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h i g h l i g h t s

� This study was estimated thermal stress arising from strain in restraining steel ring.
� The vapor pressure in the restrained concrete is also determined.
� The conditions are those corresponding to RABT 30 rapid heating curve.
� Spalling failure model based on tensile strain failure model is proposed.
� This study was estimated spalling initiation point and spalling depth during heating.
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a b s t r a c t

This study evaluated the behavior of restrained high-performance concrete in response to the extreme
heating associated with fire. This was done by estimating the thermal stress based on the strain induced
in the restraining steel ring and the vapor pressure in the restrained concrete under the conditions cor-
responding to the RABT 30 rapid heating curve. The thermal stress was calculated based on the thin-wall
cylinder model theory. A spalling failure model based on a tensile strain failure model was proposed. The
results indicated that the model was suitable for determining the spalling initiation point as well as the
spalling depth.

� 2017 Elsevier Ltd. All rights reserved.

1. Introduction

High-performance concrete (HPC) is widely used to construct
high rise building, bridge and so on, in the world. These structures
have spalling risk during the fire.

There are two mechanisms by which concrete can be damaged
by fire. The first is restrained thermal expansion resulting in biaxial
compressive stress states parallel to the heated surface, which lead
to tensile strain in the perpendicular direction (Fig. 1) [1]. The sec-
ond is a build-up of pressure in the concrete pores owing to the

vaporization of the physically/chemically bound water; this results
in the tensile loading on the microstructure of the heated concrete
(Fig. 2) [2].

Recently, the second mechanism has been investigated by com-
paring the vapor pressure of water within the concrete pores with
its saturated vapor pressure [3–5]. Several studies have examined
the synergistic effect that the addition of several types of fibers
in various combinations to high-performance concrete (HPC) has
on its resistance to spalling on exposure to fire [6,7]. Researchers
have also reported the effects that various types of fibers have on
the mechanical properties of cement-based materials at high tem-
peratures [8–13].
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The addition of synthetic fibers and, in particular, polypropy-
lene (PP) fibers, to HPC is a widely used and has been proved as
effective method of preventing explosive spalling (Fig. 3) [14–21].

Lura et al. [22] reported a novel strategy to reduce fire spalling
in HPC. This strategy involves the addition of small particles of
superabsorbent polymers during mixing. Heijden et al. [23] used
nuclear magnetic resonance to analyze moisture migration within
concrete when heated to 250 �C. Several studies have assessed the
degree of spalling in concrete using acoustic emission measure-

Fig. 1. Thermal stress.

Fig. 2. Vapour pressure.
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Fig. 3. Effect of PP fibres on spalling.

Table 1
Mixture proportion of concrete.

NO. Water cement ratio Unit weight (kg/m3)

Water Cement Fine agg.1 Fine agg.2 Fine agg.3 Coarse agg.1 Coarse agg.2 Coarse agg.3 Coarse agg.4 Ad. PP fiber

AS 0.3 150 500 718 – – 418 626 – – 5.0 –
AS-P 0.3 150 500 718 – – 418 626 – – 5.0 1.82
AT 0.3 150 500 – 358 372 – – – 1169 9.5 –
AT-P 0.3 150 500 – 358 372 – – – 1169 10.5 1.82
AL 0.3 150 500 – 358 372 – – 1095 – 7.5 –
AL-P 0.3 150 500 – 358 372 – – 1095 – 10.0 1.82
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