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Abstract The resistance of mortars made of dolomite
and quartz aggregate with and without polypropylene
fibers has been studied at a nominal heating rate of
30°C/min from room temperature up to 1000°C. It is
demonstrated that the key parameters that affect the
performance of plain mortars are volume instability,
phase transformation, aggregate dissociation, and per-
meability. Experimental results point at the major role
of aggregate type on mass loss, porosity, volume insta-
bility, microstructure, cracking pattern, and mechanical
properties. Three thermal zones are identified; low (up
to about 300°C), intermediate (about 300 to 600°C),
and high (>600°C). It is shown that in the low thermal
zone, the mechanical properties are about the same or
better than those at room temperature. The intermediate
thermal zone is characterized by a moderate decline of
mechanical properties, whereas a rapid decline is reg-
istered in the high thermal zone.

Explosive spalling due to pressure built-up of
volatiles took place at temperatures over 200°C. Addi-
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tion of polypropylene fibers prevents spalling due to the
occurrence of porous and permeable interface between
the fibers and the matrix rather than fiber shrinkage or
melting.

Résumé La résistance des mortiers produits par
lagrégat de dolomie et quartz avec et sans fibres
polypropylénes a été étudiée a la proportion du
chauffage 30°C/min jusqua 1000°C. Les parameétres
essentiels influencant la résistence des mortiers sim-
ples sont : instabilité du volume, transformation de
la phase, dissociation de lagrégat et perméabilité.
Les résultats expérimentaux révélent linfluence impor-
tante du type de lagrégat sur la perte de poids, sur
la poreusité, linstabilité du volume, la microstructure,
la fissure de la surface et les propriétés mécaniques.
Trois zones thermiques ont été identifiées; basse
(jusqua environ 300°C), moyenne (environ 300°C
jusquia 600°C) et haute (>600°C). Il est évident que
les propriétés mécaniques dans la zone thermique
basse sont les mémes sinon meilleures que celles de la
température de chambre et la zone thermique moyenne
est characterisée par une chute modérée des propriétés
mécaniques et la chute rapide est enregistrée dans la
zone thermique haute.

La destruction explosive causée par la croissance de
la pression des gaz sest effectuée aux températures au-
dessus de 200°C. Des fibres polypropylenes empéchent
la destruction explosive causée plutot par loccurrence
de la jonction poreuse et perméable entre les fibres et
la matrice que par la contraction ou la fonte des fibres.
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1. Introduction

Cementitious materials that are exposed to high temper-
atures undergo physical and chemical changes. These
changes severely degrade their mechanical properties,
and compromise the resistance to heat transfer and re-
sistance to fire penetration [1]. Sullivan [2] used frac-
tional factorial method and showed that the deterio-
ration at elevated temperatures cannot be attributed
to a single factor, rather it is affected by several pa-
rameters including heating rate, w:c, curing, aggregate
type fibers, and load. Similar results were reported by
Khoury et al. [3]. Malhotra [4] highlighted the role of
agg:c on the performance. It is also worth mentioning
that the rate of change in properties are related to the
heating rate that in turn is related to the way the heat is
applied, test conditions, and the geometry of the con-
crete element(s).

In addition, as the market share of high-strength
high-performance concretes is steadily growing, it has
been noted that such concretes are more susceptible
to damage than ordinary concretes. Such concretes are
likely to experience violent explosion (spalling) caused
by fire in the temperature range between 200 to about
450°C [5-7]. This is because spalling is attributed to a
pore pressure buildup during heating and high-strength
or high-performance concretes have a denser and less
permeable matrix than ordinary concretes. Therefore,
spalling is likely to increase with the decrease of w:c or
further densification of the matrix by, for example, ad-
dition of silica fume [8]. Pressure buildup and spalling
are also inversely related to the heating rate and Bazant
and Thonguthai [9] used the term ‘moisture clog’ for a
rapidly heated wall.

It has been found that the fire resistance of concrete
with a dense matrix can be improved by incorpora-
tion of polypropylene (PP) or fibers alike. Small quan-
tities of the latter have mitigating effects on violent
explosion. For example, in order to prevent spalling,
Bilodeau et al. [10] suggested addition of 3.5kg of
20 mm PP fibers per cubic meter of concrete, but only
1.5 kg of the finer 12.5 mm PP fibers per m® concrete.
Others suggested incorporation of 1to 4 kg/m?[11, 12].

Provisions, recommendations, and designing of ma-
terials at high temperatures are given elsewhere, e.g.
[13-16].

Though there is a bulk of literature on the resistance
of concrete to intensive fire, only a few papers deal with
the effects of high heating rate from a microscale point

of view [17]. The objectives of this paper, therefore,
are to report on the main reactions that take place at
various temperatures, evaluate the effects of siliceous
(quartz) and calcareous (dolomite) aggregate on the
degradation process, and highlight the role of PP fibers
on preventing spalling.

2. Materials

Mortars made of Portland cement Type I with ei-
ther quartz (Ottawa) sand or dolomite sand were pre-
pared at a w:c 0.44 and a nominal agg:c 3.45 by vol-
ume. At full hydration, that ratio corresponds to about
agg:paste 1.96 by volume. The densities of the quartz
and dolomite were 2.65 and 2.76 g/cm?, respectively.
The mix design of the two compositions and the grain
size distribution of the sand as calculated from sieve
analysis are given in Tables 1 and 2, respectively.

In light of the crucial role of the internal porosity on
spalling, an attempt to produce specimens with similar
contents of air was made. The air content was deter-
mined by comparing the actual densities of the mortar
specimens to the nominal one. At the beginning, it was
found that the quartz mortar contained about 6.5% en-
trapped air. That relatively high value was attributed

Table 1 Mix design of plain quartz and dolomite mortars

Quartz mortar  Dolomite mortar

Constituent (kg/m®) (kg/m?)
Portland cement Type I 538.2 540
Superplasticizer 5.92 5.94
(polycarboxylate)
Tributyl phosphate 32 —
Sand 1562.1 1632.3
Water 230.9 231.7
Total 2340 2410
Table 2 Sieve analysis of sand
Sieve opening Quartz Dolomite
Sieve no (mm) (% retained) (% retained)
6 3.35 2.97
8 2.36 13.12
16 1.18 33.49
30 0.6 23.11 24.76
50 0.3 76.15 16.13
100 0.15 0.74 6.62
200 0.075 1.73
<200 <0.075 1.08




Materials and Structures (2006)

Table 3 Summary of experiments performed indicating specimens’ age, maximum exposure temperatures, and specimens’ geometry

Quartz and dolomite

Type of experiment mortars Age (days)  Temperature (°C) Specimen geometry (mm)

Temper. rise in specimens No fibers 14 1000 Prisms 25 x 25 x 180
PP fibers -

Mass loss and strain No fibers 14 100-1000 (temp. intervals 100)  Prisms 25 x 25 x 180
PP fibers -

Ref. mass loss and shrinkage ~ No fibers 14-63 Unheated Prisms 25 x 25 x 180
PP fibers

Accessible porosity No fibers 14 Unheated, 100-1000 (temp. Prisms 25 x 25 x 130

intervals 100)

PP fibers -

Permeability No fibers 14 Unheated, 100, 200 Ctyl. plates @76 x 25
PP fibers

Compressive strength and No fibers 14 Unheated, 200, 300, 500, 600, Prisms 25 x 25 x 130

modulus of elasticity 900

PP fibers -

SEM No fibers ~20 500 and 600 (Q) ~15 x 15 x 15
PP fibers unheated and 200 (Dy)

Optical microscope No fibers 14 400, 500, 800, 1000 Prisms 25 x 25 x 180
PP fibers -

to the monosize grain distribution of the quartz grains
that did allow for a good packing that was obtained
with the dolomite grains. Therefore, tributyl phosphate
was added to the mixtures at a dosage of 0.6% of the
cement by weight. This reduced the air content to about
4%; a similar content that was found in the dolomite
mortar. The quartz sand was added to the mixtures as
received without any conditioning. However, in view
of the 4% moisture found in the dolomite sand; the lat-
ter was dried out in the oven at 90°C for 24 hours prior
to casting.

In some mixtures, PP fibers were added at a constant
dosage of 2kg/m>. The PP fibers were 13 mm long,
50 um in diameter, and had a melting point of 152°C.

Throughout the text, the dolomite and quartz mix-
tures are designated by the letters D and Q, respectively,
and similarly, fiber-bearing mixtures are designated by
the symbols Dy and Qy, respectively.

3. Experimental procedure

Mixtures were prepared according to ASTM Test
Method 192 [18], cast in molds with various

geometries, sealed off in plastic sheets, and cured for
the first 24 hours in the molds at a room temperature.
At 24 hours, the mixtures were demolded and placed in
Ca(OH), water-saturated containers at room tempera-
tures for further curing until testing. Table 3 provides a
summary of the tests conducted, curing age, exposure
temperatures, and the geometry of the specimens.

3.1. Heating procedure

The specimens were heated in a programmable muffle
furnace at a nominal heating rate of 30°C/min which
is in the range of medium heating rates. However,
due to temperature losses to the surrounding and in-
sufficient power of the heating elements of the fur-
nace, the heating rate continually decreased to about
10°C/min at 1000°C. The nominal 30°C/min employed
in this research is lower than other time-temperature
fire curves developed for various exposures, such as,
ISO 834 Standard fire curve, Hydrocarbon or Hydro-
carbon modified curve, RWS fire curve, etc. that belong
to a group of high heating rate curves in the range of

100-200°C/min.
l‘l!l‘l‘l
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Once the target temperature was reached, for se-
curing a thermal equilibrium, the specimens were kept
at the target temperature for additional 60 min prior
to cooling down to about 150°C. Then, the specimens
were immediately placed in a desiccator. That measure
was taken in order to prevent any moisture absorption
and further damage to the specimens due to rehydra-
tion and conversion of alkali-earth oxides to hydrox-
ides. The latter reaction is especially deleterious in the
dolomitic specimens. The results reported for each mix-
ture are the average of three specimens.

The temperature rise was recorded by type K
(alumel-chromel) thermocouple that was embedded at
the center of the specimens immediately after the cast.
The thermocouple’s wires were isolated by a ceramic
tube and were connected to a data logger that recorded
the temperature at the center of the specimens every
10 seconds.

3.2. Thermal analysis

TGA analysis of the dolomite aggregate and cement
paste were carried out at a heating rate of 10°C/min in
the presence of nitrogen.

3.3. Mass loss

Loss of mass due to evaporation of water and CO,
was determined by comparing the mass of the non-
heat treated specimen with its final mass after the heat-
ing. Other measurements of mass loss were taken in an
environmental chamber at a temperature of 22 + 1°C
and 50 £ 1% RH (relative humidity) for indirect de-
termination of the transport properties of unheated
specimens.

3.4. Accessible porosity

The difference in the porosity of the pre and post heat
treated specimens was determined by solvent replace-
ment technique. Because water had to be excluded;
otherwise deleterious reactions associated with rehy-
dration of the heated specimens would take place, the
accessible porosity was measured by using methanol
and isopropyl alcohol.

In order to achieve a water-saturated state, prior
to the solvent replacement tests, the specimens were
conditioned by immersing them in de-ionized water
for 24 hours under vacuum according to ASTM Test

niEm

Method C 1202 [19]. The specimens were weighted and
the porosity was found by replacing the evaporable wa-
ter of the water saturated specimens by methanol. For
securing a complete replacement of water, the speci-
mens were immersed in methanol for 10 days under
vacuum. Because of its good diffusivity and complete
immiscibility of water in it, methanol was chosen as
a material of choice for specimens that were cured at
room temperature and specimens heated up to 100°C.
The porosity was calculated by weight differences pre
and post immersion in methanol.

Above 100°C, isopropyl alcohol substitute for
methanol. The former was chosen from a wide spec-
trum of alcohols because of its relatively high vapor-
ization point in comparison with methanol and other
alcohols. Cooled post-heated specimens were placed
in a desiccator and evacuated continuously with a vac-
uum pump for three hours. Consequently, the speci-
mens were immersed in isopropyl alcohol for addi-
tional 40 hours, of which vacuum was applied during
the first 24 hours.

3.5. Permeability

Permeability was measured on unheated specimens
and specimens heated to 100 and 200°C only. Since
neither Ca(OH); nor other carbonates decompose at
such low temperatures, water was used throughout.
Water-saturated state was achieved by immersing the
specimens in de-ionized water for 24 hours under vac-
uum according to ASTM C 1202 [19]. The saturated
specimens were placed in the device depicted in Fig. 1
and sealed off with silicone rubber. After the silicone
rubber set and hardened, the filling chamber and the

o, o
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pipette

screw valve
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filling chamber H |
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epoxy L

collecting chamber I |

screw bar

copper tube

Fig. 1 Device for water permeability test.
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pipette were repeatedly filled with de-ionized water
until a steady-state flow was obtained, typically after
about 24 hours. The water was drained through the cop-
per tube. After 24 hours, the pipette was refilled so a
maximum value of head of about 300 mm was achieved
and the changes in the water level in the pipette were
recorded during additional 24 hours. The calculated co-
efficient of permeability was based on the calculated
rate of flow of water between 24 to 48 hours from the
beginning of the tests.

According to Darcy (1856) [20], the relationships
of permeability and sufficiently slow, steady, and uni-
directional flow are:

—K¢
9=—7" (1)
where ¢ is the flow rate per unit area (m/s), K is the
permeability constant (m/s) that is dependant on both
the solid and fluid properties of the porous medium, ¢
is the energy loss, and L is the length of the sample in
the microscopic flow direction. Suppose Q is the flow
rate through a unit volume (m3/s) and A is the cross-
section area of the specimen perpendicular to the water
flow (m?), Eq. (1) can be written as:

o _dv _ d¢A,
A’ do = e~ dr @

q:

where dV/d¢ is the change of the liquid volume in the
pipette per time, d¢/dt is the rate of change of the water
level in the pipette, and A, is the inner cross-section
area of the pipette. By substituting equations (2) for
(1) a differential equation with two variables ¢ and ¢
is obtained. By integration, and designating ¢ and ¢
as the initial and final level of the water in the pipette,
respectively, the permeability coefficient, K, is:

K = L, In <@> 3)
Adt o

3.6. Non-restrained shrinkage

Steel buttons 152 mm apart were placed on two oppo-
site sides of each specimen during casting and the irre-
versible deformation was measured by a portable multi-
position strain gauge with accuracy of 0.0025 mm
(0.0001 1in). The shrinkage of the unheated reference

specimens was measured on 14-day water cured
specimens that were placed in an environmental cham-
ber at 22 £ 1°C and RH 50 % 1% up to 50 days. The
shrinkage/expansion of the post heated specimens was
measured after the specimens were cooled down to
room temperature in a desiccator.

3.7. Compressive strength and modulus of
elasticity

Specimens were tested by MTS machine with frame
fatigue rating of 500kN (110kips) in a deformation
controlled mode at a rate of 0.012 mm/s. Force and de-
formation were recorded every 0.5s. The linear part
of the ascending branch of the force-displacement dia-
gram was used for calculating the modulus of elasticity
in compression.

3.8. Microstructure — SEM and optical
microscope

Microstructure analysis was carried out by Hitachi S-
3500N VP scanning electron microscope. Specimens
were embedded in low viscosity epoxy, cut with dia-
mond saw in the presence of isopropyl alcohol, polished
successively with finer grades of SiC polishing papers
and diamond paste, and coated with 1 nm thick layer
of Au-Pd alloy. The cracking patterns of the surface of
the post-heated specimens were viewed by an optical
microscope.

4. Results

4.1. Resistance of plain mortars to high
temperature

4.1.1. Temperature rise

Figure 2 shows the rate of the temperature rise (d7/dr)
vs. the temperature as was recorded at the center of the
plain mortars up to 1000°C. The peaks viewed corre-
spond to the occurrence of endothermic reactions. For
convenience, these reactions are grouped into a few
thermal zones, according to the nature of the reactions
as are provided in Table 4.

Up to about 550°C, only the cement paste undergoes
physical/chemical changes, while most of the common
aggregate are barely affected by the rising temperature.
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Table 4 Identification of thermal zones in the dolomite and
quartz mortars

Temperature

Zone interval (°C)  Process

A <100 Release of evaporable water

B ~100-150 Dehydration of ettringite and
monosulfate

C ~100-300 Release of chemical water from CSH
gel

D ~480-550 Dissociation of Ca(OH)2

E ~573 Conversion of « quartz to f-quartz

F ~867 Conversion of f-quartz to S-tridymite

G ~600-950 Dissociation of dolomite and other
impurities

=== dolomite mortar

‘Temperature, I (°C)
n
=
=0
|

200 £ — yuartz mortar

0 t — t t t !

0 1000 2000 3000 4000 S000 6000
Time, t (s)
UET 4 B n G
07 g
0.6 £ Cr
T 0.5

Fig. 2 The effect of composition on the temperature rates
of dolomite and quartz mortars at a nominal heating rate of
30°C/min. The designated zones and peaks are summarized in
Table 4.

In this temperature range, the endothermic reactions in
a consecutive order are the release of evaporable water
from the cement paste, dehydration of ettringite, mono-
sulfate, and other forms of calciumaluminosulfate that
might be present, evaporation of the non evaporable
(chemical) water of the C-S-H, and decomposition of
calcium hydroxide to calcium oxide.

The effects of high temperature on quartz-bearing
aggregate are completely different from the corre-
sponding effects on calcareous aggregate. At room
temperature, the stable form of quartz is the o form.
At 573°C, «a-quartz is converted to B-quartz and as
temperature increases, B-quartz is converted to S-
tridymite at 867°C. At very high temperatures, con-

niEm

version of B-tridymite into B-cristobalite takes place at
1470°C [21]. Those inversion temperatures increase as
the vapor water pressure increases [22].

In turn, calcareous aggregate dissociates in the range
of about 700-970°C. The nominal dissociation temper-
atures of pure dolomite and calcite at 1 atmosphere are
about 800°C and 894°C, respectively, and these tem-
peratures are increased as the partial pressure of CO,
increases [23]. Dolomite forms incomplete solid solu-
tion with calcite and other metal carbonates contain-
ing Fe, Mn, etc. Therefore, the dissociation tempera-
ture may move up and down according to the exact
composition and the contents of other impurities. It is
well known, however that the dissociation of ordinary
dolomite might start at temperatures as low as about
600°C.

Since the mortars were prepared at the same
agg:paste volume, the differences viewed in Fig. 2 can
directly be attributed to the effects of aggregate. Ac-
cordingly, the quartz mortar absorbed more heat up
to about 150°C, whereas dolomite mortar absorbed
more heat from about 300 to 500°C and at temperatures
greater than 650°C. These differences are attributed to
the differences in thermal conductivity and dissociation
of the dolomite as is discussed below. It also implies
that the actual impact of aggregate varies according to
the actual agg:c.

Of interest, the endothermic peaks that are associ-
ated with the conversion of quartz are hardly detected
in Fig. 2. This is probably related to the low heat re-
quired. For example, the heat of conversion of « to
B-quartz is 5.9 kJ/kg [24], which is fairly low in com-
parison with the dissociation heat of calcium hydroxide
that is 1000 kJ/kg [25]. Nonetheless, despite the small
heat absorbance associated with the phase transforma-
tions of quartz, these reactions are associated with an
unavoidable deleterious expansion.

Figure 3 shows the TGA and DTA analyses of the
cement paste and dolomite aggregate. The cement paste
is characterized by two main dehydration peaks around
120 and 500°C that are associated with dissociation of
calciumaluminosulfate hydrate and calcium hydroxide,
respectively. Also, a continuous weight loss is regis-
tered from about 100 to 480°C. The total weight loss
of the cement paste is about 26.5%. In turn, the total
dolomite weight loss is about 44%, whereas the the-
oretical weight loss of pure dolomite is 47.7%. The
difference is probably due to the presence of some cal-
cite and clay impurities. Dolomite starts to decompose
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Fig. 3 TGA and DTA analyses of dolomite aggregate and ce-
ment paste.

at about 650°C and has two prominent peaks at about
830 and 930°C. Of interest, the latter peaks do not
match the counterpart peaks at about 750 and 900°C
that are viewed in Fig. 2. This mismatch might in part
be related to the differences in heating rates and test
conditions, and perhaps to other chemical reactions
that take place during the heating. In this regard, vari-

ations of the dissociation temperature of dolomite are
also reported in the literature. Janotka et al. [26] re-
ported on two main peaks at 680 and 750°C, Engler
[27] cited a range of 700 to 785°C, and Samtami et al.
[28] measured two main peaks around 760 and 930°C.
Itis worth mentioning that the dissociation temperature
is increased as the partial pressure of CO; is increased.
In addition the temperature may move up or down ac-
cording to the specific composition of the dolomite.

4.1.2. Mass loss and porosity

Table 5 provides the values of the mass loss and acces-
sible porosity of the mortars at various temperatures.
It was found that these two parameters are well corre-
lated, with correlation coefficients of 1 for the dolomite
mortar and 0.91 for the corresponding quartz mortar.
Up to 500°C, the mass loss of both mortars decreases
gradually and is slightly higher for quartz mortar. Given
that in this temperature range the mass loss is associated
with the loss of weight of the cement paste, and because
the mortars have the same w:c, the differences between
the two sets are related to the differences in densities
and rate of release of water. Upon normalizing the den-
sities, the differences become smaller, nonetheless, the
mass loss and accessible porosity of the quartz mortar
is always greater than that of the dolomite mortar.

As can be expected, the trend of accessible poros-
ity follows that of mass loss with one exception; from
room temperature to 100°C, the porosity decreases in
both mortars probably because of further hydration of
the cement paste. Up to about 600°C, the differences
in porosity of the mortars are small. However, from

Table 5 Accessible
porosity (% of volume) and

Mass loss (%)

Accessible porosity (%)

mass loss (% of weight) of
dolomite and quartz mortars

Temperature (°C)  Dolomite mortar ~ Quartz mortar ~ Dolomite mortar ~ Quartz mortar

after heating 20

100
200
300
400
500
600
700
800
900
1000

0 0 8.0 9.8
1.9 2.0 7.0 8.7
6.1 6.5 11.5 12.5
7.1 7.4 12.9 13.7
7.5 8.2 13.9 15.5
8.8 9.2 18.8 20.4
11.6 10.2 20.8 21.1
15.7 10.8 26.3 21.4
29.0 10.4 41.2 22.1
40.6 10.3 54.4 22.3
41.2 10.0 56.2 22.2
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600°C and on, the dissociation of the dolomite has a
preponderate effect and the dolomite specimens be-
come highly porous. Thus, at 1000°C the porosity of
the dolomite mortar is 2.5-fold greater than the porosity
of the quartz mortar. The highest rates of mass loss and
subsequent increase in porosity of the dolomite mortar
take place in the range of 700 and 900°C due to the
release of CO,.

4.1.3. Volume instability

Figure 4 shows the unrestrained linear movement of the
specimens at various temperatures. At ordinary temper-
atures common aggregate does not shrink, rather it is
the cement paste that shrinks. Up to a few hundreds de-
grees Celsius, the thermal expansion of aggregate com-
pensates and may counter the shrinkage of the paste.
Therefore, the linear movement and the change from
contraction to expansion is affected by both the vol-
ume fraction and thermal expansion coefficient of the
aggregate. In this study, it is shown that the maximum
linear unrestrained shrinkage of the dolomite mortars
is 0.045% at temperatures of about 300—400°C, and
zero expansion is registered at about 450°C. The corre-
sponding values for the quartz mortars are 0.06% and
about 520°C, respectively.

At higher temperature, the volume instability pat-
terns of the dolomite mortars are completely different
from the companion quartz mortars. The latter mor-
tars continue to expand and three notable expansions
are registered between 500 to 600°C, 800 to 900°C,
and 900 to 1000°C. The former two phases of expan-
sion are related to the transformation of « to B-quartz

0.6 - i

=8=donlomite mortar /

—&— quartz mortar }/

E 02 i

o S A\

e T \
0 - - f t ; : :

01 8 100 25%: BUh %EJ 500 600 700 800 %% 1

=1

Temperature (°C)

Fig. 4 The linear unrestrained movement of the quartz and
dolomite specimens as a function of temperature. The residual
deformation is measured after cooling to room temperature.

l'

Fig.5 The interface between the cement paste and quartz aggre-
gate before transformation (500°C) and after the transformation
of « to the B-quartz polymorph (600°C).

and B-quartz to B-tridymite, respectively. As a result,
the absolute linear expansion at 600 and 900°C is 0.23
and 0.35%, respectively. The reason for the last expan-
sion from 900 to 1000°C needs further investigation.
At 1000°C, the total measured expansion of the quartz
specimens is about 0.68%.

By contrast, the dolomite mortar expands exponen-
tially from 300 to about 800°C and the corresponding
linear strain varies from —0.045 to +0.29%. The ex-
pansion ends at about 800°C and is opposed by a rapid
contraction at an average rate of about 0.0028%/°C
due to the mass loss. Thus, the net linear unrestrained
movement at 1000°C is about 0.27%.

As recalled, o-quartz is transformed to the S-quartz
polymorph at 573°C. Figure 5 is a SEM micrograph
of flat polished surfaces showing the cracking pattern
found in the quartz mortar before and after (600°C)
this transformation. The upper micrograph shows the
cracking pattern at 500°C. The cracking pattern is com-
posed of about 7 um wide cracks that are formed along
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the interfacial transition zone between the aggregate
and matrix and other narrower cracks in the matrix.
After the conversion, the lower micrograph shows that
the width of the cracks increases especially along the
quartz boundaries where the cracks’ width is as high as
25 pm.

4.1.4. Mechanical properties and cracking

The compressive strengths of the dolomite and quartz
specimens after 14 days of ordinary curing are §1 MPa
and 60 MPa, respectively. Upon heating, the strength
of both mortars increases up to about 300°C and then
decreases. Castillo [29] attributed the strength increase
to the stiffening of the cement gel or to the increase of
surface forces between the gel particles due to release
of adsorbed moisture.

Figure 6 exhibits the variations of the normalized
compressive strengths and moduli of elasticity at dif-
ferent temperatures. Three issues deserve further atten-
tion. The effect of temperature on the strength of the
quartz mortar is by far greater than the corresponding
effect on the dolomite mortar. Accordingly, at 300°C,
the relative strength of the quartz mortar is 180%,
whereas that of the dolomite mortar is only 118%.
Second, above 300°C, the strength of the quartz mor-
tar decreases faster than the corresponding strength of
dolomite. Thirdly, the change in the moduli of elas-
ticity does not follow, at least not linearly, the change
in compressive strength. One explanation might be that
the modulus of elasticity is greatly affected by the pres-
ence of cracks; thereby, the increase of the moduli up
to 300°C is less distinct than the increase of the com-
pressive strengths.

Odelomite mortar pressi etk
180 [~ Oquartz mortar -compressive strength
160 - W dolomite mortar -modulus of elasticity

140 £ . Oquartz mortar -modulus of elasticity

120 £
100 -
80 +
] F
40 =

o —1In

20 100 200 300 400 500 600 TOO 8OO 900
Temperature("C)

Relative comp. strength and
modulus of clast. (%)

Fig. 6 Relative compressive strengths and moduli of elasticity
of dolomite and quartz mortars as a function of temperature.

At 900°C, both mortars have almost lost all their
mechanical properties. The greater decrease registered
with the dolomite mortar is attributed to the complete
dissociation of the dolomite and the severe mass loss
that is associated with this process. Consequently, the
compressive strength of the dolomite mortar at 900°C
is only 3.9 MPa, whereas that of the quartz mortar
17.9 MPa.

Both mortars develop mosaic cracking patterns that
are presented in Fig. 7. It is evident that at 500°C the
cracking pattern of the quartz mortar is more distinct
and has a closer-spacing and uniform distribution than
the companion dolomite mortar. The uniform mosaic
network might be attributed to the spherical and nearly
monosize grains of quartz sand used in this study. At
600°C, the cracking pattern of the quartz mortar in-
tensifies, so does the crack width, while the cracking
pattern of the dolomite mortar remains about the same.

As can be predicted from the rapid degradation of
the mechanical properties, the crack width is markedly
increased at higher temperatures. At 800°C, the crack
width of the quartz mortars is increased over than two-
fold and further increases with the rising temperature.
Thus, at 1000°C the cracks width approaches about
60 pm.

The cracking pattern of the dolomite at 800°C is
about the same as that of the quartz at 600°C, but at
higher temperatures it intensifies due to the dissoci-
ation of the dolomite and the subsequent mass loss.
Therefore, at 1000°C, the cracking pattern of the two
series is about the same.

4.2. Effects of addition of polypropylene fibers

PP fibers were introduced at a constant dosage of
2 kg/m>. At such low dosages the fibers have little or no
effect on the mechanical properties, rather at ordinary
temperature, fibers at this dosage are added to control
the plastic shrinkage. As noted previously, the role of
fiber addition at high heating rates lies in elimination of
potential spalling. The following aims at making con-
nection between the transport properties and spalling.

4.2.1. Effects of fiber addition on physical
propetrties

The effects of PP fibers on the transport properties were
investigated by conducting permeability measurements
on specimens cured at room temperature and specimens

-
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Fig. 7 Optical microscope
images of the mosaic
cracking patterns that were
formed in the dolomite (D)
and quartz (Q) mortars at
various temperatures.

subjected to relatively low temperatures of 100 and
200°C.

The results of the water permeability test are plot-
ted in Fig. 8 along with the ranges of the experimental
errors. In view of the experimental errors, the perme-
ability of the dolomite and the quartz mortars at room
temperatures is about the same. However, it is clear that
both heating and fiber addition increase the permeabil-
ity. Up to 100°C, the increase of the permeability is
relatively small, but a distinct increase takes place from
100 to 200°C, and this increase is further augmented in
the presence of fibers. For example, at 200°C, the av-
erage permeability of mortars with fibers is about 1.7

-

% i )
o,

: Qm:f'gﬂ S
-

times higher than the companion specimens with no
fibers.

In order to verify the adverse effects of fibers on
the transport properties, additional set of specimens
with and without fibers was prepared, cured for 14
days in water, and then transferred to a controlled en-
vironmental chamber kept at 50% RH. The mass loss
of the specimens was recorded periodically by weigh-
ing the specimens up to 50 days. Figure 9 provides the
mass loss results. In an agreement with the permeability
data, the type of aggregate has little effect on the mass
loss. However, a distinct increase in the mass loss is
recorded with fibers and the mass loss at 48 hours of the



Materials and Structures (2006)

8E-10 =
. TE-I0 dolomite mortar -
E 6.C-10 =— quartz mortar —’4+
= B Z
& 3.E-10 — — —dolomite mortar with fibers ﬁ/%
E 410+ ___ - Pl 5
k=4 uartz mortar with fibers
B 3E10 - i W _/i
g 7 /f' L
5 2010
a

1E-10 =

0.E+00 © . :

0 50 100 150 200

Temperature (°C)

Fig. 8 Water permeability of the mortars with and without PP

fibers as a function of temperature.
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Fig. 9 Mass loss of the mortars with and without fibers at room
temperature and 50% RH.

specimens with fibers is over than 1.5 times than the
mass loss of the specimens without fibers.

A further linkage between the transport properties,
fibers, and microstructure is provided in Fig. 10.
The SEM micrographs show the interfaces between
the matrix and the fibers of the unheated specimens
(upper), and specimens heated to 200°C (lower). The
images show that at a room temperature the interface
with the fibers is porous and semi-continuous narrow
cracks accompany the fiber surfaces. Admittedly, some
of this microcraks might be associated with specimen
preparation and shrinkage of the specimens in the
SEM chamber. Nonetheless, this parting is narrow.
By contrast, after heating, this parting is widened and
becomes continuous. This observation supports the
previous results and explains why the permeability
and mass loss at 200°C are markedly higher than the
corresponding values at room temperature.

Of interest, despite the greater humidity loss of the
specimens with fibers, the shrinkage of the former is
smaller than that of the specimens with no fibers. Plots
of the unrestrained linear movement of the unheated
specimens with and without fibers are given in Fig. 11.
The specimens underwent a normal curing under wa-
ter for 14 days and than were placed in a controlled

unheated

Fig. 10 SEM micrograph showing the porous interface form
between PP fiber and the matrix in unheated specimen and the
gap formed between the fiber and matrix in a specimen subjected
to 200°C.
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Fig. 11 Shrinkage of mortars with and without fibers at room
temperature and 50% RH.

environmental chamber at 50% RH up to 50 days.
Similar to the permeability and mass loss results, the
type of aggregate has little effect on the shrinkage, but
addition of fibers reduces the unrestrained strain from
over than —0.0006 to less than —0.0005.
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4.2.2. Effect of fibers on spalling

Cementitious materials may undergo explosive spalling
due to pressure build-up of volatiles at temperatures
as low as 200°C. The pressure build-up is related to
the strength, composition, and more specifically, to the
content of vapors that are formed at a specific tem-
perature on one hand, and the pressure relief due to
permeability on the other hand. Consequently, the sus-
ceptibility to spalling increases with the increase of the
content of water and other volatiles, heating rate, and
specimen size, and decreases with the increase of per-
meability [2]. Therefore, high-strength concrete which
is associated with low w:c and permeability, is more
susceptible to spalling than ordinary concrete. To this
end, it was also suggested that spalling might be related
to differential stresses between the aggregate and paste
due to differences in thermal expansion [30, 31].

Although the spalling temperature is lower than
500°C, in this study, only specimens heated up to a
nominal 500°C and higher spalled. Specimens heated
to lower temperatures never spalled. This was probably
related to the temperature gradients between the oven
and the specimens that allowed the oven temperature to
be 500°C, but at the same time, the specimens’ temper-
ature was below the “critical” spalling temperatures.

In agreement with others, it was found that spalling
is a stochastic process. For example, 18% of 43 ex-
periments conducted with prisms 25 x 25 x 180 mm
in dimensions that were made of plain quartz mortar
and heated to 500°C or higher underwent explosive
spalling, whilst none of the companion dolomite prisms
spalled. However, by reducing the surface to volume ra-
tio, all the cylinders with dimensions of @76 x 25 mm
made of dolomite mortar spalled. Some of the speci-
mens that underwent violent explosive were equipped
with a thermocouple, and it was noted that the spalling
took place in the temperature range of 230 to 250°C.

By contrast, none of the mortars made with quartz or
dolomite aggregate and contained PP fibers underwent
violent explosion.

5. Discussion
Fire resistance of a structural element is evaluated by
the length of time that the element continues to perform

its functions. It implies that the fire resistance is referred
to the element rather than the materials comprising the

element. Nonetheless, it is imperative that the fire per-
formance of the materials would not compromise the
fire resistance of the structural element.

The fire performance needs to be evaluated accord-
ing to several aspects: the ability to provide a thermal
barrier, volume stability, and mechanical properties.
Figure 2 indicates that the mortars under consideration
provide a good thermal resistance up to about 200°C.
In this range, the rate of heating is gradually increased
and the dominant features are the release of evaporable
and non-evaporable water from the C-S-H and a notable
endothermic peak that is centered at about 110°C. This
peak corresponds to the temperature in which ettringite
and monosulfate give off water. It is evident, therefore,
that the thermal resistance is increased as the agg:c de-
creases, w:c increases, and the cement is rich in alumina
and sulfate.

Due to the depletion in the content of the non-
evaporable water bound in the C-S-H, the heating rate
increases sharply in the range of 200 to 250°C. To be
noted that the gradual decline of the heating rate from
250 to 1000°C is not related to chemical reactions, but
rather it is an artifact that is attributed to the failure
of the heating elements to provide the nominal heat-
ing rate. In that way, this monotonous decline roughly
delineates the actual heating rate that the specimens
are subjected to and this monotonous decline can be
regarded as a baseline.

Above 300°C, the quartz mortar thermograph differs
from the corresponding dolomite in two features: (a)
the baseline of the quartz mortar is higher than that
of the dolomite, and (b) it has only one endothermic
peak from about 480 to 550°C that corresponded to the
breakdown of portlandite, whilst that of the dolomite
has other three conspicuous endothermic peaks that are
centered at about 630, 750, and 900°C. The latter peaks
are associated with the dissociation of the dolomite
(Fig. 3).

The high baseline of the quartz mortar is attributed
to the higher thermal conductivity of quartz.

Because of the above endothermic reactions, the
temperature at the center of the dolomite specimens is
lower by about 60°C at 750°C and about 90°C at 900°C
than the corresponding temperatures in the quartz mor-
tars, and these differences may increase as the agg:c
increases. Indeed, field experience has shown that con-
cretes made with quartz aggregate or acid rocks in
which quartz is a major constituent have poor fire per-
formance [32].
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The rapid heating rates of the dolomite specimens
between the endotherms that peak at about 830 and
930°C, are probably related to the increase in conduc-
tivity due to the dolomite mass loss (Fig. 3).

Several opposing factors affect the volume instabil-
ity including the shrinkage of the cement paste, nor-
mal thermal expansion of the individual constituents,
phase transformation of quartz, and dolomite dissocia-
tion. Up to 300°C (dolomite mortar) or 400°C (quartz
mortar), the dominant mechanism is shrinkage. How-
ever, because of thermal expansion, above 500°C all
the specimens rapidly expand. The exact temperature in
which the transformation from shrinkage to expansion
takes place depends therefore on the agg:c. Similarly,
the spacing of the network of the mosaic cracking and
the crack width depend on the content of quartz and
dolomite and perhaps their grain size. Above 800°C,
the actual rate of contraction of mixtures containing
dolomite aggregate will be varied according to the
agg:c, but will take place at about the same temperature.
However, if calcite aggregate are used, the transforma-
tion from expansion to contraction will take place at
higher temperatures approaching 900°C.

Interpretation of the data suggests that changes in
the mechanical performance take place in three ther-
mal zones; low (<300°C), intermediate (300-600°C),
and high (>600°C). It is shown that the compressive
strength increases in the low thermal zone, moderately
decreases in the intermediate one, and rapidly decreases
in the high thermal zone. The same applies to the modu-
lus of elasticity with two reservation; the modulus does
not increase as much as the compressive strength in the
low thermal zone, but decreases faster than the for-
mer in the other two thermal zones. The main factors
that affect the mechanical performance are attributed
to the following: shrinkage and mass loss of the paste,
aggregate expansion, phase transformation of quartz,
and dissociation and mass loss of dolomite. In addi-
tion, the rapid deterioration of properties at the high
thermal zone might also relate to the disintegration of
the C-S-H [33].

Since the mechanical performance is strongly re-
lated to cracking and since cracking is affected by the
agg:c, type of aggregate, heating rate, specimen geom-
etry, etc, the exact temperatures of the above thermal
regimes may vary. Nonetheless, similar results are re-
ported in the literature. For example, Handoo et al. [34]
placed the beginning of the decline of the compressive
strength at 400°C, whilst Khoury [35] placed it at about

300°C. It was also noted that the relative deterioration
of the modulus exceeds that of the compressive strength
[8], probably because the modulus is greatly affected
by cracking. In all, it appears that the type of aggregate
has a preponderate effect on mechanical performance
in the second and third thermal zones.

Several authors related the beneficial effects of addi-
tion of PP fibers on spalling to fiber melting or shrink-
age [11, 36, 37]. It is shown, however, that incorpora-
tion of PP fibers increases the transport properties of
the unheated specimens as well as the heated speci-
mens. SEM analyses point to the porous interface that
is formed between the fiber and the matrix at room tem-
perature that is widened and transformed into continu-
ous cracks at 200°C. That explains the rapid increase of
the transport properties from room to 100°C and 100 to
200°C. The relieve of pore pressure is attributed there-
fore to the porous and week interface between the PP
fibers and the matrix that readily cracks upon formation
of thermal stresses rather than fiber melting.

6. Conclusions

The fire performance of the materials studied is related
to several factors including thermal conductivity, vol-
ume stability, mechanical properties, and elimination
of violent explosion. The following highlights the main
considerations:

1. The type of aggregate has a preponderate effect on
the fire performance as it affects the volume stability,
porosity, mass loss, and microstructure. The key pa-
rameters of aggregate are related to thermal expan-
sion, conversion of «-quartz to B-quartz at 573°C,
B-quartz to B-tridymite at 867°C, and dissociation
of dolomite in the range of 650 to 930°C.

2. The cement paste is a good thermal barrier up to
about 200°C. Other endothermic reactions that sub-
stantially reduce the heating rate are decomposition
of Ca(OH), at about 500°C, and especially dissoci-
ation of dolomite over 650°C.

3. The cracking pattern of quartz mortar differs from
that of dolomite mortar by a closer spacing and wider
cracks.

4. The mechanical properties vary according to three
thermal zones: In the low thermal zone, <300°C,
the mechanical properties increase or are about the
same. In the intermediate zone, 300 to about 600°C,



Materials and Structures (2006)

the properties moderately decrease, and in the higher
zone, >600°C the properties rapidly decrease.

. Violent explosion of cementitious materials due to

pressure buildup of volatiles can take place at tem-
peratures as low as about 200°C. Addition of PP
fibers effectively prevents explosive spalling due
to the substantial increase of the transport proper-
ties. That prevention of pore pressure buildup is at-
tributed to the formation of weak and porous inter-
face zone between the fibers and matrix that is read-
ily transformed into continuous cracks upon heating.
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