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The present work involves calculation and analysis of pore vapor pressure in high strength concrete
(HSC) exposed to fire. In order to study the spalling of high strength concrete exposed to fire, a
mathematical model of the coupled actions of hydro-thermal effects is established. The temperature
field and the pressure field are calculated at a given temperature. Then, the pore vapor pressure is
calculated and analyzed and the calculated results are validated experimentally. The relationships
between the water permeability coefficient or the vapor permeability coefficient and the peak pressure
together with its location are established. The results from this study indicate that peak pore pressure
increases with prolonged fire exposure time and shifts from the surface towards the center of the
concrete. The research results provide a basis for improving the spalling phenomenon.
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INTRODUCTION

High strength concrete is a brittle material that has low
porosity and little water absorption. The water in concrete
exists in the form of combined water, adsorbed water and
free water. Compared with normal strength concrete
(NSC), high strength concrete has low permeability,
which reduces the rate at which water can be released.
Several researchers have put forward various mecha-
nisms to explain spalling of concrete exposed to fire, for
example, thermal incompatibility, vapor pressure and
thermal stress. High temperatures can cause the water in
the pore space of the concrete to vaporize, increasing the
pressure in the pores and inducing spalling on the
exterior surface (Aitcin, 1989). Some research results
show that high temperature induces thermal stress
between the exterior layer and the interior of concrete,
leading to spalling (Jahren, 1989). Other results show
that hydrolysates of cement decompose at high tempera-
ture and release vapor, consequently the pore pressure
increases and the paste matrix fractures (Phan, 1996).
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Bazant (1979) analyzed hydro-thermal transfer in
concrete and calculated the vapor pressure by finite
element analysis. Kalifa et al. (2001) measured the vapor
pressure in the interior of concrete and the results
validated the theory of vapor pressure-induced spalling.
Van der Heijden et al. (2007) studied fire spalling in
concrete exposed to fire through measuring the moisture
transport in heated concrete using the dedicated nuclear
magnetic resonance (NMR) method. Mindeguia et al.
(2010) used a device intended for measuring temperature
and pore vapour pressure of concrete specimens. The
aim of the study was to better understand the thermo-
hydral behaviour of concrete exposed to high tempera-
ture and the possible link to spalling risk.

Spalling of concrete exposed to fire is the result of a
combination of heat-related and vapor-related effects. On
one hand, a temperature field arises from external
heating and internal heat transfer and results in a thermal
expansion gradient grade and tensile stress that is
perpendicular to the fire-exposed surface. On the other
hand, the effects of mass transfer (for example, water,
vapor and air) in a porous media can lead to internal
pressure, resulting in a “homothetic saturated zone.”
Because of the coupling between the combined
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hydrothermal effects, stress and strain are imposed that
lead to spalling.

There are many mathematical models based on
different spalling mechanisms. Other researchers have
developed thorough studies on simulations of the per-
meability of cementing materials, numerical simulations
of hydro-thermal conduction and modeling mass transfer
in the interior of concrete (Wittmanm and Schweisinger,
1998; Johannesson, 2002). Many researches in this field
are concerned with analyzing the temperature field in the
interior of concrete exposed to fire, while there is very
little investigation of the internal vapor pressure field. In
this paper, a mathematical model of the coupled hydro-
thermal effects is established. The temperature field and
pressure field are built and calculated for a given tem-
perature exposure. Then, the pore pressure is calculated
and analyzed and the calculated results are verified
experimentally.

MATHEMATICAL MODEL OF HYDRO-THERMAL EFFECTS

As a reasonable simplification, ideal conditions are assumed as
follows:

(1) Concrete is isotropic and homogeneous.
(2) Concrete is completely mature, so there is no hydrate reaction in
the concrete and concrete is saturated at normal temperature.
(3) In the pores of the concrete, there is only vapor pressure, and
the vapor is an ideal gas.
(4) Only the pressure field in front of the “homothetic saturated
zone” (Bazant, 1979) is considered.

Based on the above assumptions, the temperature field can be
calculated from the diffusion equation:
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where k is the coefficient of thermal conductivity, p is density, C is
specific heat, t is time and T is temperature.

The pressure field is regarded as a function of temperature (T) and
mass density of vapor (w).
The state equation of an ideal gas is

pv=nRT @)

Where p is the pressure of the ideal gas, v is the volume, n is the
molar amount, and R is the universal gas constant. In volume
element dv, n is given by

n=wdv/M
Where M is the molar mass (0.018 kg/mol for water vapor).
So,

pdv=wdvRT IM @3)
That is,
p=wRTIM (4)

So, w is related to p by

Where
B = M /RT (6)

The concentration gradient of vapor is the driving force of diffusion.
Linear diffusion within concrete is given by:

J :_Da_w
8x (7)

where J is mass flux, D is the diffusion coefficient and x refers to the
x-direction.
Neglecting any vapor sources, the mass equilibrium equations is

LA
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Combining Eq. (7) and Eq. (8), the following equation is obtained:

al =V(D al)
ot ox 9)
In this model, diffusivity (D) is considered to be a variable because
diffusivity increase with temperature. In this aspect, the model is
new comparing to that of other research. Ichikawa and England
(2004) assumed that the diffusion coefficient is 4.0 x 10°m?s™ in
order to simulate the experimental data, which is different from the
real situation.

An empirical formula for D (Equation 10) is given in the study of
Yang Daiquan (Daiquan and Zhujiang, 2000). After damage induced
by high temperature is considered, the coefficient of permeability
must be corrected as in Equation (11) (Min, 2005).
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D =0.08346 e(T/426.21 207) (1 1 )

Equation (9) can be written as:
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Considering one-dimensional diffusion, Equation (13) is obtained by
combining Equation (5) and (12)
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This partial differential equation is solved by the finite difference
method and is calculated by using MatLab. The thermotechnical

parameters of concrete are introduced into the
calculations (Yuzhang, 1998):

p = 2350 kg/m*;
k =2 -0.24T/120+0.012 x (T/120)%;
C=900+80T/120 - 4 x (T/120)%

Figure 1 depicts the calculated results for the temperature field and
pressure field. From Figure 1(a), it can be seen that the
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Figure 1. The temperature field and pressure field at
different heating time. (a) The temperature field. (b) The
pressure field.
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temperature distribution within the concrete is very non-uniform
because of its poor thermal conductance. The surface temperature
reaches 600°C when the concrete slab is heated at 600°C for 0.25
h, however, the temperature 20 mm from the fire-exposed face is
only 25°C. With increasing fire exposure time, the temperature in
the interior of the concrete increases very slowly. After the concrete
slab is heated at 600°C for 1 h, the temperature in the center of the
concrete slab is only 40°C. From Figure 1(b), it can be seen that
there is a maximum value of pressure in the pressure field. This
peak pressure increases with fire exposure time and the location of
peak pressure gradually moves away from the fire-exposed surface.

Figures 2 and 3 show the relationship between the peak pressure
and the fire exposure time and temperature respectively. Peak
pressure increases linearly while the concrete continues to be
exposed to fire, but the corresponding temperatures of peak
pressure are all about 150°C. This temperature is near the melting
point of polypropylene fiber (165°C), which can explain why
polypropylene fiber can improve the spalling resistance of high
strength concrete. At that temperature, peak pressure appears in
certain locations in the concrete. After the polypropylene fibers melt,
many coterminous pores are opened, which serves to release
vapor pressure and avoid spalling. This result not only validates
vapor pressure theory but also indicates the credibility of the model
established in this study.

Some previous studies found that spalling usually happens within
30 min after fire exposure and the spalling depth is generally within
10 mm. Figure 2 shows that the peak pressure in concrete exposed
to fire for 30 min is 2.5 MPa and the corresponding location is 10
mm from the fire-exposed surface. Contraction micro-cracks occur
first, and if vapor pressure is high enough, micro-cracks will enlarge
rapidly. In extreme circumstances, the surface will fail by spalling.
After such damage occurs, the diffusion coefficient of vapor
increases markedly and vapor pressure correspondingly drops,
halting spalling. This explains why spalling usually happens within
30 min after fire exposure. Under appropriate conditions, spalling
may recur on a new surface, but this will eventually stop as the
water content of the concrete is decreasing continually.

The calculated results of the empirical formula Equation (10)
(Daiquan and Zhujiang, 2000) and Equation (11) (Min, 2005) are
appreciably different. The peak pressure calculated using Equation
(11) is lower than that calculated with Equation (10) and the
difference increases gradually with prolonged fire exposure time.
The corresponding temperature of peak pressure calculated with
Equation (11) is higher than that calculated using Equation (10).
When fire exposure time is increased from 15 to 60 min, the
difference in peak pressure changes from 0.2081 to 0.3200 MPa
and the corresponding temperature of peak pressure changes from
23.39 to 61.42°C Equation (11) accounts for the increase of
permeability caused by structural damage in high-strength concrete
exposed to fire.

EXPERIMENTAL VALIDATION AND ANALYSIS OF
CALCULATED RESULTS FOR PORE PRESSURE

Raw materials and experimental method

The concrete used in this study consisted of Portland
cement conforming to 42.5 P 2, river sand with fineness
modulus of 2.50, crushed basalt, fly ash with grade 1,
high range water reducing agent and two different types
of polypropylene fiber with lengths of 6 and 19 mm,
marked as PS and PL, respectively. The chemical
composition of cement and fly ash are listed in Table 1.
The mix proportions and compressive strength at 28 days
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Figure 2. The relationship of peak pressure and fire exposure
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of normal strength concrete (NSC) and high strength
concrete (HSC) are listed in Table 2.

After being cured at 20°C and 90% relative humidity for
28 days, the specimens were placed in a normal tempe-
rature environment for 3 days. An oil furnace was used
for the high-temperature tests. The sketch map of the oil
furnace is shown in Figure 4. The furnace size is 580 x
400mm x 450 mm. The temperature-time curve of the oil
furnace is near to the curve prescribed in ISO 834, which
accords with Equation (14).

T-To=3451g (8t + 1) (14)

Where T is the average temperature in furnace at the
time of t,°C; Ty is the intital temperature in furnace, °C; t
is the heating time, minute.

When the temperature reached 600°C, the furnace was
kept at constant temperature for 1 h, then heating was
stopped and the specimens cooled to normal
temperature inside the furnace.

Water absorption of high strength concrete exposed to
fire was tested in order to confirm the relationship
between water absorption and fire exposure time. The
slope of the water absorption vs. time curve is the water
permeability coefficient. This particular testing method is
described in the study of Cemy and Rehalova (1996).

Validation of peak pore pressure
Figure 2 shows that the calculated value of peak pore

pressure in concrete is about 3.5532 MPa after the
concrete is exposed to fire for 1 h. If concrete cannot

endure this pressure, spalling will happen. The flexural
strength and degree of spalling of HSC with PP fiber after
600°C are listed in Table 3. The flexural strength is tested
from specimens without spalling, so the test results are
roughly representative of the material’s resistance to
spalling. Table 2 shows that the flexural strength are
decreased from 9.15 ~ 9.21 MPa to the ranges between
3.43 and 4.94 MPa, which is close to value of peak
pressure. This result lends credence to the calculated
results presented earlier.

Relationship of water permeability coefficient and
peak pressure together with location of peak
pressure

Vapor pressure comes into being in concrete pores at
high temperature. It is very difficult to measure vapor
pressure directly. The pore vapor pressure value can be
confirmed by the temperature field and pressure field
obtained in this study. On the other hand, the pore vapor
pressure value can be confirmed by the water
permeability coefficient, since the pore vapor pressure
value is connected to the permeability of water and vapor
in concrete. Relationships between water permeability
coefficient and peak pressure together with the location of
peak pressure are established in Figures 5 and 6. The
value of peak pressure and its location are calculated,
while the water permeability coefficient is obtained by
experiment. The location of the peak pore pressure is
denoted by its distance from the fire-exposed surface
(that is, depth of pressure).

From Figures 5 and 6, it can be seen that there is a
correlation between water permeability coefficient and
peak pressure together with the location of the peak
pressure.

The water adsorption can reflect the volume of pores in
concrete. According to state equation of ideal gas, the
pressure produced by evaporation of water in pores of
concrete is inversely proportional to the volume of pores
in concrete when temperature is a fixed value. So, the
test of water adsorption can reflect the peak pressure at
fixed temperature. The water permeability can be easily
tested through the water adsorption test, so, the
experiment validation through the water adsorption test is
simple and convenient comparing to the method of
measuring pore pressure that was described in the study
of Kalifa et al. (2001).

Relationship of vapor permeability coefficient and
peak pressure together with location of peak
pressure

The permeability of concrete is very important in deter-
mining the pore pressure in concrete exposed to fire. If
the concrete is more permeable, then the peak value of
vapor pressure will be lower. Equation (11) indicates that



Table 1. Chemical composition of cement and fly ash
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Chemical composition CaO SiO2 Al;0; Fex03 MgO Total
Cement/ % 64.11 20.60 5.03 4.38 1.46 95.58
Fly ash/ % 57.66 29.84 2.29 5.85 2.52 98.16
Table 2. Mix proportions of concrete and compressive strength at 28 days.
Sample No. Cement Water Sand Aggregate Flyash  Water reducer Compressive strength at 28 days
NSC-30 382 195 639 1184 e — 39.8
HSC-50 327 144 638 1182 109 3.49 62.1
HSC-70 410 146 628 1116 150 410 82.3
HSC-90 450. 138 581 1180 150 4.8 102.6
Peak Pressure and Corresponding Temperature f‘ W
250 . : ; . . . . | |
| |
[
q o
| 1 |
I T
% B N ) 5 % * % | Figure 4. The sketch map of the oil furnace.
@
2 100t . temperature appreciably influences the diffusion coeffi-
£ cient. Exposure to fire causes structural damage in concrete,
°© so the vapor permeability coefficient increases and the
sob _ peak pore pressure and its location consequently change.
The peak pore pressure and its location at a certain
. s s s L L . . . temperature are calculated using the MatLab program
teone 22z 24 Péfsme(gf) 332 34 38 developed in this study, and then the vapor permeability
x10 coefficient at corresponding temperatures is obtained
(D = 2.29 x 10°(1+T/273)"7%) from Equation (10). Figure 7 shows the relationship of the
Peak Pressure and Carresponding Temperature vapor permeability coefficient and peak pore pressure
250 : . - : : and the depth of peak pressure.
After the temperature is ascertained, the vapor permea-
bility coefficient in concrete is calculated using Equation
om0t % . - (11). Thus, the peak pore pressure and depth of peak
e * pressure at this temperature can be reckoned according
E * * * to Figure 7. The vapor diffusion coefficient is treated as a
Z el _ function of temperature in this calculation, although it is
£ Y
2 also related to water content and other factors. It is very
£ difficult to measure vapor pressure directly, so in order to
S o0l i estimate the pressure distributing in the concrete the
§ water permeability coefficient, which can be measured
© easily, may be used for approximate calculations. This
ol i method is a practical way to assess spalling resistance.
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(Da=0.08346 ¢ ) Pressure values in different kinds of concrete at 600°C
Figure 3. The relationship of peak pressure and corresponding are obtained by the relationship given in Figure 5. That is

temperature.

Equation (14).
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Table 3. The residual flexural strength of HSC with PP fiber exposed to fire.

Sample no Content of PP The flexural strength The flexural strength Spalling Water permeabilit¥
P " fiber (kg/m®) at 25°C(MPa) after 600°C(MPa) degree (%) coefficient (kg/(m>s'?))
PSVA1 0.58 9.16 3.43 1.30 0.0946
PSVv2 0.88 9.18 4.32 1.06 0.1162
PSV3 1.18 9.2 4.44 0.27 0.1429
PSV4 1.48 9.21 4.48 0.00 0.1521
PLVA 0.58 9.2 4.94 1.13 0.0962
PLV2 0.88 9.18 4.76 0.96 0.1139
PLV3 1.18 9.15 4.73 0.33 0.1392
PLV4 1.48 9.21 4.38 0.00 0.1489
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Figure 5. The relationship of peak pore pressure and water permeability coefficient.

Prnax = - 1.090 + 5.314exp (-9.690Dw) (14)

The calculation results are listed in Table 4. Table 4
shows that peak pore pressure in HSC is higher than that
in NSC at 600°C. Furthermore, higher strength grades of
concrete have higher pore pressure, so the probability of
spalling is greater. This indicates that HSC is prone to
spalling at high temperature. When polypropylene fibers

are mixed into concrete, the pores pressure decrease. As
the quantity of fibers is increased from 0.58 to 1.18 kg/ms,
the pore pressure decreases, thus, the probability of
spalling is also reduced.

Conclusions

The temperature field and pressure field within concrete
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Figure 6. The relationship of depth of peak pore pressure and water permeability coefficient.

Table 4. The pressure of inner pore pressure of concrete at 600°C.

Sample no. NSC-30 HSC-50 HSC-70 HSC-90 HSC-70PLV1 HSC-70PLV2 HSC-70PLV3
Water permeability coefficient 0.186 0.183 0.146 0.071 0.096 0.113 0.139
Dw / kg/(m?s "3

2.180 1.720 1.515 1.329

Peak pore pressure Pax / MPa 1.174 1.280 1.295

exposed to a given temperature can be calculated from
the mathematical model the coupled action of
hydrothermal effects established in this paper. Peak pore
pressure increases with prolonged fire exposure time,
and shifts from the surface towards the center of the
concrete. From the calculated results using different
empirical formulas for the vapor diffusion coefficient, it
can be seen that the peak vapor pressure in pores of
concrete decreases after permeability is corrected for the
effects of damage caused by high temperatures. The
effect of permeability on pore vapor pressure in concrete
and the location of the peak pressure can be found
through approximation by using the water permeability

coefficient, which is easily measured.
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