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Abstract

An experimental investigation was conducted to evaluate the performance of metakaolin (MK) concrete at elevated temperatures

up to 800 �C. Eight normal and high strength concrete (HSC) mixes incorporating 0%, 5%, 10% and 20% MK were prepared. The
residual compressive strength, chloride-ion penetration, porosity and average pore sizes were measured and compared with silica

fume (SF), fly ash (FA) and pure ordinary Portland cement (OPC) concretes. It was found that after an increase in compressive

strength at 200 �C, the MK concrete suffered a more severe loss of compressive strength and permeability-related durability than the
corresponding SF, FA and OPC concretes at higher temperatures. Explosive spalling was observed in both normal and high strength

MK concretes and the frequency increased with higher MK contents.

� 2002 Published by Elsevier Science Ltd.
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1. Introduction

Metakaolin (MK) is a recent addition in the list of

pozzolanic materials. It is a thermally activated alu-

mino-silicate produced from kaolinite clay through a

calcining process. Unlike other pozzolans, MK is a

primary product, not a secondary product or by-prod-

uct. This allows the manufacturing process to be struc-

tured to produce the optimum characteristics for the

MK, ensuring the production of a consistent product
and a consistent supply. The white color of MK results

in a concrete with lighter color, another advantage

making it popular.

MK enhances the strength and durability of concrete

through three primary actions which are the filler effect,

the acceleration of ordinary Portland cement (OPC)

hydration and the pozzolanic reaction with calcium hy-

droxide (CH). Wild et al. [1] found that the filler effect is
immediate, the acceleration of OPC hydration has its

major impact within the first 24 h and the maximum

effect of pozzolanic reaction occurs between 7 and 14

days. It was concluded that the optimum replacement

level of OPC by MK to give maximum long term

strength is about 20% by weight.
Kostuch et al. [2] discovered that a 10% replacement

of cement with MK reduced the CH content in concrete

by 70%, and a 20% replacement reduced it to almost

zero after 28 days. However, the amount of MK re-

quired for complete elimination of CH depends on a

number of factors such as purity of MK, Portland ce-

ment composition, water/binder ratio and curing con-

ditions [3]. The reduction in CH content results in
superior strength and durability performance, even at

elevated temperatures [4]. Poon et al. [5] prepared nor-

mal and high strength concrete (HSC) mixes incorpo-

rating 5%, 10% and 20% MK and compared their

performance with the equivalent silica fume (SF) and fly

ash (FA) mixes. They observed that the MK concrete

possessed higher strength, lower permeability and less

porosity as compared to the corresponding SF and FA
concretes.

It was observed that the fire resistance of concrete is

highly dependent on its constituent materials, particu-

larly the pozzolans. A number of research studies [6]

indicated that the addition of SF highly densifies the

pore structure of concrete, which can result in explosive

spalling due to the build-up of pore pressure by steam.

Since the evaporation of physically absorbed water
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starts at 80 �C which induces thermal cracks, such
concretes may show inferior performance as compared

to pure OPC concretes at elevated temperatures.

On the other hand, the addition of FA or ground

granulated blast furnace slag (GGBS) enhances the fire

resistance of concrete [6]. Yigang et al. [7] indicated that

the compressive strength of FA concrete at 250 �C was
more than the original unfired strength. Moreover, the

FA concrete retained higher strengths than the pure
OPC concrete at higher temperatures up to 650 �C. Dias
et al. [8] found that the addition of FA completely

eliminated all visible surface crackings for specimens

heated up to 600 �C.
Diederichs et al. [9] prepared 3 HSC mixes incorpo-

rating SF, FA and GGBS independently. The mixes

were subjected to a maximum temperature of 900 �C
and tested under loaded conditions. The GGBS concrete
showed the best performance followed by FA and SF

concretes.

Since human safety in case of fire is one of the major

considerations in the design of buildings, it is extremely

necessary to have a complete knowledge about the be-

havior of all construction materials before using them

in the structural elements. So far no experimental data

have been published on the fire resistance of MK con-
crete hence this research was conducted to investigate

its performance at elevated temperatures as observed

in fires or in oil, gas or power industries.

For this study, eight normal and HSC mixes incor-

porating 0–20% MK were prepared and exposed to

elevated temperatures up to 800 �C. The residual com-
pressive strength, permeability, porosity and pore sizes

were measured and compared with those of SF, FA and
pure OPC concretes. A spalling frequency analysis was

also carried out to consider the feasibility of using MK

concrete in oil or power industries where hydrocarbon

fires are not uncommon.

2. Experimental details

An experimental program was designed to investigate

the residual properties of MK concrete after elevated

temperatures. For this purpose, four normal strength

and four HSC mixes were prepared incorporating 0%,

5%, 10% and 20% MK. In addition, three HSC con-

taining 5%, 10% SF and 20% FA by weight, and one

normal strength concrete (NSC) with 20% FA replace-
ment were prepared for comparison.

2.1. Materials

The cementitious materials used were OPC comply-

ing with ASTM Type I, low calcium FA equivalent to

ASTM class F, condensed SF, and MK. The chemical

composition and physical properties of these materials,

as supplied by the suppliers, are shown in Table 1.

The fine aggregate was natural river sand. Crushed
granite, with maximum nominal sizes of 10 and 20 mm,

was mixed in a ratio of 1:2 and used as coarse aggre-

gate. A liquid sulfonated naphthalene–formaldehyde

condensate containing 38.6% solids was used as super-

plasticizer.

2.2. Mix proportions

The mix proportions of seven high strength (HS) and

five normal strength (NS) concrete mixes are shown in
Table 2. The pozzolans were introduced as cement re-

placement materials and their proportions were decided

on the basis of previous research to achieve the optimum

strength and durability [1–6]. Two control mixes with

pure OPC were also prepared for comparison purposes.

All the mixtures were produced at a slump of 200 mm to

make free flowing concrete. Due to the tropical climate

of Hong Kong, no air entraining admixture was used.

Table 1

Chemical composition and physical properties of cementitious materials

OPC SF FA MK

Chemical composition (%)

Silicon dioxide (SiO2) 19.61 90.26 56.79 53.20

Aluminum oxide ðAl2O3Þ 7.33 0.63 28.21 43.90

Ferric oxide ðFe2O3Þ 3.32 0.33 5.31 0.38

Calcium oxide (CaO) 63.15 3.18 < 3:00 0.02

Magnesium oxide (MgO) 2.54 0.33 5.21 0.05

Sodium oxide ðNa2OÞ – – – 0.17

Potassium oxide (K2O) – – – 0.10

Sulfur trioxide ðSO3Þ 2.13 0.4 0.68 –

Loss on ignition 2.97 4.84 3.90 0.50

Physical properties

Specific gravity 3.16 2.22 2.31 2.62

Specific surface ðcm2=kgÞ 3519 – 4120 12,680

As supplied by suppliers.
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2.3. Curing and heating regimes

The specimens were demolded 24 h after the casting

and placed in a water tank at 20 �C. After 28 days of
water curing, they were transferred to an environmental

chamber maintained at 20 �C and 75% relative humid-

ity, the average climate in Hong Kong.

At an age of 60 days, the specimens were heated in an
electric furnace up to 200, 400, 600 and 800 �C. Each
temperature was maintained for 1 h to achieve the

thermal steady state [10]. The heating rate was set at 2.5

�C per minute to simulate both natural fire and oil/gas
industry temperatures. The specimens were allowed to

cool naturally to room temperature.

2.4. Specimen dimensions and testing details

1. Unstressed residual compressive strength test (same

as the standard cube test) was performed on 100

mm concrete cubes according to BS 1881: Part

120:1983. Three specimens were tested for each tem-

perature and average values are reported.

2. To determine permeability and resistance to chloride-

ion penetration, the Rapid Chloride Diffusion test
was conducted according to ASTM C1202-94. The

specimens were 50 mm thick slices of 100 mm nomi-

nal diameter which were cut from the standard con-

crete cylinders ð100 mm� 200 mmÞ after 28 days.
3. Porosity and average pore sizes were measured

by mercury intrusion porosimetry (MIP). Pellets of

about 5 mm in the size of hardened cement paste

(HCP) were collected from the crushed concrete
cubes and immediately soaked in acetone to stop

the further hydration. The samples were then dried

in a vacuum oven at 60 �C for 48 h before testing

to achieve constant weight.

4. Spalling frequency was determined as a percentage of

cubic specimens exploded in the furnace up to 800 �C,
i.e., spalling frequency ¼ (specimens exploded up to

800 �C)/(total number of specimens) � 100.

3. Test results and discussion

3.1. Residual compressive strength

The residual compressive strength after cooling was
determined by an unstressed compression test [6]. This

method gives lower values of compressive strength as

compared to stressed tests and hence is thought to be

suitable for getting the limiting results [6]. The test re-

sults shown in Figs. 1–4. Figs. 1 and 2 indicate the re-

sidual compressive strength of each specimen at different

elevated temperatures while Figs. 3 and 4 depict the

relative increase or decrease in the compressive strength
of each specimen as compared to its original compres-

sive strength before heating.

From the perspective of residual compressive strength

of MK concrete, the heating regime can be divided into

two regions as 0–400 �C and 400–800 �C. A distinct

pattern of strength gain and then loss was observed in

each region. Initially MK concretes showed an increase

in compressive strength at 200 �C. This increase may
probably be due to the hydration of unhydrated MK

particles which were activated as a result of temperature

rise. Since the hydration in MK concrete is slowed down

Table 2

Mix proportions of concrete mixtures

Mix SF (%) FA (%) MK (%) W/B Batched quantities ðkg=m3Þ 28 days compressive

strength (MPa)Water Cement Fine agg. Coarse agg. SPa

High strength concrete (HSC)

HS-CCb – – – 0.30 150 500 758 927 0.5 85.9

HS-SF5 5 – – 0.30 150 475 710 1066 0.6 96.5

HS-SF10 10 – – 0.30 150 450 620 1151 0.8 108.3

HS-MK5 – – 5 0.30 150 475 713 1065 0.6 107.3

HS-MK10 – – 10 0.30 150 450 625 1149 0.8 123.1

HS-MK20 – – 20 0.30 150 400 609 1142 1.1 131.3

HS-FA20 – 20 – 0.30 150 400 618 1147 0.8 82.7

Normal strength concrete (NSC)

NS-CCb – – – 0.50 195 390 768 917 – 35.8

NS-MK5 – – 5 0.50 195 370 710 1067 – 40.7

NS-MK10 – – 10 0.50 195 351 620 1154 0.2 47.6

NS-MK20 – – 20 0.50 195 312 618 1149 0.5 58.4

NS-FA20 – 20 – 0.50 195 312 615 1143 – 39.3

a Superplasticizer content in percent by weight of binder. The amount of superplasticizer was decided during mixing of fresh concrete to achieve

equal workability level (slump) for all concretes.
b Control concrete.

C.-S. Poon et al. / Cement & Concrete Composites 25 (2003) 83–89 85



after 14 days due to the blocking of capillaries [1], such an
increase in strength at elevated temperatures can be an-

ticipated. A similar increase in strength was observed in

FA concrete due to the formation of tobermorite [11]. The

pure OPC and SF concretes showed a slight loss in

strength. Up to 400 �C, most of the HSCs maintained
their original compressive strength with higher residual

strength found in MK5, SF5 and FA20. No spalling oc-

curred in this temperature range. However multiple
cracking was observed in some MK and SF concrete

specimens. A 10–20% compressive strength loss was ob-

served in NSCs.

After 400 �C, the MK concretes showed a sharp re-

duction in compressive strength followed by explosive

spalling and severe cracking. In this temperature range,

the compressive strength of MK concrete was lower

than those of other concretes. The results showed a close
correlation between the MK content and the degree of

damage as specimens with higher MK contents suffered

a bigger loss. As indicated later by MIP analysis, this

severe strength loss was due to the very dense pore

structure of MK concrete which enhanced the build-up

of vapor pressure upon heating and resulted in spalling

and cracking. The best performance at all temperatures

was given by FA concretes followed by pure OPC,
SF, and MK concretes with the exception of NS-MK5

which showed better results than the corresponding

concretes.

3.2. Resistance to chloride-ion penetration

This test determines the electrical conductance of

concrete to provide a rapid indication of its resistance to

the penetration of chloride ions. The chloride-ion resis-

tance of concrete gives an indirect measure of its per-
meability and internal pore structure, as more current

passes through a more permeable concrete.

The test method consists of monitoring the amount of

electrical current which passed through 50 mm thick

slices of 100 mm nominal diameter during a 6 h period.

A potential difference of 60 V dc is maintained across

the ends of the specimen, one of which is immersed in a

sodium chloride solution, the other in sodium hydroxide
solution. The total charge passed in coulombs, has been

found to be related to the resistance of the specimen to

chloride-ion penetration. The details of this test can be

found in ASTM C1202-94 and its results can be used to

assess the durability of concrete.

The results of rapid chloride diffusion test are shown

in Figs. 5 and 6. It is important to note that this test was

performed only on specimens subjected to 600 and 800
�C as more damage occurred at these temperatures.

Long testing time was another reason to limit the extent

of this analysis.

Fig. 1. Residual compressive strength of HSCs.

Fig. 3. Relative residual compressive strength of HSCs.

Fig. 2. Residual compressive strength of NSCs.

Fig. 4. Relative residual compressive strength of NSCs.
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The test results indicate a loss of impermeability with

the rise in temperature, as indicated by the high amount

of charge passed through the specimens. This loss of

impermeability may be due to the internal cracking and

pore structure coarsening of the concrete at high tem-

peratures [12]. The highest loss was suffered by MK

concretes followed by SF, pure OPC and FA concretes.

However, the MK and SF concretes with 5% cement
replacement showed better results than the pure OPC

concrete due to the reduced CH content which initiates

internal cracking during heating and disintegration at

cooling [4].

It is important to note that the MK concrete showed

a high increase in the loss of impermeability and dura-

bility after heating as compared to other tested con-

cretes. Consequently, the use of such a concrete should
be considered carefully in oil/gas structures in marine

environment, which are often subjected to heating and

cooling cycles.

3.3. Porosity and average pore size measurements

The porosity and average pore sizes were measured

using a mercury intrusion porosimeter (MIP), which has

a measuring pressure range from 0.01 to 207 MPa. The
contact angle selected was 140�, so the measurable pore
size range was from 0.007 to 144 lm. The test was
conducted on specimens subjected to temperatures of

600 and 800 �C due to the reasons mentioned earlier.
The results are plotted in Figs. 7–10.

The MIP test results highlight pore structure coars-

ening and increase in porosity at elevated temperatures

which are the major reasons for the strength and dura-
bility losses [12]. In MK concretes, this effect was more

pronounced at 800 �C as compared to 600 �C, which
reveals that the initial strength and durability loss oc-

curred due to the internal cracking. The dissociation of

CH crystals, increased vapor pressure of steam and

crystal transformation of quartz may be the three main

reasons for such internal cracking. An interesting fact

found was that despite the high strength loss, the MK
concretes had lower porosities as compared to those of

the corresponding SF and pure OPC concretes. How-

ever, the average pore diameters of these MK con-

cretes were larger than those of the other concretes,

which in combination with internal cracking caused

more strength and durability loss at all temperatures

above 200 �C.

Fig. 5. Resistance of HSC against chloride-ions penetration.

Fig. 6. Resistance of NSC against chloride-ions penetration.

Fig. 7. Residual porosities of HSCs.

Fig. 8. Residual porosities of NSCs.
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The effect of internal cracking was more pronounced

in NS-MK concretes in which in spite of lower poro-

sities, more damage occurred with the increase in MK

content. The increased internal cracking is due to the

high CH content present in NSC. This fact is supported

by the results of rapid chloride diffusion test and indi-

cates that internal cracking is another parameter which
results in strength and durability loss at elevated tem-

peratures along with pore structure coarsening.

3.4. Spalling frequency analysis

The ability of concrete to withstand high tempera-

tures can be hampered considerably by spalling which

may cause loss of the concrete cover over reinforcing

steel bars. Direct exposure of reinforcing bars to high

temperatures severely reduces the structural integrity

and bearing capacity of the reinforced concrete struc-
ture.

Two mechanisms are thought to be responsible

for spalling: the vapor pressure build-up mechanism

[13] and the thermal stress mechanism [14]. The former

mechanism occurs because the dense HCP prevents

moisture from escaping under high temperatures,

thus causing a considerable pressure build-up resulting

in spalling. The latter mechanism occurs because the
exposure to fire produces a thermal gradient within the

concrete, which increases internal stresses and results

in spalling. A combination of these two mechanisms is

also possible. In a recent study, Chan et al. [15] found
that moisture content and strength are the two main

factors governing thermally induced explosive spalling

of concrete. No spalling would occur if either strength or

moisture content is below a certain threshold value

which was found to be 60 MPa (strength) or 62%

(moisture content) for their concretes.

In this research study, explosive spalling and splitting

were observed particularly in MK concrete specimens.
The results are plotted in Fig. 11 in which spalling fre-

quency indicates the percent of total cubic specimens

exploded up to 800 �C. It is important to note that
spalling occurred between 400 and 600 �C with more

frequency between 450 and 500 �C.
The results indicate high proneness of MK concrete

to spalling as compared to SF, FA and pure OPC con-

cretes. Based upon this evaluation, the obvious reason
may be the dense pore structure of MK concretes which

held the vapor pressure of steam and resulted in explo-

sive spalling. This was verified from the results of MIP

analysis which indicated a low porosity of MK concretes

as compared to other concretes even at elevated tem-

peratures. No spalling was observed in thin cylindrical

slices for chloride diffusion test which reveals that the

path of moisture escape has a significant influence on
spalling as indicated by Sanjayan [16]. This urges the

need to also conduct fire tests on full-scale members to

obtain realistic and consistent results. The reason why

most of the spalling occurred between the narrow range

of 450–500 �C needs further investigations.

4. Conclusions

1. The MK concrete showed a distinct pattern of

strength gain and loss at elevated temperatures. After

gaining an increase in compressive strength at 200 �C,
it maintained higher strengths as compared to the

Fig. 9. Average pore sizes in HSCs.

Fig. 10. Average pore sizes in NSCs.

Fig. 11. Spalling frequency analysis of MK concrete at elevated tem-

peratures.
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corresponding SF, FA and pure OPC concretes up to
400 �C. A sharp reduction in compressive strength

was observed for all HSC after 400 �C followed by
severe cracking and explosive spalling. Within the

range 400–800 �C, MK concretes suffered more loss

and possessed lower residual strengths than the other

concretes.

2. Dense micro-structure and lowest porosity are the

main reasons for the poor performance of MK con-
crete at elevated temperatures. These concretes

showed a higher loss of impermeability as compared

to the mechanical strength. This indicates that even

after a fire, if the concrete retains a high proportion

of its original compressive strength, an examination

of the durability should be made. The impermeability

loss occurred initially due to the internal cracking and

then increased by pore-structure coarsening.
3. Explosive spalling was observed in both normal and

high strength MK concrete specimens particularly

between 450 and 500 �C. The spalling frequency
increased with the higher MK content. The vapor

pressure build-up by dense pore-structure seems to

be the obvious reason for such spalling.

4. The MK concrete with 5% cement replacement

showed better performance than the corresponding
pure OPC and SF concretes at all tested tempera-

tures. No spalling was observed in this concrete.

Acknowledgements

The authors wish to acknowledge the Research

Grants Council of the HKSAR Government for the
financial support. Appreciation is extended to anony-

mous reviewers for the valuable suggestions.

References

[1] Wild S, Khatib JM, Jones A. Relative strength pozzolanic activity

and cement hydration in superplasticised metakaolin concrete.

Cem Concr Res 1996;26(10):1537–44.

[2] Kostuch JA, Walter GV, Jones TR. High performance concretes

containing metakaolin – A review. In: Proceedings of the

International Conference – Concrete 2000, Dundee, vol. 2. 2000.

p. 1799–811.

[3] Oriel M, Pera J. Pozzolanic activity of metakaolin under

microwave treatment. Cem Concr Res 1995;25(2):265–70.

[4] Lin WM, Lin TD, Powers-Couche LJ. Microstructures of fire-

damaged concrete. ACI Mater J 1996;93(3):199–205.

[5] Poon CS, Kou SC, Lam L, Compressive strength development,

chloride-ions resistance and pore size distribution of metakaolin

concrete, The Hong Kong Polytechnic University, Hong Kong,

2000, unpublished.

[6] Phan LT. Fire performance of high strength concrete: A report

of the state-of-the-art. Maryland: Building and Fire Research

Laboratory, National Institute of Standards and Technology;

1996.

[7] Yigang X, Wong YL, Poon CS, Anson M. Residual properties of

PFA concrete subjected to high temperatures. In: Proceedings of

the International Symposium on High Performance Concrete,

Hong Kong, December 10–15, 2000.

[8] Dias WPS, Khoury GA, Sullivan PJE. Mechanical properties of

hardened cement paste exposed to temperatures upto 700 �C
(1292�F). ACI Mater J 1990;87(2):160–5.

[9] Diederichs U, Jumppanen UM, Penttala VB. Behavior of high

strength concrete at high temperatures. Report No. 92, Helsinki

University of Technology, Department of Structural Engineering,

1989.

[10] Mohamedbhai GTG. Effect of exposure time and rates of heating

and cooling on residual strength of heated concrete. Mag Concr

Res 1986;38(136):151–8.

[11] Nasser KW, Marzouk HM. Properties of mass concrete contain-

ing fly ash at high temperatures. ACI J 1979;76(4):537–51.

[12] Chan SYN, Peng GF, Anson M. Residual strength and pore

structure of high-strength concrete and normal-strength concrete

after exposure to high temperatures. Cem Concr Compos 1999;

21:23–7.

[13] Hisaka M. Physical properties of high-strength and high-quality

concrete using high-range water reducing agents – Part 2 (Japan).

J Cem Concr 1992;549:9–18.

[14] Ahmed GN, Hurst JP. An analytical approach for investigating

the causes of spalling of high strength concrete at high temper-

atures. In: Proceedings of the International Workshop on Fire

Performance of High Strength Concrete, NIST SP 919, NIST,

Gaithersburg, February 13–14. 1997. p. 95–108.

[15] Chan SYN, Peng GF, Anson M. Fire behavior of high-perfor-

mance concrete made with silica fume at various moisture

contents. ACI Mater J 1999;96(3):405–9.

[16] Sanjayan G, Stocks LJ. Spalling of high-strength silica fume

concrete in fire. ACI Mater J 1993;90(3):170–3.

C.-S. Poon et al. / Cement & Concrete Composites 25 (2003) 83–89 89


	Performance of metakaolin concrete at elevated temperatures
	Introduction
	Experimental details
	Materials
	Mix proportions
	Curing and heating regimes
	Specimen dimensions and testing details

	Test results and discussion
	Residual compressive strength
	Resistance to chloride-ion penetration
	Porosity and average pore size measurements
	Spalling frequency analysis

	Conclusions
	Acknowledgements
	References


