eJSE

International

Electronic Journal of Structural Engineering 15(1) 2015

A Comprehensive Review of Spalling and Fire Performance of Concrete
Members

M. Hedayati*, M.Sofi, P. A. Mendis, T. Ngo
Department of Infrastructure Engineering
The University of Melbourne, Melbourne, Australia

Email: m.hedayati@student.unimelb.edu.au

ABSTRACT: Spalling of concrete in fire is due to dislodgement of small pieces of concrete. This phenome-
non is one of the most detrimental effects causing damage or even failure of the concrete members during or
after a fire by decreasing the residual mechanical properties and durability of the structure. In spite of many
experimental and numerical studies, the real mechanism of spalling is still not well understood, which is
mainly due to the erratic nature of this phenomenon and inhomogeneity of the concrete structures. To estab-
lish a more clear view of the achievements in this area and also the areas in need of more investigations, this
paper critically reviews the latest findings on concrete performance during heating in general and specifically
the fire spalling behaviour of concrete members and different views on governing factors that affect this phe-
nomenon.
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1 INTRODUCTION d. Gradual reduction of the surface layers called

“sloughing off” at very high temperature, which may

Spalling” is defined as a thermal instability that oc- continue even after fire stops [7], [8].

curs when concrete is exposed to fire. Many experi-
mental results indicate that when exposing the sur-
face of a concrete member to fire some micro-cracks
are generated both within and on the surface of the
element as a result of increase of pore pressure with-
in the concrete mass [1]. With the increase of tem-
perature, the cracks develop further and some pieces
of concrete dislodge from the exposed surface. De-
pending on the type of fire and the material proper-
ties of the element, the failure mechanism can be lo-
calised and/or explosive. Fire spalling of concrete,
exposure of steel reinforcements to high tempera-

tures and reduction of concrete section results in ca-
pacity loss of the structural elements and eventual
failure of the entire structures [2], [3].

In general, spalling of concrete can be categorized
into four different stages, among which, spalling
steps (a) and (b) are more severe and need more at-
tention to be controlled [4], [5]:

a. Dismantlement of large pieces of concrete from
the surface during the first 15-30 minutes after expo-
sure to fire. It could cause serious problems such as
exposure of reinforcements to fire and reducing the
cross-section. Figure 1, shows monitoring of con-
crete spalling after about 12, 19 and 27 minutes
when the fire starts [6].

b. Dislodgement of considerable amount of small
pieces of concrete from the surface during 30-60
minutes after the fire starts.

c. Minor dislodgement of the surface and edges 60
minutes after the fire starts.

TIME 27:31

Figure 1: Loaded pre-stressed beam exposed to 1SO 834 fire af-
ter12:05min (a), 19:59 min (b) and 27:31 min (c) [6].

Bazant and Kaplan [9] defined general physical
and chemical performances happen inside a concrete
exposed to fire as follows:

1. Starting the evaporation of free water inside
concrete paste and aggregates at 100°C.

2. Beginning of dehydration of cement gel at
180°C.

3. Decomposition of Ca(OH)2 at about 500°C.

4. Physical transportation of a-quartz to f-
quartz in quartzite and basalt aggregates at
about 570°C.

5. Commencing of decomposition of CSH at
about 700°C.
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6. Decarbonation of calcium carbonate in lime-
stone aggregates at about 800°C.

7. Beginning of melting the cement paste and
aggregates at about 1200°C.

There are ample literatures published on the basis
of experimental and numerical analysis to investi-
gate the spalling of concrete subject to fire. They are
broadly categorised into material level characterisa-
tion considering the thermodynamic aspects explain-
ing the chemistries involved. The focus of these in-
vestigations, mostly known as thermo-hydral
process [10], is on migration of water and vapour in-
side concrete [4], [11]-[13], the accumulation of wa-
ter at certain depth of concrete called moisture clog
[4], [10], [13]-[19], heat transfer inside the concrete
[13], [14], [20]-[22], dehydration of free water and
chemically bond water [13] and also thermal de-
composition of cement paste and aggregates at high
temperatures [23]-[25].

The second category includes investigations treat-
ing thermo-mechanical properties of concrete when
subject to fire [16]. Thermo-mechanical processes
describe the deterioration of mechanical properties
[23], [26], [27] and thermal expansion of concrete
exposed to fire leading to both biaxial compressive
stresses on the regions parallel to heated surface and
tensile stresses in perpendicular directions [4], [13],
[20], [27], [28].

The third category includes investigations consid-
ering the combined material-structural aspects.
Thermo-hydro-mechanical or thermo-hygro-chemo-
mechanical processes are some of the examples.
These processes are mainly using numerical analysis
to simulate the stress evolution within fire-loaded
concrete [25], [26], [29].The aim of these investiga-
tions are to discuss the behaviour of concrete ele-
ments at macro-scale, broadly reporting on the fail-
ure patterns, cracking initiation and criterion and
progression of spalling.

The fourth category includes studies mostly rely-
ing on the second and third categories in order to
propose methods of reinforcing structural concrete
with metallic and non-metallic materials, in an at-
tempt to reduce the effects of spalling on concrete
damage. Utilizing Polypropylene(PP) fibres, steel
fibres or their hybrid to mitigate the magnitude of
fire spalling in concrete members are some of the so-
lutions extracted from these type of analysis [22],
[26], [30]-[34].

Finally, there are numerous review papers pub-
lished addressing concrete subject to fire [27], [35]—
[38] but very few has specifically treated fire spall-
ing of concrete members and discussed controversial
views on the effect of governing factors.

In spite of many implemented studies, researchers
have not yet achieved a consensus agreement on the
relative contribution of the influencing factors on the
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fire spalling phenomenon. Also, no certain results
have led to unique established code and design guid-
ance for fire spalling [39]. The gap that has been re-
ported is mainly due to the erratic nature of spalling
phenomenon.  Other reasons include non-
homogenous structure of concrete material, large
number of factors that influence spalling and their
interdependency. Weak understanding of the origin
of fire spalling in concrete members can bring about
the following problems:

- it slows down the developments on technological
solutions to mitigate the magnitude of spalling
and embeds achieving predictive calculation of
the risk of this phenomenon;

- due to increasing usage of HSC susceptible to
higher risk of fire spalling in many engineering
applications, it has become a major challenge for
concrete designers [40].

The focus of this paper is to present a comprehen-
sive report on concrete spalling as a result of a fire
exposure, aiming at contributing to understanding of
the origin of the phenomenon. It starts with show-
casing the major fire events worldwide where spall-
ing of concrete have been reported to affect the
structural integrity of the structures causing damage
to life and/or property. It will then resort to explore
the extent to which, if any, the major codes and de-
sign standards are considering fire spalling of con-
crete. It is noted that spalling of concrete due to fire
is stated as important but no comprehensive design
consideration is given. Thereafter, the influencing
factors on spalling of concrete subject to elevated
temperatures are reviewed in light of more recent
investigations and findings. This includes the physi-
cal phenomenon and the effect of very high tempera-
tures on thermal and mechanical properties of con-
crete. It is noted that due to their reduced pore size,
high strength concrete (HSC) behave differently to
that of normal strength concrete (NSC).

1.1 Concrete spalling and contributing factors

In order to provide a comprehensive account of the
research to date and the type of research, a list of
100 references were compiled with a listing of their
research aims, see Table 1.

Referring to the reviewed papers, it is well estab-
lished now that heating a concrete element creates
two moving fronts: heat and moisture front and that
the probability of explosive spalling of concrete in-
creases under higher heating rates [41]. Therefore
two parallel interlinked processes are involved:
thermo-mechanical and thermo-hydral. Like any
other material, concrete has a thermal expansion co-
efficient and deforms when heated. If it is restrained,
say, due to self-weight or the restrain imposed by the
adjacent elements, thermal stresses develop. For a



eJSE

International

concrete element that is heated non-uniformly, the
process produces more thermal dilatation gradients
(thermo-mechanical). The thermo-mechanical pro-
cess is directly associated with the temperature field
in the concrete element [42].

The second process is the thermal-hydral process
which is associated with the transfer of mass water
in liquid and vapour phases and air within the porous
medium. Rightly, since concrete is porous this pro-
cess is facilitated by a network of pores (air, vapour
and water). With the rise of temperature, the vapour
pressure (also referred to as pore pressure) increases
and the water particles are transferred through the
pore networks. Whether one or the other processes
is dominant depends notably on the thermal solicita-
tion. Therefore, spalling results from a thermo-
hydro-mechanical coupling process [42].

The thermo-hydro-mechanical coupling is best de-
scribed in terms of parameters related to each of the
processes. However, both of those depend on the
type of fire, the heating rates, and the rate of thermal
dissipation in the concrete. There are a number of
other properties at material level such as density, po-
rosity, moisture content, type of aggregates and
strength properties that affect the type and extent of
spalling. In addition, undoubtedly, the geometry, the
boundary conditions and the extent of external me-
chanical action on the concrete element affect spall-
ing. Each of these parameters is further discussed in
section 4 in light of the latest published work.

1.2 Past events

A historical overview of fire spalling of concrete be-
tween the mid-1800s through to modern time has
been presented in reference [43]-[45]. In the paper,
the observations and progression of the theory of
spalling is clearly outlined. Special interest in the
mechanism of concrete spalling due to high tempera-
tures was gained after 1996 when fire occurred in
three European tunnels (Figure 2). Since then a
number of other fire events took place with costly
consequences to the asset owners. Table 2 indicates
the details of some of the fire events in tunnels and
buildings [11]-[13]. In some of the cases listed,
spalling of concrete has been reported as the con-
tributing factor towards the collapse of the building
[45], [46].

2 CODES AND STANDARD GUIDELINES

The standards and codes related to fire design are
reviewed in this section.
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2.1 Australian guidelines

- AS3600, Concrete Structures Standard [47]: Sec-
tion 5 of the standard discusses design criteria such
as fire resistance period, fire resistance level, fire-
separating function, insulation and integrity of rein-
forced and pre-stressed concrete members including
beams, slabs, columns and walls. To enhance the fire
resistance of concrete members tabulated data in-
cluding the minimum dimensions of the members
are suggested.

- AS1530 [48]: Methods for fire tests on building
materials, components and structures: This standard
deals with fire test procedure including sampling,
preparing test specimens and apparatus, necessary
settings and suitable test methods. Also, methods of
calculations and reporting the final results are pre-
sented.

2.2 New Zealand guidelines

- NZS3101, Concrete Structures Standard [49]:
Similar to the Australian Code, the New Zealand
Building Code categorises the fire-resistance ratings
of concrete elements for a period of 30-240 minutes
according to three criteria: stability, integrity and in-
sulation. The tabulated data in the standard show
suitable dimensions of the members including beams
(simply supported or continuous), slabs (one-way or
two-way), columns and walls. For improving the fire
resistance of concrete members following the struc-
tural tables and dimensions or using insulating mate-
rials is suggested.

(@) (b) (©

Figure 2: Fire spalling in (a) Mont tunnel,

Blanc
Frane/ltaly,1999, (b) Tauern Tunnel, Austria, 1999, (c)
Gotthard road tunnel, Switzerland, 2001 [50]

2.3 American guidelines

ASTM E119 [50]: This code suggests a standard
time-temperature curve for testing. This fire curve is
a representation of the maximum fire temperature
that may occur in buildings and not in a real fire sit-
uation. The fire curve generally covers variously fire
load situations and has contributed to define the
maximum fire severity, which may occur during a
real life building fire.

10
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Table 1: Summary of of articles studied on fire spalling behaviour of concrete and the governing factors
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1 [51] HPC For inside applications 50 mm of gypsum is the best and most economical way to protect any material from fire.
2 [23] HSC Y Y Spalling degree decreased drastically when the water to binder ratio level increased in the mixture containing Silica Fume.
3 [26] HSC Addition of 2kg/m? PP fibres can significantly promote the residual mechanical properties of HSC.
4 [52] Spalling is due to a sudden unstable release of the potential energy of thermal stresses stored in the structure and vapour pres-
Y Y sure is not the main reason of spalling.
5 [53] HSC Y.n.ot FEM showed that concrete mixture is not the main factor affecting spalling.
Y Y Y Y main Y
6 [30] HSC Y Mixing high melting point with low melting point fibre in HSC greatly improves the properties exposed to fire.
Presence of steel reinforcement impedes moisture movement and produces quasi-saturated moisture clog zones that lead to the
7 [54] development of significant pore pressure. These zones alter the flow of heat into the system and tend to attenuate the rise of in-
ternal temperature. Hence thermally induced stresses in concrete are related not only to the external thermal loading but also to
\ Y moisture flow, reinforcing steel placement, and thermal processes such as evaporation.
Reinforced concrete slabs strengthened with textile concrete have improved resistance in fire. The key mechanisms contrib-
8 [55] HSC uting to the outstanding fire resistance capability presented are: superior crack control of the textile reinforce concrete and load
Y redistribution between textile and steel reinforcement as well as primary load transfer into the slabs.
9 [19] HSC Y Y Y For concrete with spherical shape, a fibre content of 1 kg/m? is sufficient to prevent spalling.
10 [56] NSC Adding steel fibres along with PP fibres can reduce the degree and severity of spalling comparing with concrete containing PP
Y Y fibres only.
11 [57] Spalling is a form of instability and happens when the internal pressure reaches the compressive strength of concrete.
12 58] Using textiles as concrete reinforcements to improve fire performance of concrete. Relative humidity has marginal effect on
Y Y Y spalling.
Fire spalling behaviour is monitored by acoustic emission techniques and modelled with a fully coupled thermo-hydro-
13 [59] HPC .
Y Y mechanical codes.
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14 2] NSC & Spalling is caused by the combination of thermal stresses and pore water pressure build-up. The degree and magnitude of spall-
HSC Y Y Y Y ing is governed by a number of inter-dependent factors including panel size, thickness and compressive strength.
To mitigate the spalling of HSC, a thermal barrier would be the most effective way to reduce both thermo-hygral and thermo-
mechanical process at the same time by blocking the heat flow into the substrate concrete. One disadvantage of this method is
an increase of costs. Addition of PP fibres is also effective. PP fibres have a more significant influence on pore pressure spall-
15 [31] HSC ing than on thermal stress spalling. Addition of combined fibre (PP and Nylon) is also recommended. The effectiveness of the
combined fibre is dependent on the size and the boundary condition of the specimens and is the most effective in the columns
and that in the beam is next. The slab had the worst results. The major cause of these different results is probably the thermal
Y Y Y gradient that is dependent on the size and the boundary condition of concrete structures.
16 8] densed For super dense concrete the crystal water can be sufficient for causing an explosive spalling and no thermal or external stress-
C Y Y es are needed. For other dense concrete compressive stress from load or hindered thermal expansion are necessary for spalling.
17 [11] Y Y Vapour pressure is considered the main reason of spalling.
18 [60] scC Y Y Y Y It is claimed that moisture content is not the main cause of fire spalling.
Vapour pressure is involved in the redistribution of moisture during fire exposure, but it is not the main reason of it. The spall-
19 61] ing reducing function of PP fibers is based on the presence and movement of moisture.
Y Y
20 [6] HSC Y Y Y Y Y Moisture plays an important role in fire spalling behaviour of concrete.
NSC,H o . . .
21 [25] sc v v v Thermal gradient is not the only factor affects spalling, vapour pressure is also a primary factor.
2 [4] The risk of spalling increases in concrete with lower permeability and can be improved by adding PP fibres or applying ther-
Y Y mal barrier.
The mechanism of fire spalling in concrete could be due to thernmal gradient, pore pressure or the combination of these two.
23 | [62]
Y Y Y Y Y Y
The application of fire protection coatings as a preventive measure, is a relatively simple construction method that is effective
in protecting tunnel structures from collapse. However, the coating materials currently available are rather expensive and have
24 [63] low compressive and tensile strengths. Low strengths of coating materials can lead to fatigue failure and spalling of the tunnel
linings. So a newly developed coating material (bottom-ash-based cementitious) is presented which is low in cost and high in
strength.

12




eJSE

Intemational Electronic Journal of Structural Engineering 15(1) 2015
g % e | S B gz |g |2 3 &
@ S X = 2 & > 2 < < ]
° “ g ® ez |Ee = 8 5. § g . |52 |8 5 = 5 = s g Significant results
z x < § |22 |§2 |5 & 25 g5 ¥ |EE |58 |5¢ S 8=
S B g g 5 |E £e 25 |[Ex |F8 |gES
o o @ 2 Q & g2 s g ” ® g 3
E © g £ s 2 ° 38
25 [64] Y Thermal conductivity has influence on spalling.
26 [65] Y Y Y Moisture content is the factor affects spalling.
By using a combination of NY and PP fibres the same level of spalling protection is achieved using half as much fibre content
as that when PP or NY fibre is used alone. The synergic effect of the combined NY and PP fibre on spalling protection is ex-
27 [33] HSC plained by both the comparably low melting point of PP fibre at the early stage of a fine and a larger number of fibres available
due to the thinner diameter of NY fibre, which allows 11 times more channels than that of PP fibre at a later stage of a fire, im-
proving the spalling protection by providing connections between pores with low fibre content.
With melting of PP fibres, no significant increase in total pore volume is obtained. However, the connectivity of isolated pores
28 [66] increases leading to increase of gas permeability. So the connectivity of pores (below 300°C) as well as the creation of micro
Y cracks are the major factors which determine the permeability after exposure to high temperatures.
Lott Fire spalling behaviour of concrete is modelled based on fracture mechanics approach.
29 man
2011 Y
30 [67] HPSC Combining the SAP with a low amount of PP fibres is beneficial for the fresh properties of the HPSCC.
C Y Y Y Y Y
2 [17] A fully non-linear micro structure modelling of concrete behaviour exposed to fire is presented on the basis of mechanical and
Y Y Y Y Y Y Y Y thermodynamical theory.
HSC,S Adding PP fibres can reduce the magnitude of fire spalling in concrete members.
32 | [68]
cc Y Y Y
Type of fire and strength of concrete have effect on fire spalling behaviour of concrete members.
NSC,H
33 | [39] P
Y Y Y
34 3] NSC,H Pore gas pressure cannot be the only physical origin for concrete spalling.
SC Y Y Y Y
Spalling of small scale specimens was analysed. A relationship between maximum pore pressure, concrete strength and fibre
35 [69] HSC geometry was presented. As a result for HSC, a threshold relative maximum pore pressure of 0.92 Mpa has been suggested
Y Y Y above which spalling is likely to occur.
36 [70] Fire spalling is modelled numerically. Referring to the results, the vapour pressure is usually the main factor of explosion spall-
Y Y ing; but the effect of thermal stress may become predominant under the constraint boundary condition.
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For fibre concrete, although residual strength was decreased by exposure to high temperatures over 400°C, residual fracture en-
38 [34] HPC ergy was significantly high than that before heating. Incorporating hybrid fibre (steel and PP) seems to be a promising way to
enhance resistance of concrete to explosive spalling.
39 [71] Pore pressure during ISO fire is largely higher that during HC fire. This tendency is explained by an increase of concrete per-
meability related to an increase of cracking during HC fire.
40 [29] A coupled thermo-hydro-mechanical model shows that thermal expansion affects spalling.
a 5] HSC To improve fire spalling behaviour of HSC suggestions such as reduction of concrete covers, using sacrificial steel with small
concrete covers and adding PP fibres are suggestd.
2 [72] Ge The strength loss in the concrete was mainly due to the difference between the thermal expansion of geopolymer matrix and the
aggregates.
Addition of PP fibres increases the spalling resistance of SCC mixtures. However they had negative effect on concrete's residu-
43 [73] NSC, al mechanical properties since they significantly decreased the residual compressive strength and tensile strength of concrete. It
SCC is therefore recommended to use PP fibres as part of a total spalling protection design method in combination with other mate-
rials such as external thermal barriers.
44 [74] Recommendations for required amount of PP fibres for different cases are presented.
45 [10] The moisture transport in concrete subjected to fire is one of the most important processes with respect to fire spalling.
A new method (Nuclear magnetic resonance) was set up to study the moisture migration inside concrete. Results show that
pressures close to the tensile strength of concrete can be generated by vaporization preocesses alone. Hence, moisture is one of
46 [12] NSC the key parameters for understanding fire spalling. Heating rate, permeability and pore size distributions determine the position
of the drying front with respect to the 100°C front. If the drying front lags behind the 100°C front the water is superheated,
which results in an increased pressure.
47 [22] Adding PP fibres can improve fire spalling behaviour of concrere.
18 [75] A coupled thermo-hygro-chemo-mechanical code simulating the stresses resulted from both thermo-hygral and thermo-
mechanical process is presented.
49 [16] A fully coupled thermo-hydro-chemo-poro mechanical model is presented to simulate the spalling behaviour.
50 [76] The presence of vapour pressure makes concrete fail in a more brittle manner. Thermal gradient is the main governing factor.
51 [24] HPC Explosive spalling is not caused by moisture clog, but by the thermal stress in the central region of the specimen.
52 [77] PC Results show that both tensile and compressive strength have significant effect on the spalling behaviour of concrete; while
moisture content has minor effect on this phenomenon.
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53 [78] PP fibres and thermal barriers can reduce the magnitude of spalling. The higher the water saturation level at fire exposure, the
Y Y Y Y higher the risk of spalling.

If the heated area is relatively small compared with the thickness of the vermiculite slab, a temperature shade effect can occur,
which may reduce the temperature increase of the surface. The thermal stresses decrease as a result of lower temperature gradi-
ents for tests with smaller unheated areas. The temperature distribution of a specimen is strongly dependent on the size of the
54 [74] HSC heated area. The relative increase of the fragments’ masses is attenuated with larger heated areas. Macro cracks were observed
along the shortest paths from the geometric centre to the edges of the specimens. No or more-shallow spalling occurs at these
paths. A secondary lime slaking can lead to a decomposition of cement stone several weeks after fire testing. The volume dis-

Y Y Y tribution of the spalled fragments determined after a secondary lime slaking is independent of the heated area.
55 [60] HSC Y The presence of moisture can reduce the strength and intensify the fire spalling.
56 [15] scc Pressure in the capillary systgm. is not th? drivi.ng Vforc.e for spal.ling dl.Jrir)g fire. Moisture. movement is the influencing fac-
Y Y tor.Pressure is involved in redistribution of moisture inside concrete at high temperatures.
57 [79] HSC Y Explosive spalling is due to expansion, so no spalling takes place in contraction phase.

Experimental tests conducted on medium size specimens. Because medium to large scale experiments consider structural ef-

fects such as loading and boundary conditions; While experimental studies on small scale specimens provide information on
58 [80] ; ; . L . " . . .
material response to fire. This study presented some guidelines for optimal test conditions, equipment and specimen instrumen-
tations.
Y: An original device is designed to measure both the pressure and temperature of concrete during a fire. A coupled thermo-hydro
59 [42] HPC, mois- mechanism is considered for spalling. Also, results highlighted the effect of moisture clog on spalling.
NSC ture
clog Y Y
60 [32] The effect of adding hybrid fibres on fire spalling is investigated. Results show that the combination of Nylon (9mm length)
and PP (19mm) fibres provide the most optimum results.
61 [81] HSC Two supervised Artificial Neural Networks are developed to simulate the fire spalling.
HSC, Addition of PP fibres has significant influence of mitigating the magnitude of spalling.
62 [82] NSC Y Y

A finite difference method is applied to simulate the coupled heat and mass transport in heated concrete. Results show that the

63 [14] HSC presence of steel reinforcements impeded moisture movement and causes moisture clog zone inside concrete. Moisture clog in-
Y Y Y creases both the vapour pressure and internal temperature.

64 [13] Y Y Coupled transient differential equations governing heat, mass transfer and pore pressure in heated concrete is presented.

65 183] Monofilament PP fibres with 32 micron diameter and 12 mm length and dosage of 1 and 2 kg/m® have the highest ability to
Y Y Y Y control spalling.
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Cover of reinforcements in concrete affect the temperature distribution in concerete while heating. The higher the cover, the
66 [84] more fire resistance in reinforcements. By increasing the compartment size and reducing the openings, the fire temperature can
Y Y Y Y Y be controlled; Hence the required cover thickness can be reduced.
68 [85] HPC Addition of PP fibres has positive influence of spalling behaviour except for loaded walls.
69 [86] HSC Y Y In HSC even the chemically bound water is enough to cause explosive spalling.
70 [87] RC Y Y Finding a critical moisture content level below which spalling will not happen, is very difficult.
71 [88] HSC Y Y A one dimensional numerical model based on pore pressure calculation is presented to predict fire spalling in concrete.
72 [89] NSC Y Thermal gradient increases at hydrocarbon fire comparing with standard fire.
73 [90] A mathematical model of hygro-thermo-mechanical system for heated concrete is presented. Preventive strategies such as using
Y Witec reflective layer, protective layer, PP fibres were presented.
74 [91] Addition of hybrid fibres (Nylon+PP fibres) to large scale concrete specimens is suggested to mitigate the magnitude of spall-
Y ing.
75 [92] Y Y Thermal spalling is due to chemical de-cohesion (strength degradation) and not to chemical softening (rigidity reduction).
76 [93] Y Y Y Y Y Y Y Addition of PP fibres and improvement in tie configuration are the most effective preventive strategies for fire spalling in HSC.
In the tested HSC, the probability of spalling was reduced by drying the surface region (0-30 mm). Some influencing factors
77 [94] HSC . . R - .
Y Y Y on spalling are related to moisture transfer including heat conduction and vapour pressure
The number of fibre per unit volume is a better option than the fibre volume percentage or fibre weight per unit volume. Also
78 [95] . . N .
the length and melting point of fibres are important factors.
79 [96] FR Steel fibres are not beneficial in reducing spalling, while addition of PP fibres or a combination of PP and steel fibers could re-
HPC Y Y Y duce spalling. Vapour pressure is the leading factor that affects spalling.
80 [97] Results show tht 3.5 kg/m® of the 20 mm PP fibres is required to prevent the spalling of a low W/C lightweight concrete sub-
jected to hydrocarbon fire.; but only 1.65 kg/m® of the finer fibres (12.5 mm) would be sufficient.
81 98 HSC Addition of Polyvinyl acetate fibre didn't have significant effect on spalling due to its high melting point. Spalling didn't hap-
[98] pen in specimens containing more than 0.1% PP copolymer fibre.
82 [99] HSC Air bubble network were beneficial in improving spalling.

16




eJSE

Intemational Electronic Journal of Structural Engineering 15(1) 2015
< % @ g 5 5 = & o = ¢
2 8 = ® 2 s s 2 S |z < » S 3 S o
“= e o |o = Eo o o oo [C2 S 5 25 [z o — >c Significant results
=} o} S I = C = e j=) = — E o £ > L g o = @ = o C S
z o < s |2 & |§2 £ > S mecE |EE |ag |6 £ 88
S k7] £ S 5 € 5 8 8S |E5 |F & ®S©
o IS 5 2 o & e < s s ” @ g 3
£ S ES 8 2 @ -1 8
1-2 kg/m® of PP fibres can improve spalling behaviour of concrete. A heat treatment to 150°C is the most suitable way to pro-
83 | [100] HPC
Y tect the current concrete structures.
a4 [101] HP- Steel fibres are beneficial in reducing spalling and increment of porosity.
SRC
Influence of fibre parameters including total surface area, total length and total number of PP fibres were examined. Results
85 [102] HPC show that spalling happened when at least one of these parameters were relatively low, while none of them seems to be deter-
minant in the effectiveness of fibre on spalling.
Spalling depends on many interacting parameters. For considering the mechanism of spalling, both thermo-hydral and thermo-
86 | [103] X .
Y Y mechanical process needs to be considered.
87 | [104] Y Y Y Y A model for evaluating concrete fire spalling risk is presented on the basis of fuzzy pattern.
It is believed that the mechanism of explosive spalling is different with normal spalling. Normal spalling is considered to be a
NSC,H R . : L . R . .
88 [105] sc ductile failure happens when the ultimate tensile strength of concrete exposed to fire is reached; while explosive spalling a brit-
Y Y Y tle failure and is caused by the stresses imposed on the gel structure of the concrete.
Spalling didn't happen in concretes containing higher dosage of 0.05% by volume of PP fibres. A metal fabric showed benefi-
89 | [106] HPC - X : .
cial effects on spalling; while glass or carbon fabrics do not show the same effect.
90 [107] HPC Y The results show that steel fibre has a beneficial effect on spalling.
91 | [108] HSC Y Amount of silica fume has a significant effect on spalling.
92 [109] Y Y Vapour pressure cannot be the only reason of spalling. Thermo-mechanical stress could also increase the risk of spalling.
93 [110] Results indicate that low permeability and high initial moisture content increase the magnitude of internal pore pressure and
Y Y simultaneously increase the spalling risk.
Steel fibres were not effective in reducing the spalling. PP fibres with dosage of 0.1% by volume were effective for reducing
97 | [111] UHPC .
this phenomenon.
95 [112] SCC The best dosage of PP fibres to reduce spalling was 0.5 kg/m? of PP fibres with 6 mm length.
External compressive loading increases the spalling. Using pre-stress bars or wires could reduce the spalling. The spalling
around the edges were less than centre parts.
9 | [113]
Y Y
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Results show that fire resistance is highly dependant on the moisture and void content of concrete. A thinner specimen with a
97 | [114] HPC h A ]
Y Y Y higher air void content shows better fire performance.
08 [115] RC To improve the spalling behaviour of concrete, adding 0.1 vol% of PP fibres were suggested. It is claimed that the proposed
Y Y temperature formulas and graphs can be used to design PP-fiber-mix reinforced concrere slabs against fire.
Results show that thermal stresses play the primary role in spalling; while the pore pressure is considered to play the secondary
99 | [116] .
Y Y Y Y role in this phenomenon.
100 | [117] HsC Fly ash concrete column behave similarly with conventional HSC during heating.
101 | [118] NSC v v Addition of PP fibres has benefit on increasing compressive strength and spalling performance of concrete.

*HSC: High strength concrete, NSC: Normal strength concrete, HPC: High performance concrete, RC: Reinforced concrete, SCC: Self compacting concrete, UHPC: Ultra high performance concrete, HP-SRC:
High performance steel reinforced concrete, FR HPC: Fibre reinforced high performance concrete, PC: Prestressed concrete, GC: geopolymer concrete, SF: Silica Fume, FEM: Fintie element methods
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Table 2: Details of some of the past fire disasters since 1996

No. of

No. of dead Estimate
Year Location injured Cost ($mil- Description of the Disaster
people | PO lion)
ple
A truck fired on the freight train in the tunnel. Fire duration was
Channel 7 hours. The tunnel is approximately 51 km long. Most part of
tunnel, the tunnel was lined with precast high strength reinforced con-
1996 | UK/France 30 - 100 crete with thickness of 400 to 800 mm. During the fire, 500
meters of tunnel had burnt and explosive spalling happened in
the roof lining. The spalling depth was up to 35cm. It took about
6 months to repair the tunnel [43]-[45], [119]
Mont Blanc A truck fired in the tunnel. Fire duration was 53 hours. Damage
1999 tunnel. was maml_y on tunnel roof and road pavement. The tunnel was
France/ltaly 34 39 52 made of reinforced concrete. The spalling was mainly due to the
dehydration of concrete. Due to spalling a certain part of the
roof collapsed and exposed the rock layer.Spalling depth was up
to 40 cm [120].
vl?/zggsl:astlij:r; A subway train made of reinforced concrete was set on fire with
2003 - 148 192 0.1 gasoline, destroying two trains. Fire duration was 3 hours. The
fire, South spalling happened in the roof [46]
Korea P g happ '
1999 I;“%;‘:a 49 12 8 The spalling depth was up to 35 cm [121].
Gotthard The spalling depth was up to 35 cm and it caused collapsing of
2001 | road tunnel, - 11 13 the ceiling. The required time to repair the tunnel was about two
Switzerland months [121].
2005 The 32-storey building was made of reinforced concrete with
The Windsor waffle slabs supported by internal RC columns and steel beams
- - - th
tower. Ma- 35 with perlmete_zr steel columns which were unprotectt;:td above 17
drid épain floor. The fire was due to a short-circuit on the 21* floor. The
' total fire duration was about 18-20 hours. A large portion of the
floor slabs above the 17" floor collapsed [122].
Channel The tunnel is 51 km long. This fire was large and similar to the
2008 tunnel, 93 one that happened in 1996. Major spalling and structural dam-
UK/France age was reported in the tunnel [121].
2009 | Beijing tele- On the Chinees new year festivals, the uncompleted Beijing
vision cul- 7 1 0.05 building caught fire because of unauthorised fireworks. It took 5
tural centre hours to extinguish the Fire [44].
MoScow A_fire resulted from faulty electric wiring and a_short circuit ig-
2013 hiatri i 38 NA nited on the second floor of the two-story hospital. After a few
psychiatric . - ;
hospital minutes fl_re spread over the second floor_ and_caused pollapsmg
on the first floor. It took 3 hours to extinguish the fire [45].
2014 Docklands The fire, which affected more than 10 stories, forced hundreds
apartment, 5 D
Australia to evacuate and caused ignition of the facade [123].
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2.4 European guidelines

Eurocode-1[124]: EN 1992-1-1 presents standard
fire curves, which are designed on the basis of real
fire experiences to show a more accurate estimate of
fire severity using time-temperature curves. These
curves are used in testing, analysis and designing to
simulate the behaviour of building elements exposed
to fire in both experimental and numerical analysis.
Referring to different reasons causing a fire, specific
time-temperature curves are introduced.

- Standard fire

The fire curve is the most popular one for predicting
the fire resistance of building elements. Most stand-
ards around the world, including the Australian
Standard follow this time-temperature relationship.
Mathematically, the fire curve is defined via the fol-
lowing equation:

Where t is time (minutes), T is ambient temperature
(°C) and T is Temperature (°C).

- Hydrocarbon fire
The fire curve is defined as follows:

T =Ty + 1080(1 — 0.325¢ 79167t

2
— 0.678e725%) @
Where t is time (minutes), To is ambient temperature
and T is temperature (°C). In hydrocarbon fire curve
the temperature rise is significantly more rapid when
compared to a standard fire.

- External fire

The external fire curve, which is defined via the fol-
lowing equation, presents the time-temperature rela-
tionship for members outside the fire compartment.
External member is defined as “structural member
located outside the building that may be exposed to
fire through openings in the building enclosure”
[125].

T =Ty + 660(1 — 0.687e 032t — (.313¢38¢)

(3)

Where t is time in minutes, Ty is ambient tempera-
ture (°C) and T is Temperature (°C).

- Eurocode-2 [125]: EN 1992-1-2, presents features
of the thermal and mechanical properties of concrete

Electronic Journal of Structural Engineering 15(1) 2015

and reinforcing steel bars when exposed to fire. The
main aim of this code is to prevent integrity failure,
insulation failure and thermal radiation in concrete
members exposed to fire by measuring parameters
such as integrity, insulation and load bearing of the
exposed members. The code deals specifically with
explosive spalling (section4.5 for NSC and section
6.2 for HSC). For NSC with moisture content higher
than 3% by weight, assessment of moisture content,
type of aggregate, permeability of concrete and heat-
ing rate is suggested. In case of HSC the following
methods are suggested to reduce spalling: using a re-
inforcement mesh with a nominal cover of 15 mm,
using a type of concrete that experimental studies
have shown that no spalling will happen for it, using
protective layers and using more than 2 kg/m°® of PP
fibres in the concrete mix.

2.5 International guidelines

- 1SO 834 [126]: The type of fire is considered to be
cellulose materials such as wood, paper, etc.
Mathematically, the fire curve is defined via the
following equation:

Where t is time (minutes), Ty is ambient tempera-
ture (°C) and T is Temperature (°C).
Figure 3, compares some of the fire curves pre-
sented in guidelines, used for designing the structur-
al members.

=== Hydrocarbon === |S0834
e=de= E xternal =it ASTM E119
1200
1000
e 800
L
£ 600
3
5 400
'_
200
0 T T T )
0 50 100 150 200

Time (min)

Figure 3: Fire curves used for design of structural members

Table 3, compares different national and interna-
tional guidelines addressing design methods for im-
proving fire performance of concrete. As can be seen
in the table very few standards cover design methods
specifically for fire spalling.
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Table 3- Fire design methods in codes and standard guidelines

NO

Guideline

Design method

1

European guidelines (Eu-
rocode-2): EN 1991-1-2 :
General actions on struc-
tures exposed to fire [125]

General: Eurocode-2 is a European standard that presents features of the thermal and mechanical properties of
concrete and reinforcing steel bars when they are exposed to fire. The main aim of this code is to prevent integrity
failure, insulation failure and thermal radiation in concrete members exposed to fire by measuring parameters such
as integrity, insulation and load bearing of the exposed members. For these purposes the standard, investigates the
maerial propeties inside concrete, thermal and physical properties of concrete with siliceous and calcareous aggre-
gates and thermal elongation of reinforcing and prestressing steel. The design procedures consist of simplified cal-
culation method (temperature profile, reduced cross-section and strength reduction) and advanced calculation
methods (themral response, mechanical response and validation of advanced calculation models).

Spalling: This code deals specifically with explosive spalling (section4.5 for NSC and section 6.2 for HSC).
For NSC with moisture content higher than 3% by weight, assessment of moisture content, type of aggregate, per-
meability of concrete and heating rate is suggested. In case of HSC the following methods are suggested: using a re-
inforcement mesh with a nominal cover of 15 mm, using a type of concrete that experimental studies have shown
that no spalling will happen for it, using protective layers and using more than 2 Kg/m® of monofilament fibres in
the concrete mix. In addition, general design rules to increase fire resistance of concrete have been presented in tab-
ulatd data for parameters such as axis distance of reinforcements and section size of concrete. The data are investi-
gated separately for columns, walls, beams and slabs and it is claimed that "when using tabulated data no further
checks are required concerning spalling, execpt for surface reinforcements."

American guidelines:
ASTM E119:Standard test
methods for fire tests of
building construction and

materials [50]

General :This standard presents test methods to measure the fire-resistive properties of materials and assem-
belies and doesn't specifically talk about design methods.

Spalling: -

Australian standard:
AS3600: Concrete struc-
tures [47]

General: General design performance criterial has been discussed for a concrete member (slab, wall, column or
beam separately) for structural adequency, integrity and insulation of not less than the required fire resistance level
including: Increasing in axis distance for prestressing tendons, dimensional limitations to achieve fire-rating, adding
joints between members or between adjoining parts, minimizing the chases, Increasing FRP by the adedition of in-
sulating materials. Also for achieving fire reistance periods for each concrete member, tabular data is available.
Spalling: Some general observations on spalling behaviour of concrete members is mentioned have been recently
added to the standard as follows:“The tendency for spalling is high when: - the element is made of HSC rather than
normal strength concrete (NSC); - the cover to the reinforcement is increased, especially more than about 40 mm-
the moisture content of the concrete is high; - the temperature rise of the fire is rapid and concrete is subjected to a
high thermal gradient; - the concrete is subjected to compressive stress; or- when concrete is subjected to a hydro-
carbon fire compared to a standard fire.”

In AS3600, referring to the experimental results, adding Polypropylene fibres (PP) with a dosage of 1.2 kg/m® and
6 mm length is recommended to reduce the magnitude of spalling.

British guidelines: Struc-
tural use of concrete, Part2:
Code of practive for spe-
cial circumstances: BS
8110-2:1985 [124]

General: In this standard, three different methods for determining the fire resistance of concrete members are
presented: Tabulated data, fire test and fire engineering calculations. In each of the three methods the factors that
influence the fire resistance of concrete elements are metioned as follows: size and shape of elemens, disposition
and properties of reinforcement or tendon, the load supported, the type of concrete and aggregate, protective con-
crete cover provide to reinfrocement or tendons land conditions of end support. In this standard, the Fire engineer-
ing calculations allow interaction between these factors to be taken into account.

Spalling: The standard claims that rapid rates of heating, large compressive stressed or high moisute contents
(over 5% by volume or 2-3% by mass of dense concrete) can lead to spalling of concrete cover at elevated tempera-
tures, particularly for thicknesses exceeding 40 -50 mm. Also, it is mentioned that concretes made from limestone
aggregates are less susceptible to spalling than concretes made from aggregates containing a higher proportion of
silica, e.g. flint, quartzites and granites. Concrete made from manufactured lightweight aggregates rarely spalls. ac-
ceptable measures to proctec spalling are: an applied finish by hand or spray of plaser as a fire barrier, the provision
of a false ceiling as f fire barrier, the use of lightweight aggregates, the use of sacrificial tensile steel. Welded steel
fabric as supplementary reinforcement is sometimes used to prevent spalling, It is then placed within the cover at 20
mm from the concrete face. There are practical difficulties in keeping the fabric in place and in compacting the con-
crete; in certain circumstances there would also be a conflict with the durability recommendations of this standard.
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of practice: IS 1642:1989
[129]

5 International gudelines General: Iso 834, under the general title of fire resistance tests, consists of different part including: specific re-
(1SO 834) [127] quirements for loadbearing vertical and horizontal seperating elements, specific requirements for beams and col-
umns, specific requirements for non-loadbearing vertical separating elements and ceiling elemens.

Spalling: -

NO Guideline Design method

6 New Zealand guidelines: | General: Similar to the Australian Code, the New Zealand Building Code categorises the fire-resistance ratings
NZS3101 [49] (FRR) of concrete elements for a period of 30-240 minutes according to three criteria: stability, integrity and insula-

tion. The tabulated data in the standard show suitable dimensions of the members including beams (simply support-
ed or continuous), slabs (one-way or two-way), columns and walls. For improving the fire resistance of concrete
members following the structural tables and dimensions or using insulating materials is suggested.
Spalling: -

7 ACI216.1-7 Standard | General: Minimum thickness and concrete cover requirement were mentioned for concrete walls, floors and roofs
method for determining | for the purpose of barrier fire resistance. Also, calculations regarding determining the fire resistance of concrete
fire resistance of concrete | members after applying finishes of gypsum wallboard or plaster to one or two side of the member are presented.
and masonry construction | Spalling: Only in the section talking about minimum cover for presstressed concrete beams this sentence refering
assemblies [128] to spalling phenomenon is mentioned: " Adequate provisions against spalling shall be provided by U-shaped or

hooped stirrups spaced not to exceed the depth of the member, and having a conver of 1in."

8 Indian standard: Fire safety | General: Refering to the required fire resistance, minimum concrete cover for different concrere member are prese-
of buildings (general): De- | neted.
tails of construction-Code | Spalling: -

3 PROPERTIES OF CONCRETE MATERIALS
AT ELEVATED TEMPERATURES

3.1 Mechanical properties of concrete

Referring to many experimental studies, deteriora-
tion of mechanical properties of concrete is one of
the unsuitable behaviours of this material while heat-
ing. The deterioration could be due to physiochemi-
cal changes in either aggregate or cement paste or
the thermal gradient between aggregate and cement
paste [20]. To investigate the fire performance of
concrete, reviewing the mechanical properties at
high temperatures is essential.

3.1.1 Compressive strength

Compressive strength of concrete facing fire de-
pends on many factors including the concrete com-
ponents, moisture content, loading levers, cooling
methods, rate of heating, and the number of thermal
cycles. In general, results show that compressive
strength of concrete decreases at elevated tempera-
tures [30], [130]-[134]. As can be seen in Figure 4
the trend of changing the compressive strength is
nearly similar for concretes with different strengths.
Below 100°C, compressive strength decreases due to
increasing the energy and movement of free water
inside concrete. The water movement causes triaxle
stresses, weakening Van der Waals forces among the
molecules and consequently moving apart the layers

of concrete, softening of concrete paste and attenua-
tion of surface forces because of removal of ab-
sorbed water [20]. Between 100-300°C, both free
water and absorbed water inside concrete start evap-
orating. Some believe that the water reduction in ad-
dition to dehydration of binder and stiffening of the
cement gel are attributed to the increase in Van der
Waals forces between gel particles and improve the
compressive strength at this stage [7], [26]. Refer-
ring to higher density of HSC and lower rate of
moisture escape, the improvement in compressive
strength happens later (after 300°C) in HSC. From
300-600°C, dehydration and decrease in bond be-
tween aggregate and paste take place, causing disin-
tegration of the concrete. Reduction of bond strength
is mainly owing to thermal transient between paste
and aggregates. At this stage concrete paste tends to
shrink while aggregates tend to expand. Above
600°C, phenomenon such as calcination of limestone
and decomposition of Ca(OH)2 and C-S-H gels
could be the cause of a quicker decrease of compres-
sive strength [135]. In general, NSC losses less
compressive strength than HSC when exposed to a
temperature of 100°C, which could be due to easier
movement of water in NSC with less permeability
than HSC [133], [135].

3.1.2 Modulus of elesticity

The modulus of elasticity of concrete at room
temperature ranges between 5x10° to 35x10° MPa
and depends on factors including w/c ratio, age of
the concrete, method of conditioning and type of ag-
gregates [65]. In general, this parameter decreases
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with increasing temperature (Figure 5). Experi-
mental results indicate that changes of modulus of
elasticity for NSC and HSC have the same trend, but
the slope of stress-strain curve for HSC is more than
NSC [136].At temperatures up to 400°C, due to the
water removal, concrete becomes compressible. So
the modulus of elasticity reduces. In the temperature
range of 400°C to 600°C, reduction of modulus of
elasticity is due to dehydration that happens inside

concrete member and therefore the bond between

—o—f'c=31MPa, unstressed [137]

—&— f'c=36MPa [134]

e f'c=42.5MPa [132]

== f'c=63MPa, unstressed [137]

== f'c=68MPa [132]

= f'c=75MPa, Carbonated aggregate[153]
f'c=75MPa,Silicious aggregate [153]

—o— f'c=76MPa [132]

—@—f'c=89 MPa [7]
f'c=89MPa, stressd [137]
f'c=107MPa [7]

Normalized compressive strength

0 T T i T )
0 200 400 600 800 1000

Temperature (°C)

Figure 4. Concrete compressive strength at elevated tempera-
tures

aggregates and cement paste mitigates. Above
600°C, specifically between 600-700°C absorption
of heat for calcination or other transaction proce-
dures in aggregates prevents any specific change in
modulus of elasticity.

The reduction of modulus of elasticity is also
less in concrete heated under load than the one with
no load. The loading can limit the reduction of mod-
ulus of elasticity by compacting concrete and pre-
venting the cracks to develop [20], [133].

Studies conducted by Tian [137], investigated the
effect of heating time on modulus of elasticity of
NSC. Results show that this property reduces with
increasing heating time, due to the increase of de-
formation and decrease of bearing capacity and du-
rability of concrete.

3.1.3 Tensile strength
Tensile strength of concrete is much lower than
compressive strength. This characteristic becomes
more important during a fire, when tensional micro

Electronic Journal of Structural Engineering 15(1) 2015

cracks happen in the concrete and their propagation
could cause spalling. Hence, understanding the ten-
sile strength of concrete is crucial in predicting the
fire performance of concrete.

Results of some experimental studies [62], [138]
confirm that tensile strength of concrete decline with
increasing temperature (Figure 6). The tensile
strength relationship with temperature is claimed to
be similar for HSC and NSC. It is also shown that

=—¢—f'c=31MPa [130]
—— f'c=63MPa[130]

f'c=75MPa, Siliceous aggregate [137]
== f'c=75MPa, Carbonate aggregate [137]

© o o
IS o oo =
1 1 1 1

o
o

Normalized Modulus of elasticity

o

200 400 600 800
Temperature (°C)

o

Figure 5: Modulus of elasticity of concrete at elevated tem-
peratures

tensile splitting strength of concrete is more sensi-
tive to high temperatures than compressive strength
[26].

=== Concrete with light aggregate and no silica fume[26]
concrete with coarse aggregate ana no Silica fume [26]
Concrete with 28 ikg/m3 Silica fume[26]
Concrete with 50 kg/m3 Siica fume[26]

=—o— Concrete with no flyash[73]

—— Concrete with 50kg/m3 fly ash[73]

=== Concrete with 100 kg/m3 fly ash[73]

== Concrete with 350150 kg/m3 fly ash[73]

1
0.9
0.8
0.7
0.6
0.5
0.4
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Normalized splitting tensile strength

0.2

0.1
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Temperature (°C)

Figure 6: Tensile strength of concrete at elevated temperature
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3.1.4 Flexural strength

Flexural strength of concrete is another measure of
the tensile strength of concrete showing the re-
sistance to bending failure. As can be seen in figure
7, flexural strength of concrete, similar to other me-
chanical properties, deteriorates at elevated tempera-
ture due to dehydration and degradation of Van der
vaals forces. Comaring the behavior of NSC and
HSC shows that decrease in flexural strength of
NSC is more than HPC while heating up to 400°C.
Above 600°C, decrease in flexureal strength of both
type of concrete increases [139]-[141].

—— Micro-concrete [139]

concrete reinforced by PP fibres [140]
== concrete reinforced by steel fibres [140]
== HPC [141]

HPC reinforced by steel fibres [141]
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Figure 7: Flexural strength of concrete at elevated tempera-
tures

3.1.5 Poisson’s ratio

Poisson ration of concrete represents the ratio of lat-
eral to axial deformation under uniaxial loading and
varies between 0.11 to 0.32; but is generally consid-
ered in the range of 0.15 to 0.2. at room temperatue.
Figure 8 indicate that Poisson’s ratio of both NSC
and HSC decreases with increading temperature due
to loss of evaporable water in the matrix (Figure 8)
[141]-{144].

Studies conducted by Tian [137], investigated
the effect of heating time on modulus of elasticity
of NSC. Results show that this property reduces with
increasing heating time, due to the increase of de-
formation and decrease of bearing capacity and du-
rability of concrete.

3.2 Thermal properties of concrete

During heating, cracks happen in concrete due to ei-
ther thermal gradient or dehydration of concrete
paste [145]. To manage the thermal cracks, a deep
understanding of the thermal behaviour of concrete
is needed. Thermal properties of concrete that can

Electronic Journal of Structural Engineering 15(1) 2015

affect the temperature rise and temperature distribu-
tion in concrete during heating are discussed in this
section.

—o— HPC [141]
—@— HPC reinforced by steel fibres [141]
== NSC[142]
Quartzite concrete[144]
0.3

0.25
0.2

0.15 ,\\,\

0.1

Poisson's ratio

0.05

0 200 400 600 800 1000 1200
Temperature (°C)

Figure 8: Poisson’s ratio of concrete at elevated tempera-
tures

3.2.1 Thermal conductivity

Thermal conductivity is a material property which
shows the ability of conducting heat and is defined
by the ratio of heat flow rate to temperature gradient.
It is the property that affects the temperature gradi-
ent in different parts of concrete exposed to heat
[64]. Concrete with low thermal conductivity has
great thermal insulation; hence, concrete with high
thermal conductivity would be useful in reducing
thermal gradient among different parts of a concrete,
which could reduce the thermal gradient and spalling
risk.

As the Figure 9 shows, over 100°C free water
evaporates, so the empty pores reduce the speed of
conduction due to the fact that air existed in the con-
crete pores has less thermal conductivity than water
[64].

== Eurocode (lower) [125]
—— Eurocode (Upper) [125]

= experimental resutls [9]
S 25
s 1
2
Z 15
S
2 1
8
g 0.5
0 250 500 750 1000 1250 1500

Temperature (°C)
Figure 9: Thermal conductivity of concrete as a function of
temperature
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In addition to moisture content, the exact
amount of thermal conductivity is affected by the
accuracy and measuring methods of the instruments
[145]. Experimental tests show that concrete with
higher density has more thermal conductivity [146].
Higher crystallinity causes higher thermal conduc-
tivity and its rate of decrease with temperature [28].
That is why thermal conductivity of concrete with
siliceous aggregate, which has higher crystallinity, is
higher than carbonate concrete in the temperature
range of 200-800°C.

3.2.2 Specific heat

Specific heat is known as the amount of required
heat per unit mass to change the temperature of a
material by one degree and is given by:

Cp= (0H/ dT)(p,%) + (9H/ 08)(p, T) d&§/dT (5)

Where H is enthalpy, T is temperature, p is pressure
and & is the degree of conversion of reactants; if
heating is accompanied by chemical reactions or
phase transitions inside the concrete. Specific heat of
NSC at normal temperature ranges between 0.5-1.13
ki kgt K9].

Temperature stability of a structure increases us-
ing concrete materials with high specific heat. At
high temperatures, this characteristic is affected by
moisture content, aggregate type and density of con-
crete [65]. Dehydration of Tobermorite gel and cal-
cium hydroxide is the main reactions happen at ele-
vated temperatures. Absorption of heat in this
reaction increases the specific heat of concrete at
different temperatures. The noticeable peak at 500°C
in Figure 10 is related to dehydration of calcium
hydroxide.

Adding materials such as steel fibres or super ab-
sorbent polymers in to concrete mix, able to absorb
heat at elevated temperature could be beneficial in
increasing specific heat, reducing internal energy
and hence preventing the concrete from increasing
temperature. So it can reduce the spalling risk[66].

=——¢— Eurocode [125]
—— Experimental results [65]

Specific heat (M/

0 200 400 600 800 1000
Temperature (°C)

Figurel0: Specific heat of NSC as a function of temperature
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3.2.3 Thermal expansion

Coefficient of thermal expansion, o, is the thermal
strain per degree Centigrade. Thermal expansion of
concretes with lower proportion of aggregates in-
creases as the thermal expansion of cement paste is
higher than usual aggregates. Age of concrete has
some influence on the thermal expansion of con-
crete. Experimental results show that the value of a
has minor decrease in aged concrete [9].

One of the main factors affecting the thermal ex-
pansion of concrete is the temperature. Figure 11
shows that the relationship between the thermal
strain of concrete and temperature is linear until
about 500°C. At elevated temperatures transfor-
mations in the aggregates, failure of the bond be-
tween aggregates and cement paste and shrinkage
due to dehydration of concrete cause nonlinear or
even negative expansion. Increasing temperature
leads to an increase in thermal stress inside concrete
members. This stress and the resultant thermal gra-
dient could cause either thermal expansion or deteri-
oration of the bonds between aggregates and cement
paste.

Siliceous HSC [8]
=== Carbonate HSC [8]
—o— Carbonate with expanded aggregate [9]
—— Carbonate with Bazalt aggregate [9]
== Carbonate with Limestone [9]
Carbonate with Quartizite [9]
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Figure 11: Thermal expansion of concrete with a variety of ag-
gregates at different temperatures

4 FACTORS GOVERNING FIRE SPALLING OF
CONCRETE

The magnitude of spalling is governed by many de-
pendent factors including the material, environmen-
tal and geometrical parameters. Many numerical and
experimental studies have been implemented to in-
vestigate the effecting parameters on this phenome-
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non; among which some of the leading factors are
discussed in this section.

4.1 Porosity and pore pressure

Pore pressure is due to liquid mass transfer through
the pores. Referring to Hertz, dense concrete is more
susceptible to spalling than traditional one due to its
lower porosity [8]. Referring to many experimental
and numerical studies conducted to assess the spall-
ing risk of concrete exposed to fire, one of the main
reasons affecting the fire spalling behaviour of con-
crete is the vapour pressure generated in the pores of
a concrete with low gas permeability [16], [58]. By
increasing the temperature, water in the pores evapo-
rates and then solves in free water until the pores be-
come fully saturated. At this stage, pores cannot
contain water and vapour at the same time, which
causes the pressure inside them to increase consider-
ably. When the pressure becomes more than the ten-
sile strength of concrete, spalling happens (Figure
10). Low permeability of concrete impedes internal
pressure to escape from concrete and could be the
reason that HSC materials are more susceptible to
spalling than NSC [8].

On the other hand, some of the investigations
show that increasing porosity does not necessarily
reduce spalling; By increasing the porosity the
amount of free water inside concrete and hence the
amount of vapour and consequently the pore pres-
sure will be increased [16]. This is with the assump-
tion that the pores are full of free water. In those
pores full of air, again increasing the porosity leads
to increase of the amount of internal air that reduces
the thermal conductivity of concrete. Reduction of
thermal conductivity leads to an increase in the
thermal gradient and thermal stress inside concrete
and could increase the magnitude of spalling.

Due to the different views, considering the pore
pressure and porosity as the main causing factor of
this phenomenon has become a controversial issue
[2], [3], [147].

4.2 Moisture content

The amount of moisture inside concrete is one of the
influencing factors affecting fire spalling risk. Some
believe that dry NSC with low moisture will not
spall [8].

When a concrete member exposes to fire, water
inside the concrete pores evaporates. The pressure
gradient in the concrete causes the mass transfer
[148]. A part of the vapour leaves concrete from the
heated surface and the other part moves toward a
concrete section with less pressure and temperature.
By reaching a cold section, the vapour condenses
and changes into water. Continuing the heating pro-
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cess generates a layer of saturated water near the
heated surface. This layer acts as an impermeable
wall and impedes the vapour pass through. If the po-
rosity of the cold section is not enough to let the in-
ternal vapour get out of the concrete, the pressure in-
side the concrete increases and a pressure peak is
located at the saturated layer. Sudden release of the
energy of the pressure could cause spalling. The
lower the permeability of the material, the sooner
(and the closer to the heated surface) this moisture
clog is generated and the higher the pressure and the
pressure gradient [9], [149].

On the other hand, HSC with lower w/c is more
prone to explosive spalling and it has been reported
that even the crystal water can be sufficient for caus-
ing an explosive spalling in HSC. This leads to the
conclusion that it is really difficult to make an as-
sessment only on the basis of an initial moisture con-
tent regarding the possible likelihood of explosive
spalling [150].

4.3 hermal gradient and heating rate

The temperature gradients induce gradients of ther-
mal dilation, which in turn generate tensile stresses
perpendicular to the heated face. Local strain in-
compatibilities between the cement paste and the
aggregates also exists; While the aggregates dilate
with increasing temperature until they are chemical-
ly degraded [9], [42], the cement paste shrinks as
soon as it loses water (by drying and dehydration)
[42]. Due to non-uniform temperature distribution in
concrete structure during heating, the differences be-
tween the thermal expansion of concrete paste and
aggregates induce some stresses. Some investigators
claim that the main driving force causing spalling in
concrete members exposed to fire is the sudden re-
lease of energy stored from thermal stresses. Ther-
mal gradient in concrete member exposed to fire
causes failure in bonds between aggregates and ce-
ment paste and could be sufficient to cause spalling.
Therefore the main cause of explosive spalling in
HSC could be the thermal gradient-induced thermal
stress and not the vapour pressure or even the gener-
ation of moisture clog [24].

Type of fire is another governing factor that has
considerable effects on the magnitude of spalling.
Many experimental studies show that rapid or
asymmetrical heating gives rise to both temperature
and moisture gradient, which leads to higher build-
up of pore pressure and tensile stress and then larger
spalling [8], [39], [53], [58], [131]. Increasing the
spalling depth of HSC exposed to hydrocarbon fire
with higher rate of temperature comparing with NSC
testifies this effect [74].

On the other hand, there is a doubt that fast heat-
ing causes more cracks on the concrete surface.
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These cracks can act as gateways for the vapour and
liquid, thereby decreasing the internal pressure and
spalling of the concrete [3], [53].

Referring to different views on the effect of heat-
ing rate on spalling, the influence of this factor
needs more investigations.

4.4 Concrete mixture

It was claimed that expansion and rapid change of
volume of aggregates such as Quartz and Limestone
filler could increase the probability of spalling in
concrete exposed to fire [79]. Filler makes the con-
crete denser, thereby not enough space for the inter-
nal pressure to release from the concrete and could
cause spalling.

On the other hand, type of aggregate as a govern-
ing factor on fire spalling is rejected by a few re-
searchers [3], [8]; They believed that aggregate ex-
pansion such as what happens in Quartz causes
micro cracks in the concrete and leads in small dete-
rioration but not spalling. Also, mismatching be-
tween the expansion of aggregates and the concrete
generates cracks that could act as gateways for both
vapour and free water and reduce the magnitude of
spalling.

In spite of controversial views on the effect of
concrete mixture on the magnitude of spalling, it is
believed that choosing appropriate aggregate could
have positive impact on the concrete fire perfor-
mance. As an example, utilizing aggregates with
high thermal stability and low thermal expansion
improves their compatibility with the cement paste
and enhances concrete integrity. Aggregates with
angular surfaces have better bond with the paste. Al-
S0, using reactive silica improves the chemical bond
with the paste [130]. Carbonate aggregates absorb
heat to dispel CO, and magnesium carbonate de-
composes at elevated temperatures. These reactions
are endothermic that absorb heat and reduce the in-
creasing speed of temperature inside concrete;
Hence the fire endurance of concretes with these
types of aggregates will be improved [78], [151].

4.5 Concrete member geometry

Spalling probability in concrete members with acute
angles is larger than circular ones with lower ther-
mal stress concentration. It seems that damage on
concrete surface with a reinforcing bar will be more
serious due to low thermal strength of steel used as
reinforcement. Since maximum cover of reinforce-
ment is needed for spalling prevention which adds
weight and cost, finding optimum cover for rein-
forcements to improve the general behaviour of con-
crete members while exposing to fire is required.
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Khoury [4] revealed that peak pore pressure
usually happens near the surface of the concrete, es-
pecially in HPC. Consequently thinner ones experi-
ence more severe spalling in fire; Results of Hertz’s
experiments also show that development of rapid
heat and consequently increasing temperature and
moisture gradient in thin cross-sections is easier. So
the chance of spalling will be increased in thinner
members [8].

On the other hand, since reaching thermal equi-
librium is easier and faster in small specimens, con-
crete panels with larger surface area and/or larger
thickness are more prone to fire spalling [39].

Finding the exact effect of size and shape of the
concrete members is another unknown area related
to fire spalling that needs more investigations.

4.6 Loading level and boundary conditions

Mechanical stress induced in a concrete face ex-
posed to fire especially in fixed ends of concrete slab
or beam is another influencing factor on the magni-
tude of fire spalling [8]. Some experimental results
show that fire spalling in members with higher com-
pressive stress happens more easily and/or more se-
verely [77]. Accordingly, pre-stressed concrete with
restricted tensile cracking, may suffer more from
this phenomenon. In concretes with no pre-stress
forces, compressive stress will be reduced by gener-
ating tensile cracks near the surface; So the internal
stress of the concrete member, which could increase
the magnitude of spalling will be reduced [61]. Con-
sidering the effect of initial cracks generated in
members with low mechanical loading on reducing
the internal vapour pressure and the magnitude of
spalling, also emphasises that vapour pressure could
be one of the leading reasons of spalling in concrete
members.

4.7 Age of concrete

The experimental study conducted by Bostrom &
Jansson [152] shows that in spite of initial expecta-
tions of decreasing spalling in aged concrete, even
after years of producing concrete, the spalling still
happens. Also, it was shown that age of concrete in
large concrete specimens and concrete with low
permeability doesn’t have considerable effect. Since
these types of concrete can hardly achieve the hu-
midity equilibrium with environment after a while.
Hence no strong evidencet has been found to claim
that the probability of spalling will be decreased by
increasing the age of the concrete [15]. Therefore,
defining an exact age in which concrete won’t spall
IS to some extent impossible [150].
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5 PREVENTION STRATEGIES FOR FIRE
SPALLING OF CONCRETE

To mitigate or prevent fire spalling in concrete
members, a few suggestions are presented by re-
searchers based on factors influencing this phenom-
enon. This section discusses some of these sugges-
tions and their negative and positive effects on
spalling.

5.1 Addition of textile fibres and fabrics

Different type of fibres has been used as supporting
materials in concrete paste to enhance the final
properties. Some of which found to be effective in
improving spalling performance of concrete material
are discussed in this section.

5.1.1 Polypropylene fibres

Many experimental studies claim that using Poly-
propylene fibres (PP) decrease and in some circum-
stances prevent the fire spalling of the concrete
members [19], [39], [59]. Microscopic study on the
behaviour of PP fibres in concrete shows that by ex-
posing concrete to fire, these fibres start to expand,
melt, and then shrink at around 170°C [67]. The void
spaces occur in the concrete referring to melting of
PP fibres can be considered as weak points inside
concrete. Increasing the heat causes cracks at the
edges of the voids. These cracks act as micro gate-
ways around fibres, from which moisture and water
vapour can pass through by the aid of either capil-
lary forces or the pressure difference. By reducing
the vapour pressure built-up in the concrete moving
free water from critical zone, the local stress and
then the magnitude of spalling could be reduced [3],
[61].

One of the concerns of adding fibres to concrete
is reduction of the workability especially in self-
compacting concretes [69]. To improve the worka-
bility of concrete reinforced by PP fibres, results of a
study show that adding Super Absorbent Polymers
(SAP) to self-compacting concrete could be benefi-
cial in reducing the amount of free water in the pores
and consequently reduces the gas pressure after ex-
posing to fire. It seems that by using optimum
amount of SAPs, the optimum dosage of PP fibres
needed in concrete can be reduced and a better
workability in concrete can be achieved [67].

Other concern of adding of PP fibres is produc-
tion of some additional void spaces in concrete dur-
ing a fire, which may decrease the durability of the
member at first steps of exposing to fire. These
voids may be converted in to micro cracks and may
become places for stress concentration inside the
concrete at temperatures up to 175°C [26].
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Referring to Eurocode, adding more than 2 kg/m?®
of monofilament PP fibres in the concrete mix is
suggested to prevent spalling; while in Australian
standard a dosage of 1.2 kg/m® of PP fibres with 6
mm length are recommended. Experimental tests
suggest different dosage of this fibre (0.9-3 kg/m®).

In general, fibres with smaller cross-section and
longer length have more positive impacts on mitigat-
ing the fire spalling [153]; but referring to the effec-
tiveness of fibre specification on spalling behaviour
of concrete, further research to achieve a better un-
derstanding of the exact microstructural mechanism
of added fibres and their behaviour in concretes dur-
ing a fire is needed. Also, the optimum dosage, di-
mension and number of fibres in unit volume of
concrete that could improve the fire spalling behav-
iour of concrete members needs to be clarified for
both HSC and ultra-high strength concrete (UHSC)
[130], [153].

5.1.2 Steel fibres

Some experimental results show that adding steel fi-
bres improves the mechanical behaviour of concrete
such as flexural fatigue strength and ductility of
HSC [33], [78], and they are beneficial in reducing
spalling. Few other results indicated that these fibres
were only beneficial for increasing the temperature
tolerated by reinforcement bars and were not suc-
cessful in hindering the fire spalling of the concrete

8], [10].

5.1.3 Hybrid fibres

Some experimental studies [30], [31], [34], [56] in-
vestigated the effect of adding hybrid fibres to HSC
on residual mechanical strength at elevated tempera-
ture. Results show that combination of PP fibres and
Carbon and/or Steel fibres could improve the me-
chanical properties of the HSC and alleviate the pore
pressure inside concrete [154]. This could be due to
melting of PP fibres and generation of micro chan-
nels that lead to reduce the inside vapour pressure.
Addition of Carbon and Steel fibres were also bene-
ficial in generating bridges over internal cracks and
improving the stability of the concrete at high tem-
peratures.

Addition of Nylon and PP fibres were also sug-
gested to mitigate the spalling [32], [33]. Since Ny-
lon fibres have smaller diameters, they can distribute
evenly in the concrete paste and can improve the
workability and make joints between small pores
and help PP fibres reducing the internal pressure.

5.1.4 Textile fabrics

In a research conducted by Ehlig [155] textile fabric
made of carbon fibres were used as concrete rein-
forcement. The fabric was responsible for load dis-
tribution and increasing tensile strength of concrete
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exposed to fire. It should be noted that the problem
of reduction in workability of concrete is more se-
vere in concretes reinforced by fabrics.

5.2 Reducing water content

To improve the fire spalling performance, pre-drying
the concrete at 80° is suggested [61], [156]. Euro-
code also suggests decreasing the amount of free
water in concrete to less than 3% by weight to re-
duce the amount of vapour inside concrete at high
temperatures.

To improve the concrete behaviour in terms of
moisture clog, efforts need to be made on finding
out the optimum amount of moisture, the moisture
distribution in different types of concrete and the ef-
fect of saturated water inside concrete members on
fire performance of concrete [61].

5.3 Utilizing thermal barrier

It is believed that thermal barrier and blocking the
heat transfer to the concrete structure are the most
effective but expensive way to improve the fire
spalling behaviour of HSC [4], [31].

6 CONCLUDING REMARKS

Reviewing the recent achievements on concrete fire
spalling, shows that the exact origin of the phenom-
enon and the physics involved is not yet understood.

Referring to the probable factors influencing the
fire spalling of concrete, it seems that this phenome-
non occurs under a combination of governing factors
including vapour pressure and thermal gradient,
which are considered as the main factors causing
spalling and the rest are influencing factors that have
effect on the magnitude of spalling and not neces-
sarily the main reason of this phenomenon. Even by
accepting this idea, researchers have not yet com-
pletely agreed on the relative contribution of the in-
fluencing factors on the concrete fire spalling phe-
nomenon. The research gap that has been reported is
due to the erratic and random nature of spalling phe-
nomenon. Other functions include non-homogenous
structure of concrete material, large number of fac-
tors that influence spalling and their interdependen-
cy.
Referring to the importance of this phenomenon
and necessity of its avoidance, it is important to
achieve a better understanding of the real mecha-
nisms responsible for fire spalling of concrete and
then develop a realistic predictive model and present
practical eliminating methods. These methods
should be a feasible alternative way to expensive
tests, through which concrete behaviour can be pre-
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dicted and simulated under realistic conditions and
with real concrete member geometry.
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