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h i g h l i g h t s

� A numerical method is developed for predicting the Young’s modulus of heated cement paste.
� Thermal decomposition analysis of cement paste is conducted.
� The effects of thermal decomposition and microcracking on the Young’s modulus of heated cement paste are considered.
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a b s t r a c t

The evaluation of the mechanical properties of heated cement paste is essential to the safety assessment
of concrete structures exposed to elevated temperatures. A numerical method is developed in this paper
for predicting the Young’s modulus of heated cement paste with or without silica fume up to 600 �C. The
initial volume fractions of various constituents and the thermal decomposition of hydration products in
cement paste are approximately estimated. A two-phase composite sphere model is then built and a two-
step approach is applied to evaluating the Young’s modulus of heated cement paste with thermal decom-
position and microcracking effects. Finally, the validity of the proposed numerical method is verified with
three sets of experimental data collected from the literature.

� 2013 Elsevier Ltd. All rights reserved.

1. Introduction

Young’s modulus of heated cement paste is essential to the stiff-
ness evaluation of concrete structures under high temperature
conditions and therefore has been studied experimentally and the-
oretically. Dias et al. [1] showed that the mechanical properties of
heated cement paste are characterized by the highest temperature
ever experienced by the material. At the temperatures of 300 and
600 �C, two remarkable drops in Young’s modulus were observed.
Using the non-destructive ultrasonic technique, Masse et al. [2]
found a decreasing trend of the Young’s modulus of cement pastes
at different curing ages with the heating temperature. Odelson
et al. [3] and Kerr [4] observed that the stiffness loss of heated ce-
ment paste occurs predominantly below 120 �C and concluded that
the loss is mainly attributed to microcraking. Padevět and Zobal [5]
found a drastic decrease in Young’s modulus of cement paste at a

heating temperature of 450 �C. Compared with experimental
investigations, theoretical analyses are relatively few. Ulm et al.
[6] analyzed the Channel Tunnel fire using a linear relationship
between the dehydration degree and Young’s modulus of concrete.
In Lee et al.’s model [7], the decomposition degree of various
constituents in cement paste was taken as a linear function of tem-
perature and the Young’s modulus of heated cement paste was
estimated by applying the theory of composite damage mechanics.
However, microcracking of cement paste is not considered explic-
itly. All of the aforementioned research clearly shows that it is still
highly desirable that a numerical method can be available for eval-
uating the Young’s modulus of heated cement paste with thermal
decomposition and microcracking effects.

The purpose of this paper is to predict the Young’s modulus of
heated cement paste with or without silica fume up to 600 �C. After
the initial volume fractions of various constituents in cement paste
are formulated in an approximate manner, the thermal decompo-
sition of cement paste is analyzed. By applying a two-phase com-
posite sphere model and a two-step procedure, the effects of
thermal decomposition and microcracking on the Young’s modulus
of heated cement paste are modeled. Finally, the validity of the
proposed method is verified with three sets of experimental data.

0950-0618/$ - see front matter � 2013 Elsevier Ltd. All rights reserved.
http://dx.doi.org/10.1016/j.conbuildmat.2013.12.070

⇑ Corresponding author. Tel.: +86 10 51684866.
E-mail address: zhaojie@bjtu.edu.cn (J. Zhao).

Construction and Building Materials 54 (2014) 197–201

Contents lists available at ScienceDirect

Construction and Building Materials

journal homepage: www.elsevier .com/locate /conbui ldmat

http://crossmark.crossref.org/dialog/?doi=10.1016/j.conbuildmat.2013.12.070&domain=pdf
http://dx.doi.org/10.1016/j.conbuildmat.2013.12.070
mailto:zhaojie@bjtu.edu.cn
http://dx.doi.org/10.1016/j.conbuildmat.2013.12.070
http://www.sciencedirect.com/science/journal/09500618
http://www.elsevier.com/locate/conbuildmat


2. Initial volume fractions of various constituents in cement
paste

To predict the thermal decomposition, the initial volume frac-
tions of various constituents in cement paste have to be estimated.
Usually, they can be expressed as a function of the water to binder
ratio, the degree of hydration, and the chemical composition of
cement. When silica fume is added, the pozzolanic reaction needs
to be taken into account.

It has been shown that, at complete hydration, the volume of
cement gel generated from 1 g of cement is 0.682 cm3 [8]. By
taking the specific gravity of Portland cement as 3.15, the volume
fractions of unhydrated cement and cement gel in hardened
cement paste are given by

funhyC ¼
0:32ð1� acÞ
w=c þ 0:32

ð1Þ

fgel ¼
0:68ac

w=c þ 0:32
ð2Þ

where ac is the degree of hydration of cement and w/c is the water
to cement ratio. If a mass fraction S of cement is replaced with silica
fume and its degree of hydration is taken as zero, funhyC and fgel are
modified as

funhyC ¼
0:32ð1� acÞð1� SÞ

w=c þ 0:32ð1� SÞ þ S=qSF
ð3Þ

fgel ¼
0:68acð1� SÞ

w=c þ 0:32ð1� SÞ þ S=qSF
ð4Þ

where qSF is the density of silica fume and w/c is converted into the
water to binder ratio.

According to Bentz and Garboczi [9], each volume unit of C3S
produces 1.7 volume units of C–S–H and 0.61 volume units of
CH; each volume unit of C2S produces 2.39 volume units of C–S–
H and 0.191 volume units of CH; and each volume unit of C3A pro-
duces 1.69 volume units of hydrated aluminates. It is assumed in
this paper that each unit volume of C4AF produces the same
amount of hydration products as C3A. With these parameters, the
volume fractions of CH (f CH

gel ), hydrated aluminates (f AL
gel), and C–S–

H (f CSH
gel ) in hydration products can be evaluated.

For silica fume, which consists primarily of amorphous silicon
dioxide, a k-value of 1.0 is usually applied. The pozzolanic reaction
of silica fume can be expressed as [10]

1:1CH
1:35

þ S
1
þ2:8H

1:87
! C1:1SH3:9

3:77
ð5Þ

where the number below each reactant represents the volume stoi-
chiometry. Thus, the initial volume fractions of pozzolanic C–S–H
(f 0

pCSH), CH (f 0
CH), conventional C–S–H (f 0

CSH), and hydrated aluminates
(f 0

AL) can be respectively estimated for a given degree of hydration of
silica fume as as follows

f 0
pCSH ¼

3:77Sas=qSF

w=c þ 0:32ð1� SÞ þ S=qSF
ð6Þ

f 0
CH ¼ fgel � f CH

gel �
1:35Sas=qSF

w=c þ 0:32ð1� SÞ þ S=qSF
ð7Þ

f 0
CSH ¼ fgel � f CSH

gel ð8Þ

f 0
AL ¼ fgel � f AL

gel ð9Þ

It should be mentioned that Eqs. (1)–(9) are only valid for tradi-
tional cement paste or silica fume blended cement paste. If fly ash
or other types of supplementary cementitious materials are added,
a new set of expressions needs to be established.

3. Thermal decomposition analysis of cement paste

With the decomposition prediction method proposed by Zhao
et al. [11], the conversion degree of each constituent in cement
paste can be determined. Thus, the volume fractions of decom-
posed constituents f d

i are equal to

f d
i ¼ f 0

i ai ð10Þ

where ai and f 0
i are the conversion degree and initial volume frac-

tion of reactant i (i = CH, AL, and C–S–H), respectively. The water
decomposed from the reactants is regarded as additional pores
and the volume fraction f w

i is given by

f w
i ¼ f d

i nw
i

qi=Mi

qw=Mw
ð11Þ

where nw
i is the amount of water in mole decomposed per mole of

reactant i, qw and Mw are the density and molar mass of water, and
qi and Mi are the density and molar mass of reactant i, respectively.

It was showed from a detailed analysis [11] that, nw
CH ¼ 1:0,

qCH ¼ 2:24g=cm3, and MCH = 74 g/mol for CH; nw
Al ¼ 20, qAL =

1.8 g/cm3, and MAL = 1255 g/mol for hydrated aluminates; and
nw

CSH ¼ nw
pCSH ¼ 3:0, qCSH = qpCSH = 1.75 g/cm3, and MCSH = MpCSH =

365 g/mol for conventional and pozzolanic C–S–H. The initial
volume fractions of the solid phase in conventional and pozzolanic
C–S–H are respectively equal to

f s
CSH ¼ ð1� f gelp

CSH Þf 0
CSH ð12Þ

f s
pCSH ¼ ð1� 0:19Þf 0

pCSH ð13Þ

where f gelp
CSH is the volume fraction of gel pores in conventional C–S–H

and given by

f gelp
CSH ¼ 0:28=f CSH

gel ð14Þ

Thus, the total initial volume fraction of the solid phase in C–S–
H is

f 0s
CSH ¼ f s

CSH þ f s
pCSH ð15Þ

Substitution of Eq. (15) into Eq. (11) yields the volume fraction of
water released from the decomposition of C–S–H. Division of the
volume fraction of water released from each reactant by the volume
fraction of the converted reactant yields the porosities of decompo-
sition products of hydrated aluminates (f pp

AL ), CH (f pp
CH), conventional

C–S–H (f pp
CSH), and pozzolanic C–S–H (f pp

pCSH)

f pp
AL ¼ nw

AL
qAL=MAL

qw=Mw
¼ 0:52 ð16aÞ

f pp
CH ¼ nw

CH
qCH=MCH

qw=Mw
¼ 0:54 ð16bÞ

f pp
CSH ¼ nw

CSH
qCSH=MCSH

qw=Mw
þ 0:28

f CSH
gel

¼ 0:58 ð16cÞ

f pp
pCSH ¼ nw

CSH
qCSH=MCSH

qw=Mw
þ 0:19 ¼ 0:40 ð16dÞ

It should be mentioned that, since the volume fraction of C–S–H
in gel is around 0.65 for most commonly used cement, f CSH

gel is taken
as 0.65 in Eq. (16c).

4. Young’s modulus of heated cement paste

In predicting the Young’s modulus of heated cement paste, two
main factors are considered: one is the thermal decomposition of
hydration products and the other is cracks formed in the cement
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