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Abstract

After being subjected to high temperatures, the residual properties of pulverized fly ash (PFA) concrete have been investigated. Both

mechanical and durability properties of concrete were tested on concretes made with different water to binder ratios and PFA contents.

Microscopic techniques were then employed and the pore structure and microhardness values of hardened cement paste (hcp) were

determined. The results of rapid chloride diffusion tests revealed that concrete durability deterioration commences after exposure to

temperatures which are lower than those at which compressive strength deterioration commences. The rise in compressive strength, which

occurs after exposure to 250�C, may be largely due to the hardening of cement paste caused by drying and the further hydration of

cementitious materials. The simultaneous loss of durability, however, can be explained by a weakened transition zone between hcp and

aggregate, and by the concurrent coarsening of the hcp pore structure. When PFA is included, an improvement of fire resistance as

characterized by the residual compressive strength was observed, and this relative improvement over non-PFA concrete was the most

pronounced for maximum exposure temperatures of 450�C and 650�C. D 2001 Elsevier Science Ltd. All rights reserved.
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1. Introduction

Fire remains one of the main menaces to modern

buildings. With the current extensive use of pulverized

fly ash (PFA) in structural concrete and the rise in fire

occurrences in recent years, a thorough understanding of

the impact of fire on PFA concrete is urgently needed. As

concrete is a non-combustible material, the effects of fire

on the properties of concrete are the effects caused by

exposure to elevated temperatures and much of the past

research has been carried out on concrete exposed to high

temperatures as opposed to exposure to real fires. Since the

1920s [1], many investigations have been carried out on

the residual mechanical properties of concrete subjected to

elevated temperatures, but limited data on the deterioration

of durability of PFA concrete are available from previous

work. Limited conclusions only, therefore, have been

drawn for PFA concretes, where damage is not only due

to a combination of chemical and mechanical changes to

the constituents of concrete, but is greatly influenced by

factors such as the properties of the PFA itself, the dosage

of PFA, and the curing regime.

Nasser and Marzouk [2] conducted a series of tests on

mass concrete containing fly ash exposed to high tempera-

tures ranging from 21.4�C to 323�C. Tests were carried out

on concrete made with a 25% replacement of cement by

weight and a w/b ratio of 0.6. The exposure time lasted up to

over 6 months. They found that there was an increase in

strength of concrete in the temperature range 121�C to

149�C, and in one case the increment was as high as 52%

of the unheated value. However, the strength and elasticity

of concrete were simultaneously reduced to around one half

and one quarter after exposure to temperatures 177�C and

232�C, respectively. They then explained that the increase

of strength was due to the formation of tobermorite, and the

deterioration was due to the transformation of tobermorite

(gel) into poorer binding materials.

The effects of high temperature and high pressure on

high strength concrete incorporating both silica fume and

fly ash were also investigated by Ghosh and Nasser in

1996 [3]. The fly ash content was 20%, or 60% of the

weight of binder while silica fume was used in each mix

with a constant dosage of 10%. The 28 days strengths

of the two mixes of concrete were 72.1 and 54.1 MPa.
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They found that the compressive strength and the static

modulus decreased gradually after specimens were sub-

jected to temperatures ranging from 21.4�C to 232�C
and high pressures from 5.2 to 13.8 MPa. Microstruc-

tural analysis revealed that the deterioration was due to

the physicochemical transformation of the gel structure.

They declared that the transformation of the matrix

seemed to consist of purely physical changes at exposure

temperatures lower than 71�C, and the chemical trans-

formation of gel at higher temperatures up to 232�C
might be the main cause of the reduction in strength and

elastic modulus.

Since concrete can be deemed as a two-phase material

formed by aggregate embedded in hardened cement paste

(hcp), the properties of cement paste play a very impor-

tant role in the behavior of concrete. Normally, aggre-

gates are more stable than hcp when exposed to high

temperatures, although decomposition of some less ther-

mally stable aggregate may occur when exposure tem-

peratures are extremely high [4]. Knowledge of the

effects on hcp of exposure to elevated temperatures is

thus necessary for the better understanding of the residual

properties of concrete.

Grainger [5] carried out some research on cement/fly ash

pastes subjected to a series of temperatures ranging from

100�C to 600�C with an interval of 100�C. In his research,

the dosages of PFAwere 20%, 25%, 37.5%, and 50% of the

total weight of binders. It was found that the addition of

PFA could improve the residual compressive strength of

cement paste, and the improvement was especially signifi-

cant for exposure temperatures above 300�C. He also

observed an increase of strength in all specimens exposed

to temperatures from 150�C to 300�C. And for those speci-

mens containing lower contents of PFA, the increases in

strength occurred at lower temperatures. However, Sarshar

and Khoury [6] reported that compressive strengths of

cement and cement/PFA pastes decreased after being heated

to temperatures ranging from 100�C to 600�C at a rate of

1�C/min. The beneficial effect of the presence of PFA,

however, was in good agreement with the results of Grain-

ger for exposure temperatures above 300�C.
Severe cracking of the heated concrete during postcool-

ing has been observed by many researchers since the 1920s

[7–9]. The severe cracking can be ascribed to the rehydra-

tion of dissociated Ca(OH)2 resulting in a 44% volume

increase [9]. Therefore, the reduced calcium hydroxide in

cement paste containing PFA, which is due to pozzolanic

reaction, may lead to reduced cracking. Dias et al. [10]

conducted tests on cement pastes containing 10%, 25%, and

40% PFA replacement by weight and found that even a 10%

fly ash replacement can eliminate all visible surface crack-

ing in specimens during postcooling after exposure to

600�C. They also pointed out that 400�C was a critical

temperature for portland cement concretes, above which

concretes would disintegrate on subsequent postcooling

exposure to ambient conditions.

2. Research significance

Ever since PFA concretes at high temperatures were

investigated in the 1960s, it has been recognized that PFA

concrete suffers less deterioration in its mechanical proper-

ties than concrete made with ordinary portland cement

(OPC) only. However, a further probe into the change in

the microstructure of PFA concrete subjected to high tem-

peratures is still lacking, although some research has been

carried out on the pore structure of concrete [11,12]. Also

lacking is knowledge on the reduction in durability of PFA

concrete subjected to high temperatures.

During the research described in this paper, concretes

made with PFA replacements of 0, 25% and 55% were

investigated. The w/b ratios were 0.5 and 0.3, making

concretes representative of normal strength and high

strength, respectively. Residual compressive strengths were

determined on PFA concrete subjected to high temperatures

ranging from 250�C to 800�C. Deterioration of the dur-

ability of PFA concretes was quantified by use of the rapid

chloride diffusion test according to ASTM C1202 [13]. To

obtain an insight into the residual properties, the pore size

distribution was determined by the mercury intrusion por-

osimetry (MIP) technique, and the microhardness of hcp

within the transition zone between aggregate and paste was

measured. The results of the microscopic investigations

gave a good explanation of the change in macro behavior

of PFA concretes in comparison to concretes made with

OPC only.

3. Experimental details

3.1. Materials

The binders used in this research are locally available

OPC complying with ASTM Type I and low-calcium fly ash

equivalent to ASTM class F. Their chemical compositions

and physical properties are given in Table 1.

A superplasticizer named ‘‘Super 20’’ was adopted for

fabricating high strength concrete with a w/c ratio of 0.3. It

is a naphthalene-based superplasticizer available as a dark

brown liquid containing 38.6% solid.

The fine aggregates and coarse aggregates are local

natural river sands and crushed granite, respectively. Coarse

aggregates of 10 and 20 mm were mixed in a ratio of 2:3.

Table 1

Chemical composition and physical properties of binders

Chemical composition (%) Physical properties

Binder SiO2 Al2O3 Fe2O3 CaO MgO SO3

Loss on

ignition

Specific

gravity

Specific

surface

(m2/kg)

OPC 19.61 7.33 3.32 63.15 2.54 2.13 2.97 3.16 3519.5

PFA 56.79 28.21 5.31 < 3.00 5.21 0.68 3.90 2.31 4120
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3.2. Mix proportions

The mix proportions are shown in Table 2.

3.3. Sample preparation

Several 100 mm cubes were cast for determining the

compressive strength of concrete. Samples obtained from

cores taken from crushed cubes after the compression

tests were soaked in acetone to stop the hydration for

MIP tests, and then they were dried at 60�C for 24 h

before measurement. Special precautions were taken to

make sure that no coarse aggregates were included in the

samples. Several 100 mm diameter� 200 mm height

cylinders were cast for rapid chloride diffusion tests

according to ASTM C1202 [13] to investigate the influ-

ence of high temperature exposure on the durability of

concrete. To eliminate the influence of dispersed sands on

the transition zone, mixes without fine aggregates were

also cast into cylinders. Slices cut from the middle of the

cylinders were polished with 600# paper then 1500#

paper to obtain an adequate surface with a minimum of

damage. Slices were then carefully sealed to avoid car-

bonation, which might lead to larger measured hardness

values because the carbonation product (CaCO3) is much

harder than the reactants.

3.4. Curing regime

Specimens were demolded 24 h after casting, and cured

in a water tank kept at 25�C until the age of 7 days.

Thereafter all specimens were moved into a curing cham-

ber with a controlled temperature of 25�C and 75%

relative humidity (RH). Specimens were heated to targeted

temperatures at the age of 90 days, and their residual

properties were then investigated.

3.5. Heating regime

In order to obtain evenly heated specimens, specimens

were heated at a slowly increasing rate of 1�C/min in an

electric oven. When the targeted peak temperature was

reached, the oven temperature was maintained for 60 min.

The oven was then switched off, the oven doors opened

and the specimen was left to cool over many hours until

room temperature was reached gradually. This is illustrated

by Fig. 1.

3.6. Testing procedure and methods

Compressive strengths of cubes were measured accord-

ing to BS 1881: Part 116:1983 [14]. Chloride diffusion tests

were conducted on 51 ± 1 mm thick slices, which were sawn

from cylindrical specimens followed by vacuum saturation

treatment, complying with the prescription by ASTM

C1202-97 [13]. The reported data are average values from

three companion specimens.

Samples for determining the pore size distribution of

hcp were taken from the cores of the crushed cubes. In

this research the measured pore sizes ranged from

10 � 8 to 10 � 4 m, while the pressure ranged from

210 kPa to 210 MPa. The contact angle was assumed

to be 140� and the mercury surface tension was taken

as 0.485 N/m.

Based on the ASTM E384-99 [15] testing method, a

Vickers indenter was used in this research to determine

the microhardness in bulk pastes and in the transition

zone between aggregates and hcp. As the typical width

of the interfacial transition zone (ITZ) is about 50 mm,

the applied load in the microhardness test was deter-

mined to be 0.049 N so that the spacing between

indentation points should be at least two times the

diagonal of the indentation while ensuring a sufficient

number of points was taken to map the ITZ [16]. The

strategy for selecting the indentation points for the

measurements is presented in Fig. 2. The measured range

was up to 250 mm away from the surface of aggregates.

Six determinations were performed on the surface of each

Table 2

Mix proportions (per cubic meter)

Mix w/b

Replacement

ratio (%) OPC (kg) PFA (kg) Sand (kg)

Coarse

aggregate (kg) Water (kg)

Superplasticizer

(L)

C-0.5-00 0.5 0 410 0 609 1132 205 0

C-0.5-25 0.5 25 307.5 102.5 576 1132 205 0

C-0.5-55 0.5 55 184.5 225.5 536 1132 205 0

C-0.3-00 0.3 0 500 0 724 1086 150 10.5

C-0.3-25 0.3 25 375 125 683 1086 150 10.5

C-0.3-55 0.3 55 225 275 634 1086 150 10.5

Fig. 1. Temperature rising regime.
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sample, and the profiles of microhardness yielded by the

average values derived.

4. Test results and discussions

4.1. Discussions on macro properties: compressive strength

and chloride diffusion

Normally compressive strength is the main concern when

assessing the mechanical strength of concrete. After expo-

sure to 250�C, the test results given in Fig. 3 indicate that

concretes showed no reduction in compressive strength but,

rather, a gain of 8–15% over the basic strength when tested

without any prior heating. For concrete made with OPC

only, the increment was 8–9%, while PFA concrete gained

about 10–15%. After exposure to a higher temperature of

450�C, high volume PFA concrete exhibited a much better

fire resistance than other mixes from the viewpoint of

strength loss. Only a negligible proportion of the original

strength was lost for the C-0.5-55 and the C-0.3-55 mixes,

the loss being not more than 4%. The strength losses for

concretes made with 25% PFA and without PFA differed

between 18–14%. Even for an exposure temperature of

650�C, the beneficial effect of the high PFA dosage was still

significant, resulting in a residual compressive strength of

65.8% of the original unheated strength for high PFA

content concretes, while only 51.1–56.2% of the original

strength was maintained when the other four mixes were

exposed to the same temperature. The effect of the addition

of PFA diminished when the exposure temperature was

raised to 800�C.

PFA concretes are generally thought to be more durable

because they have good resistance to chloride penetration

under normal conditions [17,18]. However, as is shown in

Fig. 4, when PFA concrete and conventional concrete were

exposed to a temperature of 250�C, severe deterioration in

permeability was observed. Based on a rapid chloride

diffusion test method prescribed by ASTM C1202-97

[13], the total charges passed after exposure to 250�C
became two to four times those for the unheated concrete.

As previously discussed, concrete developed a higher

strength after exposure to this temperature. These results

infer that more attention should be paid to the permeability

of concretes when they are exposed to a medium tempera-

ture of about 250�C. Using the qualitative terms (see Fig. 4)

of ASTM C1202, C-0.5-00 degraded from ‘‘moderate’’ to

‘‘high’’ chloride ion penetrability, C-0.5-25, C-0.3-00, and

C-0.5-55 degraded from ‘‘low’’ to ‘‘moderate’’ or ‘‘high,’’

while C-0.3-25 and C-0.6-55 from ‘‘very low’’ to ‘‘low.’’

Concrete made with a PFA dosage of 25% suffered a greater

loss in resistance to chloride penetration than plain OPC

concretes did. After exposure to 450�C and higher tempera-

tures, concrete with a w/b ratio of 0.5 degraded to ‘‘high,’’

and concrete with a w/b ratio of 0.3 could still be rated as

‘‘moderate.’’ For the exposure temperature of 650�C, all
concretes except C-0.3-55 degraded to ‘‘high’’ chloride ion

penetrability. The relative charges passed, expressed as

percentage of total charges passed after heating to the

original values of the unheated specimens, are shown in

Fig. 5. The figure indicates PFA concretes suffered more

damage than OPC concretes in terms of chloride penetr-

ability after exposure to high temperatures.

Fig. 2. Strategy for selecting indentation points.

Fig. 3. Residual compressive strength and percentage to original value.

Fig. 4. Total charge passed in chloride diffusion tests.

Fig. 5. Relative residual total charge passed as percentage to original values.
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4.2. Discussions on microscopic test results: microhardness

and pore structure in hcp

Microhardness testing has been introduced as a powerful

tool for characterizing the microstructural properties of hcp

and ITZ [19,20]. In this research, this testing method was

applied to characterize the influence of high temperature on

the properties of bulk paste and the ITZ around aggregates.

When the exposure temperatures were higher than 450�C,
cracking along the boundary between aggregate and hcp

was inevitably obvious, making it impossible to obtain

accurate data on the ITZ. Therefore, the reported micro-

hardness values in the ITZ in this research are results on

unheated concretes and concretes exposed only to 250�C.
Also reported are microhardness test data on bulk pastes in

unheated concretes and in concretes exposed to 250�C,
450�C, and 650�C.

As also shown in Fig. 6, increased ITZ ranges, i.e., where

the microhardness test resulted in lower Vickers Hardness

Numbers (Hv) than those in the middle of the hardened bulk

cement pastes, were observed after concretes were exposed

to 250�C. For concretes made with OPC only, the extent of

the weak zones increased roughly by 40%. When PFA was

incorporated, the increments in ITZ range were reduced. For

concrete made with 25% PFA by weight of total binders, the

weak zone was extended by 30%. The presence of PFA

resulted in a beneficial effect when PFA was added to

replace 55% of OPC by weight — no obvious increase in

width of the weak zone was observed for high volume PFA

concrete made with a w/c ratio of 0.5; and the increase for

C-0.3-55 concrete was no more than 20%. Increased micro-

Fig. 6. Microhardness profiles in the ITZ in PFA concrete subjected to elevated temperatures.

Fig. 7. Schematic description of the process that may reduce the penetration

of an indenter near a rigid inclusion surface (after Igarashi [16]).
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hardness values in the vicinity of the aggregate were

observed in all unheated specimens, and these may be due

to the presence of stiff inclusions in the excited range

around the indentation, which restrains the flow of material

under the indentation. A schematic description of the

process is given in Fig. 7 to interpret the smaller penetration

of an indenter near a rigid inclusion [16]. After the concretes

were exposed to 250�C, further decreased Hv values in the

vicinity of the aggregates were observed in all the concretes

except C-0.5-55. This typical deterioration in ITZ may

indicate the separation of hcp from the aggregate, as

evidenced from scan electronic microscope (SEM) observa-

tions (Fig. 8). The exceptional results for C-0.5-55 concrete

may be ascribed to lower hcp hardness causing a larger

influencing range. In addition, improvement of microhard-

ness within the ITZ was only obvious in concrete made with

55% PFA only, which confirms the superior fire resistance

of high volume PFA concrete.

Microhardness test results on bulk pastes exposed to high

temperatures are shown in Fig. 9. The trends of microhard-

ness versus exposure temperature curves were quite similar

to those of the compressive strength-exposure temperature

curves shown in Fig. 3. However, the percentage rises in Hv

values at 250�C were even higher than the percentage

improvements in compressive strengths. When the exposure

temperatures were raised to 450�C, the Hv values were still

almost equal to the results on unheated specimens, while the

Hv values in high content PFA concrete were higher than

the original values by 6–8%. Microhardness dropped only

when the exposure temperature was as high as 650�C, at
which temperature decomposition of C–S–H and CH takes

place and the hydrates lose their binding properties [21–23].

The pore structure of concrete has been recognized as an

important characteristic influencing the properties of the

concrete such as the strength, durability and permeability

[24,25]. MIP incorporated in this research is a well-devel-

oped technique that can provide information about pore

structure, including the porosity and pore size distribution.

As shown in Fig. 10, the total porosity of hcp increased by

only about 1–2% after exposure to 250�C with an insignif-

icant change of average pore diameter for all concretes

studied. The coarsening of hcp mainly occurred after con-

cretes had been exposed to the higher temperatures of 450�C
and 650�C. The porosity of hcp increased by about 4% after

exposure to 450�C and by around 10% for 650�C. It can
also be seen that the average pore diameter dramatically

enlarges to two to three times the original size after concrete

has been exposed to 450�C and 650�C. In comparison,

concrete made with a dosage of 55% PFA replacement

resulted in a smaller increase in the total porosity of hcp

after exposure to 450�C and 650�C. This is in keeping with

the residual compressive strength test results. However, the

severe permeability deterioration caused by exposure to

250�C cannot be simply due to the rise in total porosity,

since the coarsening of hcp was not significant.

4.3. Mechanism of deterioration of PFA concrete subjected

to high temperatures

When concretes are exposed to high temperatures, there

are changes in the mechanical properties and the durability

of concrete. However, the mechanisms causing the changes

in properties is quite complex as a result of the concurrence

of chemical and physical changes in hcp, aggregate, and at

the interfaces.

Fig. 8. SEM on the interface between aggregate and paste in C-0.3-25

concrete sample exposed to 250�C.

Fig. 9. Microhardness in hcp and percentages of original values.
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After concretes were exposed to a temperature of 250�C,
an increase in compressive strength was observed for all

mixes, with an even more pronounced increase of micro-

hardness in the bulk hcp, but the durability of concretes was

degraded. The increase of compressive strength can be

partially due to the strengthened hcp during the evaporation

of free water, which leads to greater Van der Waal’s forces

as a result of the cement gel layers moving closer to each

other [10,26]. Because transportation of moisture in con-

crete is rather gradual, residual moisture in concrete allowed

accelerated hydration at the early stage of heating concretes

to high temperatures. Further hydration of cementitious

materials is another important cause of the hardening of

hcp. Especially for PFA concrete, unhydrated PFA particles

can react with calcium hydroxide and produce C–S–H like

gels [21,26]. The hardening effect is compatible with the

microhardness tests results on the bulk pastes. However,

weakening of the ITZ between aggregate and hcp also

occurred during the exposure to 250�C. At the same time,

the microhardness profiles in the ITZ showed further

decrease of Hv around aggregates, indicating that tiny

cracks may have initiated along the boundary, that was

supported by the SEM observations shown in Fig. 8. At

such an exposure temperature, coarsening of the pore

structure of cement paste also occurred. Fortunately, the

hardening effect can compensate for the loss of strength

caused by the coarsening of the cement paste and the

weakening of the ITZ. With respect to the durability of

concrete exposed to 250�C, the weakened transition zone

played the predominant role in the nearly doubled values

observed in the rapid chloride diffusion test. Since micro-

cracks might have developed along the boundary due to the

swelling of physically bound water layers and thermal

incompatibility between aggregates and cement pastes

[27,28], the path for ion penetration was shortened

[29,30]. In addition, increased porosity in the hcp also made

penetration of chloride easier.

During exposure to 450�C, coarsening of hcp occurred

with a concurrent drop in hardness. Dehydration became the

predominant influence although thermal hydration played a

more effective role in case of heating to 250�C [26].

Microcracking also increased significantly beyond 300�C
[31,32], which is responsible for the further degradation of

durability for specimens heated to 450�C and 650�C. The

gain of strength after heating to 250�C was lost after

concretes were heated to 450�C. The loss of compressive

strength was in good agreement with the decrease in

microhardness in bulk pastes when exposure temperatures

were raised from 250�C to 450�C. Decomposition of the

major hydrate, known as C–S–H, was inevitable as the

exposure temperature was raised to 650�C [22,23], causing

severe coarsening in its microstructure of pastes and the loss

of binder property. Hence sharp drops in microhardness

values and compressive strengths were observed in this

research together with a significant increase of chloride

diffusion in concretes. Disintegration of aggregates might

also occur when concretes are heated to 800�C [4]. At the

same time, dehydration went further at such an exposure

temperature. It is therefore commonly agreed that concretes

can only maintain a minor part of their original compressive

strength after exposure to 800�C [6]. The chloride diffusion

tests could not proceed because the cracking is too severe

and assessing the durability of concretes exposed to such a

high temperature becomes meaningless.

Microcracking was found to be a major cause of

deterioration when concretes were exposed to high tem-

peratures, which was reported to initiate around Ca(OH)2
crystals and then around unhydrated cement particles [33].

From Table 3 (after Lam [34]), it is reasonable to assume

that PFA concretes are less susceptible to cracking during

heating because PFA can consume Ca(OH)2 by further

hydration [35,36]. Ca(OH)2 would decompose after expo-

sure to above 400–600�C [21], and the rehydration of

dissociated Ca(OH)2 becomes a detrimental cause of

cracking, which is accompanied by a 44% volume increase

[9]. It was also reported that bound water in OPC–fly ash

paste was more than twice that in OPC paste [37], and the

released water can also help the fire resistance of concrete.

It can be seen from the test result that the addition of PFA

into binders could provide concretes with better residual

properties after exposure to temperatures from 250�C to

650�C. The residual compressive strengths of high PFA

content concretes remained remarkably close to their

original values. Thus it may be feasible to increase the

allowable ‘‘working’’ temperature for conventional con-

crete by incorporating a high volume of PFA into concrete

mixes, which means that a larger proportion of structures

exposed to elevated temperatures can remain serviceable

and repairable.

Table 3

Ca(OH)2 content of PC and fly ash cement paste (based on ignited weight,

after Lam [34])

Ca(OH)2 content (%)

w/b 7 days 28 days 90 days

0.3 0 11.8 12.55 12.83

25 9.08 8.84 6.98

55 5.50 4.05 3.03

0.5 0 15.32 14.79 15.78

55 6.83 4.79 3.30

Fly ash

replacement (%)

Fig. 10. Total porosity and average pore diameter of hcp in concrete

(average pore diameters are marked on top of the columns in 10� 2 mm).
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5. Conclusions

A peak residual compressive strength higher than the

original unheated value was observed for all concrete speci-

mens exposed to 250�C, an effect which was enhanced by

the inclusion of PFA. Even when the maximum exposure

temperature was raised to 450�C, the strength reductions

were as little as 4–15%. After exposure to a higher

temperature of 650�C, however, only about half of the

original strengths could be obtained. The compressive

strength of concrete deteriorated even more when the

exposure temperature was raised to 800�C, and the residual

strengths were only about 20% to 30% of the values

obtained from unheated specimens.

Deterioration of durability turned out to be the main

concern, however, when concrete was subjected to the

medium high temperature of 250�C. Durability deteriorated

at this temperature, even though no loss of strength was

observed. When concrete was subjected to higher tempera-

tures, both strength and durability of concrete deteriorated.

Microhardness testing results revealed that the width of

the ITZ increased after concretes were exposed to 250�C.
The increment was roughly by 40% or 30%, respectively,

for concrete made with OPC only and for concrete made

with 25% PFA. Nevertheless, no obvious increase in the

width of the ITZ was observed in high volume PFA

concrete made with a w/c ratio of 0.5, and the increases

for C-0.3-55 concrete were smaller than 20%. Tiny cracks

along the transition zone might have appeared after the

exposure to 250�C, resulting in changes to the microhard-

ness profiles.

The trend curves of microhardness versus exposure

temperature were similar to those of compressive

strength–exposure temperature curves. However, residual

microhardness values were relatively higher than those for

strengths by about 10% when expressed as a percentage of

the original values on tested unheated specimens. Signifi-

cant losses in microhardness could only be observed in

specimens exposed to 650�C. Among the concretes inves-

tigated in this research, high PFA content concretes showed

the best microhardness result.

The total porosity of hcp increased little after concretes

were subjected to a maximum temperature of 250�C
although enlargement of the average pore diameter occurred

at the same time. The coarsening of hcp became obvious

when the exposure temperature was 450�C and became

even more severe after exposure to a temperature of

650�C although, again, a beneficial effect of high PFA

dosage was also demonstrated for the two temperatures of

450�C and 650�C.
The beneficial effect of PFA on the residual strength of

concrete was still noticeable when exposure temperatures

were 450�C or 650�C, which was further confirmed by the

microhardness test results. Concrete made with a dosage of

55% PFA exhibited a residual strength higher than other

concretes by about 10% after being subjected to the two

peak temperatures. In general, the addition of PFA contrib-

uted more or less to the residual strength of concrete for all

the concrete mixes. Thus, as a broad practically oriented

conclusion, the ‘‘working’’ temperature can be raised to

450�C if PFA is incorporated and if we are concerned

primarily with a compressive strength criterion. The bene-

ficial influence of PFA can be ascribed to the pozzolanic

reaction consuming Ca(OH)2 in the hydrates.
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