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Tensile and shear bond strength between cement paste
and aggregate subjected to high temperature

Y. El Bitouri . F. Jamin . C. Pélissou . M. S. El Youssoufi

Abstract In the framework of studying the leakage

rate of concrete containment of nuclear power plants

during an accident, the mechanical characterization of

interface between cement paste and limestone aggre-

gate was performed with mechanical tests at the local

scale, inside the laboratory of micromechanics and

integrity of structures (MISt). The evolution of tensile

and shear bond strength between cement paste and

aggregate after heating was determined. It was

revealed that the tensile bond strength was strongly

affected by the temperature rise, with a decrease of

about 71% at 60 �C. Moreover, the shear bond

strength increased almost linearly with the increase

of normal stress. According to the Coulomb criterion,

the cohesion and the internal friction angle were

determined. These parameters decreased after heating,

which indicates occurrence of thermic damage

between cement paste and limestone aggregate.

Finally, it appears that the tensile bond strength is

more affected by the thermal damage than the shear

bond strength.

Keywords Tensile strength � Aggregate � Cement

paste � Shear strength � Temperature

1 Introduction

One of the main concerns in the context of the safety of

nuclear installations is the control of the leakage rate

of concrete containment of nuclear power plants

during an accident. The typical scenario is a loss of

coolant accident (LOCA) which can lead to a temper-

ature rise of about 150 �C. The study of concrete

mechanical behavior in this context seems therefore

essential in order to anticipate the risk of leakage.

Several studies have been conducted on concrete

behavior at high temperatures [1–6]. Indeed, when

concrete is subjected to a temperature rise, several

physicochemical changes occur. These physicochem-

ical changes are accompanied by a loss of mechanical

properties and a material damage (cracking). This

damage can lead to a loss of containment properties

(permeability and porosity), which is very detrimental
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if the material is used in special structures such as

containment of nuclear power plants.

Indeed, the main mechanisms responsible for the

cracking of the concrete at high temperatures would be

due to thermal and moisture transfers that induce an

evaporation of water and an increase in pore pressure.

However, other mechanisms may also contribute to

the damage of concrete at high temperatures, such as

high incompatibility of deformations between the

matrix (cement paste, mortar) and aggregates [2, 7].

This incompatibility of deformations, or thermal

mismatch mechanism, causes a preferential cracking

at the matrix-aggregate interfaces also called ‘‘ITZ’’

for Interfacial Transition Zone. Most models [7–10]

on the behavior of concrete at high temperatures do not

explicitly account for the latter mechanism due to the

difficulty to estimate the properties of interfaces.

ITZ is a heterogeneous area of the cement paste

around the aggregate particles where the microstruc-

ture is modified by the presence of the aggregate

(porosity gradient, gradient of anhydrous and hydrated

phases). This region originates from the so-called

‘‘wall’’ effect of packing of cement grains against the

relatively flat aggregate surface and the micro-bleed-

ing [11, 12]. Different investigations have been

performed to understand the microstructure of this

transition zone [11–13], because its impact on con-

crete behavior is of considerable importance. Indeed,

it is well known that the ITZ constitutes the weakest

link in concrete. However, its mechanical properties

are not widely known because direct mechanical

characterization methods are difficult to perform. The

nano-indentation technique, which is potentially the

only one able to directly evaluate the mechanical

properties of the interface, has its limitations due the

great variability of the measurements [14, 15]. That is

why different authors have thus tried to perform tests

with simplified models such as sandwiched specimens

in which cement paste (or mortar) is in contact with

coarse aggregate [16–25]. It has to be kept in mind that

it is just a model interfacial system that allows

producing a bond between matrix and aggregate. In

fact, the material preparation (mixing) greatly affects

the formation of ITZ in concrete [14–26]. Pope and

Jennings [26] reported that the interfacial zone of a

limestone mortar is reduced in size by controlling the

water-aggregate contact through a pre-coating proce-

dure or by mixing the cement paste separately. For

sandwiched specimens (model interfacial system), the

cement paste is generally prepared separately and then

put in contact with an aggregate. This preparation

method would simply make it possible to generate an

interface similar to ITZ which probably has a different

thickness than ITZ in concrete. Pope and Jennings [26]

found that the size and character of the interfacial zone

in model systems differ significantly from that seen in

normal mortar systems. The size of the interfacial

region in the model systems is much smaller

(10–20 lm) than the size of the interfacial region in

mortar systems. Although these differences between

the model and ‘‘real’’ interfaces exist, the artificial

interface constitutes a simple approach to estimate the

properties of the bond between cement paste and

aggregate while bearing in mind its limits. Further-

more, the relevance of this artificial interface could be

checked by inverse analysis, using the properties

determined by this approach in multi-scale modeling

[27–29].

The aim of this paper is to characterize the tensile

and shear bond strengths between cement paste and

aggregate after heating by original experiments at

local scale. This characterization will contribute to the

understanding of the damage mechanisms of concrete

at high temperatures, and will be also used to propose

local laws for a multi-scale modeling of concrete

subjected to high temperatures.

2 Experimental

In the framework of MISt Laboratory, the experiments

are performed at Laboratoire de Mécanique et Génie

Civil (LMGC), in Montpellier (France). The purpose

of these experiments is to characterize the tensile and

shear bond strength between cement paste and lime-

stone aggregate after heating.

2.1 Materials

The cement used is a Portland limestone cement CEM

II/B-LL. The cement paste was prepared separately

and then put in contact of the limestone aggregate. It

was mixed in a standard mortar mixer with a water/

cement ratio (w/c) of 0.3 according to the following

sequence: (1) pour water into mixer bowl, (2) add

cement while stirring at low speed, (3) mix at low

speed for 3 min, then at high speed for 3 min.



The prismatic aggregates were cored from a single

limestone rock. The material properties are given in

Table 1.

Before casting, the cored aggregates are dried for

24 h at 105 �C inside a furnace to remove evaporable

water and to ensure the same surface state (in term of

water), and they are then positioned in specific molds

(10 9 10 9 30 mm3). The molds are removed after

48 h of curing at 20 �C and high relative humidity

(* 100% RH). After removing the molds, the

prepared samples were stored in stable and controlled

atmosphere, with temperature of 20 �C and high

relative humidity (* 100% RH) in order to reduce the

drying shrinkage.

2.2 Sample

The tested samples are of prismatic shape formed by a

cement paste (10 9 10 9 15 mm3) in contact with a

limestone aggregate (10 9 10 9 15 mm3) (Fig. 1a).

This configuration makes it easy to calculate the stress

from the measured force. About 138 samples were

tested. Also, 15 samples of cement pastes were used to

estimate the direct tensile strength of the bulk pastes.

As outlined in the introduction, the preparation

method of samples and their geometric configuration

allow only producing an artificial interface that differs

from the interfacial transition zone in concrete in

terms of the size and character [26].

2.3 Heating process

After 3 months of storage, the samples are subjected to

heating in a furnace Nabertherm LH 216/12SW, with a

heating rate of 1 �C/min, up to a set temperature (40,

60, 80, 100, 120, 150 �C). The stabilization step at the

set temperature lasts 1 h. The cooling is performed

naturally by maintaining the closed furnace.

2.4 Mechanical tests

The mechanical tests (tensile and shear tests) are

performed with the MTS Universal Testing Machine

M1/E [30] at constant loading speed of 0.01 mm/s. To

carry out the tensile test, the metal rods are bonded

with special glue to the tested sample to fix it to the

MTS Machine as illustrated in Fig. 1.

The device used for the shear test is shown in Fig. 1.

It consists of two metal compartments and two plates

(9 9 9 mm) placed on the sides to apply a normal

force. This normal force is measured using a force

sensor (Omega LCMKD compression load 0–1000 N).

For each test, the rupture strength is measured for each

applied normal stress, which allows determining the

interface cohesion and the friction angle (Coulomb

criterion).

Before each test, the dimensions of the sample were

measured for better determining the stress. All the

tests were performed in triplicated.

2.5 Scanning electron microscope observations

In order to visualize the cracking facies of the cement

paste-aggregate interface, the observations were car-

ried out using scanning electron microscope (FEI

QUANTA 200 FEG high resolution environmental

SEM) before and after heating.

Table 2 summarizes all the tests performed with

some results obtained.

3 Results and discussion

In this part, the results of the mechanical tests obtained

are presented and discussed. For each test (tensile and

shear), the results on the sound samples are first

presented, then those on the samples that have

undergone the heating process (degraded samples).

Table 1 Material data of

used components
Aggregate Cement paste

Size 10 9 10 9 15 mm3 Size 10 9 10 9 15 mm3

Origin Limestone rock Cement type CEM II/B-LL 32.5 N

Density 2.7 g/cm3 Density (measured) 2.2 g/cm3



3.1 Tensile tests

3.1.1 Sound samples

The direct tensile test was performed on cement paste/

aggregate samples, as well as on cement paste

samples. The latter have a dimension of

10 9 10 9 30 mm3 and were stored at 20 �C and

100% RH. For each hydration time, the mean tensile

strength was determined on three samples. The

evolution of the tensile strength of the cement paste

is shown in Fig. 2. This figure shows a gradual

increase in the tensile strength, which begins to

stabilize at 2.5 MPa after 4 weeks of hydration. This

strength value corresponds to the cement class used

(CEM II/B-LL 32.5 N).

Figure 2 shows the evolution of the tensile bond

strength between cement paste and aggregate. An

increase in bond strength is observed over time due to

the development of the hydration. The tensile bond

strength is 15–20% less than that of the bulk paste, but

its evolution during hydration follows the same

(c)(b)(a)

Fig. 1 Geometric configuration of the sample (a), tensile test (b) and shear test (c)

Table 2 The tests performed

Temperature (�C) Tensile strength ft (MPa) Shear strength (MPa) SEM observations

Cohesion C (MPa) Friction angle u (�)

20 2.1 4.1 47.6 Tangential cracks

40 1.2 3.0 38.8

60 0.6 2.6 33.3

80 0.3 1.8 28.8

100 0.2 1.1 26.2

120 0.2 1.1 23.5 Tangential and radial cracks

150 0.1 0.7 23.1
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kinetics. Hsu and Slate [16] found that direct tensile

bond strength between aggregate and paste varied

from about 30–70% of the tensile strength of the bulk

paste, and dependent on the aggregate type (sandstone,

granite, limestone), surface roughness of aggregate,

and water to cement ratio (0.265–0.36). The tensile

bond strength was higher with limestone aggregates.

This bond strength increased as the water to cement

ratio of the paste was reduced. Also, with increasing

age, the bond strength increased. In our case, the direct

tensile bond strength is close to that of the paste due to

the low water to cement ratio (w/c = 0.3) and the

nature of the aggregates used (limestone aggregates).

According to Grandet and Ollivier [31], the lime-

stone aggregates develop epitaxy properties with the

cement paste (calcium monocarboaluminate created

by reaction with calcite), resulting in a more homo-

geneous transition zone. Figure 4 shows the cement

paste-aggregate interface which appears homogenous,

but the presence of the calcium monocarboaluminate

should be confirmed by XRD spectrum or other

evidences.

The evolution of tensile strength as function of the

hydration time (t) can be approximated by an expo-

nential function (Eq. 1) such as that proposed in

Eurocode [32] and plotted on Fig. 2:

ftðtÞ ¼ f ðt1Þ exp k 1 � t1
t

� �0:5
� �

ð1Þ

where f ðt1Þ is the tensile strength which corresponds

to almost complete hydration (t1 ¼ 90 days), equal to

2.6 for cement paste and 2.1 for cement paste-

aggregate bond, and k is a fitting parameter of the

evolution kinetics, equal to 0.16 for cement paste and

0.18 for cement paste-aggregate bond.

3.1.2 Degraded samples

The tensile tests were performed on cement paste-

aggregate samples after they had undergone the heat

treatment. The samples were heated and tested after

three months of curing at 20 �C and 100% RH.

Figure 3 shows the evolution of tensile bond strength

between cement paste and aggregate depending on the

temperature. One can note a gradual decrease in

tensile bond strength which is approximately 71% at

60 �C and about 90% at 120 �C. This loss of strength

could be due to several factors. First, the ettringite

which is unstable in temperature dissolves in the pore

solution at 70 �C releasing a large amount of water

[33, 34] and is completely dissolved at 100 �C [3]. The

high concentration of ettringite at the cement paste-

aggregate interface [35] makes that its dissolution may

weaken the interface.

However, the main mechanism to explain the

decrease in tensile bond strength with heating is the

significant difference in the thermal expansion

between the cement paste and the aggregates [2].

Indeed, the coefficient of thermal expansion (CTE) of

the limestone aggregates increases as a function of

temperature. It varies between 3 and 10 lm/m/K when

the temperature increases from 20 to 80 �C and

reaches 17 lm/m/K at 300 �C [36]. The cement paste

has a coefficient of thermal expansion between 10 and

30 lm/m/K. The CTE of cement paste decreases when

temperature increases [6, 36]. This difference in

coefficient of thermal expansion causes differential

deformations (thermal mismatch mechanism), which

induce a system of internal stresses leading to

tangential cracks [37] as shown in Fig. 4. Hettema

[38] shows that when the CTE of inclusion (aggregate)

is greater than of the matrix (cement paste), the result

is the formation of radial cracks within the matrix. On

the other hand, the tangential cracks develop at the

inclusion/matrix interface when the CTE of inclusion

is lower than of the matrix. The radial cracks occur

when the temperature is above 150 �C, while the

tangential cracks occur when the temperature is below

150 �C [6, 37, 39]. Figure 4 shows a beginning of

radial cracks in the cement paste heated to 120 �C
which suggesting that the CTE of aggregates becomes

close to or greater than that of the paste.
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In addition, the free water present in the capillary

porosity and a portion of the bound water evaporate.

This loss of water leads to a drying shrinkage of the

paste, which is activated with temperature rise [36].

Thus, the behavior of the heated cement paste begins

with a thermal expansion due to heating process. Then,

if no precautions are taken against the drying during

the heating, there is a contraction phase [36]. So there

is a competition between drying shrinkage and thermal

expansion which accentuates the incompatibility of

deformation between the paste and the aggregate.

The evolution of tensile bond strength as a function

of temperature (T) can also be approximated by an

exponential function (Eq. 2), as illustrated in Fig. 3:

ftðTÞ ¼ f ðTrefÞ exp kth

Tref

T
� 1

� �� �
ð2Þ

where f ðTrefÞ is the tensile strength at the reference

temperature (Tref ¼ 20 �C), equal to 2.1 MPa, and kth

is a calibration parameter determined by fitting the

relationship presented in (Eq. 2) with experimental

results. This parameter is equal to 11.

3.2 Shear tests

3.2.1 Sound samples

The shear test is carried out on cement paste/aggregate

samples after three months of curing at 20 �C and

100% RH. Figure 5 shows the evolution of shear bond

strength as a function of the normal stress. It may be

noted that the shear strength increases linearly with the

normal stress. Taylor and Broms [17] found the same

results by using sandwiched specimens.

So, we can assume that the shear behavior of the

interface follows a linear trend as Mohr–Coulomb

model (failure criterion) (Eq. 3) which allows access-

ing to the cohesion and the internal friction angle by:

Sound sample (20°C) Degraded sample (80°C)

Degraded sample (100°C) Degraded sample (120°C)

Interface  

Aggregate 

Cement paste 

Cement paste 

Interface 

Tangential crack Tangential crack 

Cement paste 

Aggregate Aggregate 

radial crack 

Interface 

Cement paste 

Aggregate 

Fig. 4 SEM photos showing cement paste-aggregate interface before and after heating; image with detection of backscattered

electrons (BSE)



sr rð Þ ¼ cþ r tan /ð Þ ð3Þ

where sr is the shear stress at rupture (MPa), r the

applied normal stress (MPa), u the friction angle and c

the cohesion (MPa).

The friction angle is of about 48� for sound sample.

According to Taylor and Broms [17] and Gu et al. [22],

this friction angle corresponds to a failure mode by slip

at the interface rather than crushing of the paste. In

order to examine the effect of the strength and surface

condition of coarse aggregate on the fracture of

concrete, Kosaka et al. [19] performed shear bond

test on specimens consisted of a cylindrical coarse

aggregate and mortar matrix. They showed that shear

bond strength depends on the curing condition, type of

aggregate and surface roughness. The shear bond test

allowed identifying a friction angle ranged between

30� and 40�.

3.2.2 Degraded samples

Figure 5 shows the evolution of shear strength

according to the normal stress for different tempera-

ture of heating (20, 40, 60, 80, 100, 120 and 150 �C).

For a fixed normal stress, the shear bond strength

decreases as a function of temperature.

The evolution of cohesion as function of heating

temperature is shown in Fig. 6a. During heating, a

progressive decrease in the cohesion can be observed.

A weakening of the interface is then noticed when the

heating temperature increases. The cause of this

weakening is mainly due to the thermal mismatch

mechanism. This loss of bonding between the aggre-

gate and the paste can be illustrated by the decrease of

the internal friction angle (Fig. 6b) during heating.

Thus, when the interface undergoes heating, the loss of

contact facilitates the slip between the paste and

aggregate, which reduces the friction.

The evolution of cohesion and internal friction

angle as a function of temperature (T) can also be

approximated by an exponential function (Eq. 4), as

illustrated in Fig. 6:

XiðTÞ ¼ Xi Trefð Þ exp ai � Tref � Tð Þð Þ ð4Þ

where i = cohesion C or internal friction angle u,

XiðTrefÞ is cohesion C (or internal friction angle u) at

the reference temperature (Tref = 20 �C) and ai a

calibration parameter determined by fitting the expo-

nential function (Eq. 4) with the experimental results.

Figure 7 shows the evolution of cohesion C/tensile

bond strength ft ratio as a function of temperature with

a ratio of about 2 at 20 �C, in accordance with the

results obtained by Nguyen [18]. Note that C/ft ratio

increase progressively as a function of temperature,

which shows that the tensile bond strength is more

affected by the thermal damage than the shear bond

strength. This could be explained by the fact that the

modes of rupture are different. In the case of direct

y = 1,0967x + 4,188
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tensile test, the failure occurs by decohesion (mode I),

whereas in the case of shear test, the failure occurs by

sliding (mode II) which generates a residual resistance

due to friction of the lips of cracks [40].

4 Summary

The experimental program performed in this work

allowed characterizing the tensile and shear bond

strengths between cement paste and limestone aggre-

gate. It reveals that:

1. the tensile bond strength is 20% lower than that of

the cement paste, and evolves during hydration

with the same kinetics as cement paste. The

tensile bond strength decreases as the heating

temperature increases. It decreases by 71% at

60 �C and about 90% at 120 �C. This strength

decrease is mainly due to the weakening of the

interface by the thermal mismatch mechanism.

2. the shear bond strength increases almost linearly

with the increase of the normal stress. Thus,

assuming that the evolution follows the Mohr–

Coulomb model, the changes in cohesion and

friction angle as a function of temperature are

determined. A gradual decrease is observed in

cohesion and friction angle, reflecting a decrease

of adhesion properties between the cement paste

and limestone aggregate.

3. the direct tensile bond strength is more affected by

the thermal degradation than the shear bond

strength.
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