termination of its load-bearing capacity. At high tempera-
tures, the properties of hardened concrete are more complex
as the physical and mechanical properties of concrete are
changed, compared to those at ambient temperature. Te
concrete undergoes physical and chemical modifcations at
high temperatures, which primarily triggers mechanical
changes. Te free water and the bonded water evaporate
when the concrete is heated at about 100–110 degree Celsius
[1]. In view of the internal vapour heat conditions resulting
from high heat and evaporation of the water, hydration of

cement particles is improved when the temperature exceeds
300°C. As the temperature increases to 400°C, concrete
hydroxide starts to decompose to calcium oxide and water
[2]. As the calcium silicate hydrate (C-S-H) plays a signif-
cant role in the hardness and efciency of the hardening
process, it starts to crumble when it reaches up to 600°C
[3–6].

Some researchers studied the efect of fre on the me-
chanical characteristics of concrete such as compressive
strength, elastic modulus, and tensile strength, and the
majority of them found that the mechanical characteristics
decrease with the increase in temperature during a fre event
[5, 7].

In the construction sector, high strength concrete (HSC)
and high performance concrete (HPC) are commonly used,
while silica fume [8, 9] is one of the key materials for the
production of this type of concrete, because it improves the
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mechanical features of the concrete. Some researchers have
indicated that nanosilica performs better than silica fume in
improving the compressive strength of the concrete [10]
while its price is identical to that of silica fume [11]. Several
researchers have discovered that nanosilica particles increase
the hydration of the material and efectively increase the
pozzolanic activity instead of acting as a simple fller for the
structure of calcium silicate hydrate which makes it denser
and more compact [12, 13]. Tis is why nanosilica is used in
high strength or performance concrete construction [14].

Previous study had shown that, at all curing periods, all
samples containing nanosilica showed substantial increases
in strength, where higher nanosilica contents show greater
strength [15]. Nanosilica is able to increase the strength of fy
ash concrete by accelerating the process of hydration [13].
After exposure to 400°C, the compressive strength of all
specimens had increased, which was more efective for
nanosilica-containing specimens. When the samples are
heated to this temperature, the hydration process can be
increased by generating dense calcium silicate hydrate by
increasing nanosilica reactivity that enhances the strength
properties. Exposure to 700°C leads to a signifcant reduction
in compressive and bending strength for these specimens,
primarily due to the overbuilding of vapour pressure, which
led to large cracks. Furthermore, at this temperature, the
binding products in the concrete paste became dehydrated
causing a decrease in the strength properties. However, the
residual resistance of specimens containing nanosilica was
increased [13, 15]. Tis was primarily because of the flling
efect of nanosilica and the higher content of fy ash in the
specimens [15]. Additionally, 2.5% of nanosilica and 52.5%
of fy ash as cement replacement were able to produce fre-
resistant concrete that can retain 94% of its strength in
temperatures of up to 700°C [16].

Tunnel linings can sufer heavy structural damage or
even collapse when exposed to tunnel fre temperature
curves. Previous studies showed that tunnel fre temperature
curve is diferent from normal temperature curve [17, 18].
An assessment of postfre damage is the most important
thing when evaluating the structural safety of a tunnel’s
concrete lining [17]. Wang et al. [17] studied the residual
compressive strength (RCS) of small-scale lining concrete
blocks and detection of inner defects in the lining structure
through combined ultrasonic pulse velocity (UPV) and
ultrasonic shear-wave tomography. Previous studies on
concrete cube and drilled cores from small-scale slab test
have reported the residual compressive strength of concrete
at a maximum temperature around 700°C and compared the
fre-resistant performance based on residual strength solely
[8, 15, 16]. Alhawat et al. [18] studied the spalling behaviour
of tunnel lining segments exposed to high temperatures.
High temperature behaviour of concrete tunnel lining was
also studied by Yan et al. [19, 20] through destructive testing
of concrete core sample. Hua et al. [21] evaluated the spalling
behaviour of concrete tunnel segment under high temper-
ature. Tey proposed a simplifed concrete cover spalling
model based on the rate of spalling during the initiation to
fnishing of tunnel fre with the help of mathematical and
numerical modelling. Qiao et al. [22, 23] investigated the

thermomechanical damage behaviour of tunnel lining
subjected to modifed RABT fre loading. Tey utilized re-
sidual stress criterion to quantify the spalling damage depth
in concrete tunnel lining. Abraham and Dérobert [24]
studied the nondestructive evaluation of concrete tunnel
(Mont-Blanc tunnel) after the true fre event on March 26,
1999. Ground penetrating radar and the seismic refraction
method was used in their investigation. Zhai [25] also
performed the nondestructive method of evaluation to
quantify the damage in concrete tunnel lining after fre
hazard. Most of these studies determined the residual
strength of concrete through destructive or nondestructive
methods, spalling mechanism, extent of spalling, and
spalling rate under low-to-long-term fre events. Terefore,
it can be said that both the residual strength and spalling
behaviour of concrete are important to assess the condition
of concrete tunnel lining after a fre event.

EFNARC [26] provides a guideline for testing of passive
fre protection for concrete tunnel linings based on de-
structive testing of concrete core sample. Other than that, no
established procedure or code provisions are available to
quantify the damage and risk assessment of concrete tunnel
subjected to devastating fre [20]. For realistic assessment of
the fre damage of concrete tunnels, an established method
would be necessary to capture the potential damage scenarios
[27]. Some researchers provided emphasis on determining the
residual strength and some others emphasized on spalling
behaviour of cover concrete [17, 18, 20, 24, 25]. However, in
reality, both parameters are important for determining the
service life of the concrete tunnel after a fre event. Terefore,
this study is conducted to understand the relationship be-
tween these two factors for assessing the fre damage of tunnel
lining made of two diferent types of concrete.

2. Experimental Method

2.1. Materials. Materials and mix design proportions for
MYC and SPC tunnel lining segments are shown in Tables 1
and 2.

2.2. Testing Setup for Attaining Tunnel Fire Temperature.
To attain tunnel fre temperature to study its efect on the
concrete tunnel linings, an innovative testing setup is
designed and described by Alhawat et al. [18]. Two rings of
tunnel lining were constructed, one using MYC and the
other using SPC. Figure 1(a) shows the typical arrangement
of tunnel lining segments to form the tunnel ring and
Figure 1(b) shows the assembling process during the con-
struction of tunnel ring. Brick walls with opening are
constructed covering the both tunnel rings to provide
confnement efect. Tis helped to achieve the desired tunnel
fre time-temperature curve of RABT-ZTV [18].

All the details for the test and the temperature mea-
surement during the test were described in the previous study
[18]. Figures 2(a) and 2(b) show the peak fre and maximum
temperatures during the test measured by a thermal image
camera. Te time temperature curves for this test compared
with the RABT-ZTV car is shown in Figure 3.
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2.3. Drilling and CoringMethod. After the fre test, concrete
cores with a diameter of 100mm were drilled in the entire
275mm depth of the MYC and SPC full-scale segments to
determine their residual compressive strength. All the drilled
concrete cores were obtained according to the standard
procedures [28, 29]. In the SPC and MYC segments, the
reinforcing steel was mapped before obtaining the concrete
core with the intent of preventing the extraction of the rebar
in the recovered cores. Drilled cores were extracted and
sealed in plastic bags.Tese cores were transported to the lab
for further tests. Te length of the cores was further adjusted
at both ends to be approximately 200mm to meet the
standard guidelines [29, 30].

Core drilling was performed in diferent locations
depending on the spalling area on the segments for both
types of concrete tunnels, considering the drilling locations
to be representing the damaged areas as shown in Figure 4.
Six cores were drilled in this study from the segments for
both types of concrete tunnels according to the standard
procedure [31].

Core samples were extracted from the structural portion
of the tunnel using core drilling equipment that has di-
amond bits added to the drilling barrel. Since any movement
could lead to a spoiled core during the drilling process, the
rig was securely fxed to the concrete segment. To prevent
cutting out a twisted core, the rig was set up perpendicular to

Table 1: Physical properties of the materials and mix design proportion for MYC (reinforced concrete segments using HVFANS concrete,
Malaysian patent code MY-163281-A) (18).

Material Proportion Type (class) Specifc gravity Size Weight (kg/m3)
Fly ash 52.5% F 2.1 — 278
Nano silica 2.5% Cembinder 8 — — 26.56
Portland cement 45% Type 1 — — 225.8
Polypropylene fbre 1% — 0.9 Length 12mm 1
Coarse aggregate — — 2.07 Max. 10mm 942.6
Fine aggregate — — 2.75 Max. 4.75 682.01
Water 0.34 (W/C) Normal tap water — 154.85
Superplasticizer 0.4–2% Darex super 20 — 5.31

Table 2: Physical properties of the materials and mix design proportion for SPC.

Material Proportion (%) Type (class) Specifc gravity Size
Cement including fy ash 90 Fly ash type F 2.1 —
Silica fume 10 — — —
Polypropylene fbre 1 — 0.9 Length 12mm
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Figure 1: (a) Elevation of the ring and (b) assembling the segments into rings (18).
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the surface on which the core would be extracted. Figure 5
shows the core drilling process in the full-scale tunnel
segment, and Figure 6 shows the core samples after being
extracted from the tunnel segments.

In the laboratory, the drilled cores were visually tested to
verify their state and to investigate their condition to better

interpret the cores’ compressive strength. All core specimens
were prepared by grinding their ends to obtain appropriate
length, smooth ends, and perpendicular shape to the lon-
gitudinal core axis before measuring the compression
strength [29].

3. Experimental Results

Te concrete cores were tested to use these values in the
measurement of L/D ratio and to conform to the criteria for
the cross-sectional area of the core compression test [32].
For compliance, both ends of the cores were shortened to
approximately 200mm. Tus, the diameter to height ratio is
equal to ½; thus, there is no need to apply any factors to
reduce the obtained value [30]. Te core compressive
strength is calculated dividing the peak load by the core
cross-sectional area depending on the average core
diameter [29].

Te compressive strengths of MYC and SPC concrete
segments before and after exposure to the elevated tem-
perature are presented in Table 3. Te compressive strength
before heating was obtained using cubes. Tus, there is
a need tomake adjustment to cylinder compressive test value
(f’c) equivalent to the cube compressive test values (f’cu).
Terefore, to gain the f’cu after heating, the formula
f’c � 0.8 f’cu was used, as referred in the standard guidelines
[33]. Te percentage of residual compressive strength was
calculated using the following equation:

residual compressive strength (%) �
fc(before exposure to heating)

fc (after exposure to heating)
× 100. (1)

Te test results indicated that for tunnel fre temperature,
compressive strength had reduced greatly for both types of

concrete mix. Te MYC tunnel concrete showed a little bit
higher residual strength. Te strength of MYC concrete

(a)

Max Temp.=1045.3 C 

(b)

Figure 2: Te tunnel ring fre test (a) during the peak fre at 15minutes and (b) infrared photos for maximum temperature.
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Figure 3: Time-temperature curves produced by test setup and the
RABT-ZTV.
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decreased and remained at 66.04% after exposure to an
elevated temperature of 1000°C and above, whereas the SPC
concrete strength was decreased to 62.46% after exposure to
tunnel fre.

Terefore, the residual compressive strength of MYC
concrete was reduced and dropped to 48MPa, which meant
it was reduced by 33.96% after exposure to a 1000°C tunnel
fre. Figure 7 shows the comparison of the residual com-
pressive strengths between MYC and SPC concrete.

Tis reduction in strength was due to more vapour
pressure and more cracks than when the concrete was ex-
posed to 700°C and above, which afected the strength of
concrete. Te elevated temperature also afected the cement
paste binder. Tese results were also compared with the
results obtained by a previous researcher [34]. It was noticed
that there diference in the compressive strength between
both types of concrete was not large, although there was
signifcant diference in spalling behaviour between them.
Such diferences are because the components for MYC
concrete have more resistance to spalling and fre than on
the compressive strength and static loading. Te MYC
concrete’s behaviour after exposure to temperature up to
1000°C can be refected by both pozzolanic and fller in-
fuences of NS in the mixture, which enhanced the concrete
microstructure and increased the content of calcium silica
hydrate.

Figure 8 shows the failure of the SPC and MYC core
samples after compression test. From the fre test, it can be
seen that explosive spalling occurred mostly in the SPC
tunnel lining as shown in Figure 9. Moreover, some of the
concrete covers had been scalded of, exposing the steel
reinforcements, which greatly infuence the load-bearing
performance of the tunnel linings. However, in both con-
crete mixes, the PP fbre had melted due to the very high
temperatures, reducing the amount of pore pressure build-
up [35]. Spalling contours show howmuch damage has been
occurred in a particular point, as well as how much of the
surface area has been damaged. Spalling patterns for SPC
and MYC segments are depicted in Figures 9 and 10. Some
patterned cracks were appeared in one of the MYC

Core
locations

(a) (b)

Figure 4: Coring drill locations in the full-scale segments for MYC and SPC concrete tunnels; (a) inner surface view and (b) outer
surface view.

Figure 5: Drilling cores in the full-scale segments for MYC and
SPC concrete.

Figure 6: Extracted core samples from the tunnel segments.
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segments, but the ring itself showed no signs of spalling as
shown in Figures 9 and 10. Te SPC segments displayed
a variety of severe spalling patterns and had exposed the
reinforcing steel that could have weakened the structure.
Spalling patterns are random and not related to the
boundary conditions.

Te volume of spalling was used to calculate the depths
of the spalling. Each segment’s spalled area was measured
and converted to a percentage. Segments BR1, AR1, AR3,

BR2, and KR have a spalling rate of 45.36%, 40.7%,
36.84%, 49.16%, and 7.92%, respectively, in the SPC
tunnel segments. On the other hand, segments BR1, AR1,
AR3, BR2, and KR had spalling volumes of 1.65%, 4.76%,
4.88%, 7.15%, and 0.283%, respectively, in the MYC
tunnel segment. Cracking in the MYC segments was
analysed by. However, visual inspection shows that
16.56% of the MYC segments had cracked due to high
temperature exposure.

Table 3: Compressive strength of the MYC and SPC concrete segments.

Samples Before exposure to
fre, f ′cu (MPa)

After exposure to fre of higher than 1000°C

fc′ (MPa) f ′cu (MPa) Residual compressive strength
(%)

Average
residual strength (%)

MYC 1 72.30 37.3 46.63 64.5
66.04MYC 2 72.30 38.4 48 66.39

MYC 3 72.30 38.9 48.63 67.25
SPC 1 72.45 36.37 45.46 62.75

62.46SPC 2 72.45 34.5 43.13 59.53
SPC 3 72.45 37.75 47.19 65.1

66.04 62.46
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Figure 7: Comparison of residual compressive strengths between MYC and SPC concrete.

Figure 8: Failure of coring SPC and MYC sample after compression.
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4. Discussion

Te experimental outcome of this study showed that the
spalling was totally diferent on the SPC segments and MYC
segments. Severe spalling occurred in the SPC segments,
whereas there was no spalling in the MYC segments. Tis
might be due to the presence of silica fume in the SPC that
reduced the permeability and thus increased the vapour
pressure during the fre leading to more spalling occurrence.
However, the design strengths for MYC and SPC were the
same. Te residual strengths after fre exposure were almost
the same at diferent locations on the tunnel rings.Terefore,
it is difcult to judge the health of fre exposed concrete

tunnel only based on the design and residual strengths of
concrete.

For a concrete structure, satisfying the serviceability
requirements is as necessary as satisfying the strength re-
quirements. Even though historic events rarely observed
a tunnel failure due to a fre event [21, 36], severe damage in
terms of spalling was observed in such events. Terefore,
serviceability requirement in terms of concrete spalling is an
important criterion for assessing the health of a concrete
tunnel. Characterizing concrete spalling in terms of the
spalling starting time is also important to understand the
degradation pace of the tunnel concrete in a fre event. Hua
et al. [21] mentioned that the spalling normally starts when

MYC segments SPC segments MYC segments SPC segments 

MYC segments SPC segments MYC segments SPC segments 

Figure 9: Spalling at diferent locations of SPC and MYC segments.

Pattern cracks on MYC ring 

Figure 10: Cracking on the MYC segment.
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gas temperature inside the tunnel lining reaches the spalling
starting temperature. However, spalling starting times for
MYC and SPC segments were not being able to be de-
termined in this study as the tunnel was closed from both
ends as shown in Figure 2. Furthermore, depth of spalling
together with the area of spalling plays a vital role to un-
derstand the depth of damage in the tunnel lining [36]. Tis
also helps to understand the condition of reinforcing steels
inside the tunnel lining.

5. Conclusion

Te main objective of this study was to assess the health of
concrete tunnel lining after exposed to tunnel fre. Based on
the experimental results, the following conclusions are
drawn:

(i) Te fndings revealed that, after exposed to high
temperature, the compressive strength of MYC
concrete tunnel lining dropped to 66.04% of design
strength, whereas the conventional concrete for the
current construction of tunnels (SPC concrete) de-
creased to 62.46% of design strength.

(ii) It is also observed that the spalling of SPC segments
was severe where the reinforcing steel also exposed
in most of the SPG segments that could have
weakened the tunnel structure. However, the MYC
segments only show the patterned surface cracking,
even though the residual strengths of both types of
concrete were almost the same after exposure to the
standard fre.

Tis concludes that determining the performance of
diferent types of concrete tunnel lining with diferent
material components drilled cores is not enough to know the
after fre health of a concrete tunnel. Spalling behaviour
including the spalling rate and depth of spalling are also
important to assess the health of the tunnel lining. A par-
ticular mix design may produce good concrete in terms of
the residual strength; however, surface spalling may cause
severe damage resulting in failure to meet the serviceability
requirement of the tunnel structure. Terefore, this study
concludes that the residual strength of concrete spalling
behaviour should be evaluated to assess the condition of fre-
exposed concrete tunnel lining.
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