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ABSTRACT

This paper focuses on the effect of micro-cracks induced by a slow heating/cooling process (also called
heat-treatment) in a mortar, upon its poro-elastic properties under drained hydrostatic compression,
and upon its intrinsic permeability. Prior to the experiments, mortar samples are subjected to a slow
heating-cooling cycle up to one temperature T = 105, 200, 300 and 400 °C. The reference state of mortar
is taken after drying at 60 °C until constant mass. Experimental results show that the effective drained
bulk modulus K, of mortar decreases significantly with heat-treatment temperature T. A transition from
elastic to plastic behavior with increasing heat-treatment temperature T is also observed. These effects
are mainly attributed to heating-induced micro-cracks, and, to a lesser extent, to the increase in con-
nected porosity. We also measure a significant increase in permeability.

Based on these experimental evidences, a micro-mechanical analysis is proposed, which describes
micro-cracks as independent 3D penny-shaped cracks of varying aspect ratio «. A relationship between
the degradation of bulk modulus and heating-induced micro-cracks is established. The distribution of
aspect ratio of micro-crack porosity is determined for each heat-treatment temperature. The correlation
between heating-induced crack porosity (or with crack aspect ratio) and permeability is also determined.
Finally, a phenomenological law is proposed to describe the increase in plastic deformation with T. Good
correlation with experimental stress—strain curves is found.

© 2010 Elsevier Ltd. All rights reserved.

1. Introduction

Cement-based materials may be subjected to high temperatures
(i.e. above 100 °C) in normal service conditions, such as in nuclear
power plants, radioactive waste storage facilities, or under acci-
dental conditions, for instance during fire incidents in buildings
and tunnels. Temperature variations and heating/cooling cycles
may also be encountered. In such circumstances, physical transfor-
mations and chemical decompositions occur [1], leading to signif-
icant degradation of material properties and seriously affecting
material durability. It is generally acknowledged that high temper-
ature increase generates significant modifications in pore micro-
structure [2], nucleation and propagation of micro-cracks [3-5],
and cement paste dehydration or decarbonation [6]. Cooling also
causes additional micro-cracking, although to a lesser extent than
heating [7]. In particular, during cooling from 620 °C, lime CaO
contained in cement paste expands upon rehydration, when form-
ing back portlandite [8], and this phenomenon is bound to gener-
ate micro-cracking. As a consequence, at the macroscopic scale,
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the mechanical behavior of cement-based materials is affected by
heating and cooling with, for instance, diminution of elastic mod-
ulus, reduction of mechanical strength and plastic yield threshold.
Further, heating and cooling also affect material porosity and per-
meability, as reported in [9-12].

Both mechanical and fluid transport behaviors of micro-cracked
porous materials may be predicted at the sole macroscopic scale.
Following numerous works [13-15], the most common approach
is to introduce a damage parameter D, either scalar (for an isotropic
medium) or as a tensor (for an anisotropic medium), into the
mechanical constitutive equations. Damage D describes the effect
of concrete micro-cracking, both mechanically and thermally in-
duced. Such approach may also be coupled to the prediction of fluid
transport properties in presence of micro-cracks. In such instance,
damage D is generally related to permeability using empirical rela-
tionships [15-17]. Most interestingly, Dal Pont et al. [15] relate
intrinsic permeability K;,; of an industrial concrete under tempera-
ture to its sole damage level D: experimental validation of their
numerical model shows that the influence of gas pressure and tem-
perature upon Kj, is negligible, contrarily to that of damage D.

Let now a microstructure scale be considered. When heat-trea-
ted cement-based materials are subjected to compressive stresses,
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heating-induced micro-cracks close progressively, provided their
opening is parallel to the loading direction. This results in nonlin-
ear mechanical response [18,19]. At the microscopic scale, such re-
sponse is affected by the distribution of micro-cracks and pores, in
relation with their density, size and shape (or aspect ratio), and
orientation [18,20]. Micro-mechanical approaches propose rela-
tionships between micro-crack distribution and macroscopic re-
sponse. These are determined through varied nonperiodical
homogenization methods depending on the morphology of hetero-
geneities [20-23,18]. In particular, the dilute scheme assumes no
interaction between cracks, which is adapted for small micro-crack
amounts. On the opposite, the self-consistent scheme takes into ac-
count crack interactions together with a disordered heterogeneity
distribution, and it is adapted to more important micro-crack den-
sities. In the framework of a micro-mechanical model based on the
self-consistent scheme, Dormieux et al. [20] have described perme-
ability evolution in relation with micro-crack density and mechan-
ical loading.

The present work is devoted to the experimental investigation
and to the micro-mechanical analysis of micro-cracks induced by
a heating/cooling process: except in the reference state (drying at
60 °C until constant mass), mortar is subjected to a heat-treatment
up to T=105, 200, 300 and 400 °C. Hydrostatic compression tests
are performed, in order to study the evolution of the effective
drained bulk modulus K, with heat-treatment temperature T and
confining pressure P.. Intrinsic gas permeability Kj,. is also as-
sessed. The evolution of drained bulk modulus K}, is analyzed using
a micro-mechanical model, which takes into account a uniform
distribution of penny-shaped micro-cracks, mainly characterized
by their aspect ratio o and density I', and which closure is sensitive
to confinement. At each heat-treatment temperature T, we provide
numerical predictions of micro-crack porosity ¢, of micro-crack
porosity distribution d¢/do and of micro-crack density distribution
dI'[/do in relation with aspect ratio o. Correlation between intrinsic
gas permeability and micro-crack porosity is determined, and mac-
roscopic plastic strain is predicted in order to reproduce experi-
mental stress strain curves (&,,P.).

2. Experimental investigation: methods and results
2.1. Materials and thermal cycling

A normalized mortar, with a water-to-cement (W/C) ratio of 0.5,
is used in this work. Mortar is prepared in one batch with pure sil-
ica sand (from Leucate, France) and Type Il cement powder (CEM II/
B-M (LL-S) 32.5 R). It is matured in lime-saturated water at 20 °C
for 6 months. Then, samples of the first series have been cored
and ground to 37 mm diameter and 70 mm height, whereas three
samples, of the second series, heve been cored to 65 mm length
and 70 mm height. Results for the first series of specimens (con-
fined up to 25 MPa) is presented in [11], whereas those for the sec-
ond series (tested up to 60 MPa) are original.

All samples are initially dried under 60 °C until constant mass.
Following different former works [24-26], this state is considered
as a reference state for mortar, because free water is evacuated
from macro-pores, without significantly damaging the C-S-H gel.

Except for the reference ones, specimens are heated up to a
temperature T of 105, 200, 300 and 400 °C, and then cooled down
to ambient temperature. The lower heat-treatment temperature of
105 °C was chosen because C-S-H dehydration is shown to start
from this temperature, above free water evaporation. Following
former works [27,28], the rate of temperature change is kept con-
stant and as low as at 20 °C/h during both heating and cooling peri-
ods, in order to ensure a uniform temperature within the sample,
given its size. This also aims at avoiding any thermal shock. For

similar reasons, when T is reached, samples are maintained at this
temperature for 1h. The total number of specimens tested after
heat-treatment up to T is provided in Table 1. The second series
of specimens for poro-mechanical testing (with a 65 mm diameter
and a 60 mm length) comprises one in the intact state (after 60 °C
drying), and two after heat-treatment up to 400 °C. The first series
of poro-mechanical tests has been presented and discussed in [11],
whereas all permeability results and poro-mechanical results of
the second series are original to this contribution. On average,
at each heat-treatment temperature T, two samples have been
used for poro-mechanical assessment or for gas permeability
measurement.

2.2. Experimental procedures

Hydrostatic compression tests and permeability measurements
are performed using a hydrostatic pressure cell, see [11] for details.
Hydrostatic pressure (or confining pressure) P, is generated and
controlled by an oil pump with an accuracy of +(1/4) MPa. During
gas permeability measurements, interstitial pressure is controlled
and monitored by two manometers located at both sample ends,
with an accuracy of 0.1 MPa. Argon U of above 99% purity is used
instead of water as the injected fluid, in order to avoid chemical
interactions with cement paste. Inside the cell, the sample is sealed
from the confining pressure oil with a rubber jacket.

Four strain gauges located at mid-height of the sample, provide
two longitudinal and two transversal strain measurements (&, €p)
and (&, &) at an accuracy of 10, Assuming that the material is
isotropic, volumetric strain ¢, is directly calculated as three times
the average value of the four gauge measurements: ¢, =
3attertntie AJ] tests are performed in a temperature-controlled
room at 22 °C, in order to avoid thermal effects on confining and
interstitial pressures, and also on strain gauge measurements.

Hydrostatic compression tests are performed in drained condi-
tion with a number of unloading-reloading cycles. The drained
bulk modulus K}, is evaluated upon one unloading cycle AP, of
5 MPa. We assume that such a small unloading corresponds to
the release of elastic energy only, so that the determination of Kj,
is performed in the elastic domain. The pore (or interstitial) pres-
sure P; remains constant while confining pressure is changed by
AP.. Drained bulk modulus K}, is then calculated by [29]:

_ AP,

Ko =5 1)

where Ag, is the corresponding change in volumetric strain (Ag, < 0
denotes volumetric compaction).

Gas permeability measurements are performed at a fixed con-
fining pressure P, of 5, 12, 15 or 25 MPa, At the lower confinement
of 5 MPa, a majority of heating-induced micro-cracks is assumed
open. Intrinsic permeability is calculated after correction of Klin-
kenberg effects, see [30,31].

2.3. Experimental results and analysis

For the first series of hydrostatic tests upon reference mortar
and mortars heat-treated up to 105, 200, 300 and 400 °C, stress
strain curves (&, P;) have been presented and discussed extensively
in [11]. Fig. 1 presents the mechanical behavior of both a reference
sample, and two 400 °C heat-treated samples, one from the first
series of tests, the other (tested up to 60 MPa) from the second ser-
ies. Such comparison between two test series highlights the good
test reproducibility, with very limited difference in the stress-
strain curves of the two 400 °C heat-treated samples. Stress—strain
curves of reference samples of the two series are superposed (not
represented).
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Table 1

Main characteristics of all experimental test series performed on heat-treated mortar,
either for poro-mechanical assessment under drained conditions, or for gas perme-
ability measurement.

Table 2

Main experimental results of drained bulk modulus K}, with varying heat-treatment
temperature T and hydrostatic pressure P.. Results are averaged on all samples tested
at given T, see Table 1 for their exact quantity.

Maximum Number of Maximum Type of test Maximum heat- Hydrostatic ~ Average drained Distance to the
temperature T samples hydrostatic pressure treatment pressure P, bulk modulus Kj, average (% of
(°C) tested P. (MPa) temperature T (°C) (MPa) mean (MPa) average)
60 3 (first series) 25 Poro-mechanical 60 12 16,300 5
1 (second 60 Poro-mechanical 15 16,120 4.6
series) 20 16,260 6.5
2 Gas permeability 25 16,520 5.1
105 2 25 Poro-mechanical 105 12 16,110 1
2 Gas permeability 15 16,190 0.6
200 2 25 Poro-mechanical ;g }ggig g;
2 Gas permeability ’ :
300 2 25 Poro-mechanical 200 [ 5240 b
2 Gas permeability 13 2450 23
20 13,080 1.8
400 2 (first series) 25 Poro-mechanical 25 13,730 13
2 d 60 Poro-| hanical
Se(r_?eeg;)n oro-mechanical 300 5 o120 a5
- 15 9840 5.8
2 G, bilit
as permeablity 20 10,260 53
25 11,220 3.8
r=———— 400 12 7630 3.8
ntac
a0 | *400°C (P _max = 25MPa) 15 8980 iz
400°C (P, _max = 60MPa) a0 SB0 &3
25 10,250 5.7
30 10,660 6
25 35 11,320 4.6
= A7 40 11,950 45
g 2 45 12,670 =
= 20 | ‘y) y 50 13,280 -
N Y 60 14,400 =
[ /v
5 A 4
7] L P »
] 15 i e,
a /{/ Vi //'
(=)} 0 Vs .
c 7 L A 0.181
— P *
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Fig. 1. Stress—strain curve (&,P,) for reference mortar and for two samples heat- I
treated up to 400 °C: samples tested up to 25 MPa belong to the first series, and E 0.061
have been previously presented in Chen et al. [11], whereas sample tested up to :
60 MPa (partial result up to 30 MPa confinement) belongs to the second series and = 0.041
is original. o
0.02
Fig. 1 shows that the overall mechanical response of mortar is o
strongly affected by the level of heat-treatment temperature T. 0 10 20 30 40 50 60

For intact mortar, the stress-strain curve (&, P.) is almost linear,
and there is no plastic strain upon unloading. This is similar for
heat-treatments at 105 °C. On the opposite, for samples heat-trea-
ted up to 200-400 °C, the stress-strain curve (&,P.) is strongly
nonlinear; important plastic strain is obtained after unloading.
The overall deformability is much higher than that of the intact
material (it is about three times higher for 400 °C heat-treatment).
The strong nonlinearity of (¢, P.) after 400 °C heat-treatment is
attributed to two mechanisms: the progressive closure of heat-
ing-induced micro-cracks, and the plastic pore collapse by gradual
failure of solid skeleton bridges. Similar phenomena have been ob-
served in other porous materials, such as porous chalk ([32]).

Let consider now the variations of drained bulk modulus K,
with T and P, see Table 2 and Fig. 2. Fig. 2 plots the variations of
drained bulk compressibility for Cp.=(1/Kp) (inverse of drained
bulk modulus) with confining pressure for different heat-treat-
ment temperatures. Numerical fitting is also provided for compar-
ison purpose, yet it will be detailed in next section.

Confining pressure P, (MPa)

Fig. 2. Bulk compressibility curves C,,C:ﬁ) for mortar treated at different

temperatures: numerical fitting (continuous lines) and test data (points).

We can see that the value of initial bulk compressibility Cp.
(asymptotic value when confining pressure vanishes to zero) sig-
nificantly increases with heat-treatment temperature T. This indi-
cates the growth of micro-cracks during the heating/cooling
process. However, the increase of bulk compressibility (or bulk
modulus K;) due to heating/cooling becomes significant only when
T is strictly higher than 105 °C, see Table 2: this justifies that re-
sults at 105°C are not used in the micro-mechanical analysis
(see next section).

During hydrostatic compression tests, the bulk compressibility
Cpc progressively decreases (i.e. K;, increases), as a consequence of
progressive closure of micro-cracks and of a portion of pores. For
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instance, for T = 400 °C, K}, is 7630 MPa (on average) at P. = 12 MPa;
it is nearly multiplied by 2 with a value of 14,400 MPa at
P.=60 MPa. For T lower than 200 °C, the decrease of bulk com-
pressibility Cp is negligible, and the mechanical behavior of mortar
is nearly linear: C,. may be considered as a constant. For instance,
intact mortar (dried at 60 °C) has a nearly constant value for Kj,
which is 16,300 MPa on average, see Table 2. This means that there
exists some limit temperature below which the heat-treatment
process does not induce micro-cracks and modify the pore net-
work. Further, it is observed that, for the two samples heated up
to 400 °C (second series), the value of bulk modulus at P. = 60 MPa
is very close to that of the intact sample (i.e. 16,300 MPa), although
a bit smaller. This indicates that the heat-induced micro-cracks are
almost closed when applying a hydrostatic stress as high as
60 MPa. The small difference between the two values may be
attributed to the coarsening of pores, and/or to chemical degrada-
tion of solid skeleton bridges (due to the severe heating process up
to 400 °C).

In Fig. 3a and b, the variation of intrinsic permeability of mortar
Kine is presented as a function of heat-treatment temperature T and
confining pressure P.. We clearly see that Kj,, increases monoto-
nously with T, in good correlation with the increase of bulk com-
pressibility Cp. due to the growth of micro-cracks. On the
opposite, K, decreases with increasing P, due to the progressive
closure of larger and larger micro-cracks. Table 3 also provides per-
meability results for each heat-treatment temperature T, with
increasing confinement P,. All values presented are averages, and,
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Fig. 3. Variation of (a) average intrinsic permeability K, with heat-treatment
temperature T and (b) normalized intrinsic permeability K;,/Ko with hydrostatic
stress P., where Kg = Kin(P. = 5 MPa).

Table 3

Main experimental results of intrinsic gas permeability Kj,, with varying heat-
treatment temperature T and hydrostatic pressure P.. Results are averaged on all
samples tested at given T, see Table 1 for their exact quantity. All distances to the
averages provided are less than 10% of each average.

Temperature (°C)  Intrinsic permeability Kj,: (m?)

P.=5MPa  P.=12MPa P.=15MPa P.=25MPa
60 63x107'® 60x107'® 63x107'® 58x10'®
105 65x10°1® 62x10'" 62x10'® 60x10'®
200 1.8x10°"7 16x107"7 16x107"7 14x10°"7
300 68x107"7 61x10"7 57x10"7 51x107"
400 24x107'® 21x107'" 21x107'® 18x10°'6

in all cases, the distance to each average represents less than 10%
of the average. Due to this limited distance to the average, test rep-
resentativity is considered good.

3. Micro-mechanical analysis

In this section, a micro-mechanical analysis of heating-induced
micro-cracks is proposed, based on the model by Zimmerman [18]
which is limited to hydrostatic compressive loading. This micro-
mechanical model is based on the classical dilute homogenization
scheme [33]. First, we determine the distribution of micro-crack
porosity with respect to aspect ratio «, in relation with heat-treat-
ment temperature T, by using the evolution of effective bulk
compressibility C,.. Secondly, we analyze whether intrinsic perme-
ability K, correlates with crack porosity ¢.

3.1. General assumptions

Reference mortar, dried up to 60 °C only, is considered devoid of
micro-cracks: it is only a porous isotropic, homogeneous, linear
elastic medium. On the opposite, heat-treated mortar is considered
as a homogeneous medium, made of a linear elastic and isotropic
solid matrix identical to that of reference mortar, but also contain-
ing N 3D oblate ellipsoids (also called penny-shaped cracks) within
a total bulk volume Vj, each having a semi-major axis a and a semi-
minor axis c¢. An isotropic distribution of penny-shaped cracks is
assumed. Initial crack aspect ratio is defined by «=c/a< 1. In
the case of hydrostatic loading as solely considered here, cracks
are assumed to have the same radius a, so that a crack family is
completely defined by its initial aspect ratio «. With these assump-
tions, the closure of micro-cracks during hydrostatic compression
is only controlled by the aspect ratio: when « = 0, micro-cracks of
aspect ratio o are closed.

Should a different stress state be considered, cracks are also de-
fined by a unit normal vector indicating their orientation, and a
more general approach for this is proposed by Dormieux et al.
[34]. In the case of uniaxial compression, the distribution of
crack-density with respect to aspect ratio is determined in [19].

In the present case (hydrostatic compression), the crack poros-
ity ¢ is given by ([18]):

N 4ma?c 4nNd’o 4mo
¢ = =y =% 2)
Vy, 3 3V, 3

where I' = Na®|V,, is a dimensionless crack-density parameter. In
the present work, we assume that crack-density in mortar is rela-
tively small and interactions between cracks are neglected. This al-
lows to use the dilute homogenization scheme to change scale, from
that of cracks and solid matrix, to the macroscopic scale, see next
subsection.

By definition, the crack-density (number) of cracks whose as-
pect ratio is in the range o to o+do is given by dI'=(dI’/
do) = —yp(a)do, where y(o) = —(dI'[da) is the aspect ratio distribu-
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tion function. In practice, it is more convenient to determine the
aspect ratio distribution in terms of crack porosity. According to
Eq. (2), the porosity of cracks in the same range is given by d¢
~ (4nof3)y(a)dI’. The aspect ratio distribution function of crack
porosity is then written as:

floy =38 471 3)

3.2. Crack closure and elastic nonlinearity

The 3D penny-shaped micro-cracks (or oblate ellipsoidal pores)
induced by heat-treatment can be closed under a given hydrostatic
compression stress, depending on the crack initial aspect ratio o.
Due to this, the progressive closure of micro-cracks with different
aspect ratios leads to nonlinear elastic response of the material,
which is observed experimentally by the evolution of Kj = (1/Cp,)
with P, see Section 2.3.

At given aspect ratio «, pore compressibility C,, defined with
respect to initial pore volume Vo, is assumed constant: AV,/
Vpo = —CypcAP.. The pore closes at a hydrostatic pressure P* = AP,
such that its volume variation —AV,, is equal to its initial volume
Vpo. Therefore, the closing pressure P’ of a three-dimensional pen-
ny-shaped crack of initial aspect ratio « is P" = (1/Cy). For a single
3D penny-shaped crack, isolated in an infinite medium and sub-
jected to hydrostatic pressure at infinity, with thin opening (small
values of «), it is shown that ([18]):

2(1 —vp)
R (4)
where v,, is the matrix Poisson ratio and G,, is the matrix shear
modulus. Using that 3(1 — 2v;,))/Cin = 2Gi(1 + i), where Gy, is the
matrix compressibility, Eq. (4) becomes:

_A4(1-v)
pc—m m (5)

Therefore, the closing pressure of a 3D penny-shaped crack of initial
aspect ratio « is:
.1 3n(1-2vy)

P=—="-"-" 6
Coe A1 —2)Cn ®

This means that at given hydrostatic pressure P, open cracks have

an initial aspect ratio o greater or equal to 4(1—v%)CnP/

(31(1 — 2vp)). Elastic strain energy considerations ([18]) show that:

1
E = Cbc = Cm + d’cpc (7)
Substituting Egs. (2) and (5) into Eq. (7), one gets:
16(1 —v2)
Coe = Cnm (1 +mr> (8)

Eq. (8) shows that bulk compressibility Cy is independent of initial
aspect ratio ¢: it only depends upon crack-density parameter I.
Moreover, the chain rule gives:

dcbc o dcbc d_F d_“ (9)
dP ~— dI' do dP

where dC,./dI" is provided by differentiating Eq. (8), and do/dP is
provided by differentiating Eq. (6), both for P tending towards P’,
i.e. for cracks on the verge of closing. Finally:

4(1 - vfn)CmrdF

dCbC dCbc dfdﬁ 4 al
3n(1 —2vy)| da

dP ~ dI dudP~ 3

(10)

Determining the aspect ratio distribution function of crack porosity
fla) = —(4no/3)(dI"[do) now reduces to determining (dCyc/dP). This

is performed using experimental data, by fitting a smooth curve
to Cp(P) in order to avoid numerical instabilities. Former works
by ([18,22,35]) propose the following exponential relation:

Coe = Cox+ (Che — CoeJe ™" (11)

where C}_ is the compressibility at zero pressure, while C; is the
asymptotic compressibility which is reached at very high pressure
when all the cracks are closed. P is a characteristic (crack-closing)
pressure defining the kinetics of compressibility variation.

Differentiating Eq. (11) with respect to P, and replacing P by &
(resp. P by «) using Eq. (6), yields:

_ c, —Cx )
=g [ 12 ] S G

The aspect ratio distribution function of crack porosity is written as:

Camn 3n(1 -2 (G- G s 13)
C4(1-12) Cnm a

The total crack porosity ¢ is then calculated by integrating f(«) over
all values of o, from 0 to oo:

(1 - 2vy) (Che = Ci)
4(1-v%) Cn

¢:/jf(oc)do::3 o= (Che—C)P (14)

3.3. Experimental identification and model predictions

For the mortar studied here, pure silica sand is used and it is
composed of tiny elements (d=0-1mm), medium (d=1-1.6
mm) and large ones (d=1-6.2 mm). The average diameter of
grains is dpeqn = 1.3 mm. As presented in Section 3.1, the average
radius a of micro-cracks is considered uniform. For mortar, this
crack radius is taken as equal to the average radius of sand grains:
a ~ r(sand) = 0.65 mm. Indeed, the heat-induced micro-cracks, con-
sidered here as elements of the so-called microscale, are similar to
those observed by Fu et al. [3,4] at the interface between sand
grains and cement paste. They are assumed of greater order of
magnitude than cement paste capillary pores.

Experimental identification of the micro-mechanical model
consists mainly in determining the parameters CZC,C[ﬁ and P (or
rather &) involved in Eq. (11). For each heat-treatment temperature
T, the initial bulk compressibility, C},, = 1/K, is determined as the
initial slope of volumetric strain data at the beginning of hydro-
static compression (when hydrostatic pressure tends towards
zero). For the asymptotic compressibility, C;;, at very high hydro-
static pressure, it corresponds physically to the compressibility
after all heating-induced cracks are closed. Therefore, we assume
that asymptotic compressibility C;; is the compressibility of refer-
ence material, i.e. C. = 1/K,(ref.). Note that Ky(ref.) is determined
from the mortar dried at 60 °C, and at such temperature the heat-
ing-induced micro-cracks are assumed negligible. Further, the
compressibility of the solid matrix C,, has been assessed in former
work, see [11]. It is taken at a constant value, independent of heat-
treatment temperature T: G, = 1/Ky,(ref.) = 1/(45.1 GPa) = 0.022(1/
GPa). Note that due to complex micro-structure of mortar, the
compressibility of solid matrix G, includes that of occluded pores.
Due to its reputed low influence on the results, see [18], matrix
Poisson ratio v, is taken at a constant value of 0.15, independently
of T, as in [12].

The variation of bulk compressibility C,. with confining pres-
sure P = P, is calculated using Eq. (11) and it is positively compared
with experimental data, see Fig. 2. Due to progressive closure of
micro-cracks of different aspect ratios, compressibility curves are
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Table 4
Compressibility parameters for mortar heat-treated up to different temperatures T.
Mortar type Kp (P.=0) (GPa) CLC (1/GPa) Cpe (1/GPa) Cn (1/GPa) Vm P (MPa) a ¢ (%)
Reference 16.3 0.061 0.061 0.022 0.15 - - 0.00
200 °C 11.61 0.086 0.061 0.022 0.15 33.72 044 x 1073 0.08
300 °C 7.42 0.135 0.061 0.022 0.15 26.64 0.35x 1073 0.20
400 °C 6.25 0.160 0.061 0.022 0.15 25.22 0.33 x 1073 0.25
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Fig. 4. The aspect ratio distribution functions f{a) for mortar heat-treated at
different temperatures T.

described by decreasing functions of the confining pressure. Mor-
tar heat-treated at higher temperature is more sensitive to hydro-
static stress P.. All identified parameters for mortar treated at
different temperatures are given in Table 4. We can see that the
initial bulk modulus C}_ decreases significantly with heat-treat-
ment temperature T due to the presence of more and more mi-
cro-cracks; the characteristic aspect ratio (&) slightly decreases
with temperature T. f{o) is plotted for different heat-treatment
temperatures in Fig. 4. The total crack porosity ¢, which is the area
under the f{a) curves, increases significantly with heat-treatment
temperature. & is the maximum (or peak) value of the aspect ratio
distribution function of crack porosity f(«): it decreases only
slightly with increasing heat-treatment temperature, meaning that
the higher the heat-treatment, the more numerous, but the smal-
ler, the micro-cracks.

As shown in Fig. 53, the heating-induced crack porosity ¢ is well
correlated with the significant increase of material intrinsic perme-
ability. Although limited in number, the data points (¢, Ki,;) follow
an exponential evolution with a Pearson’s correlation coefficient as
high as 97%: Kin:/Ko = 0.9 x exp(13.06 ¢).

Normalized permeability may also be plotted as a function of
aspect ratio o, using Eq. (6). For all heat-treatment temperatures
T = 60 °C, a single fitting with an exponential law is found: Kj,/
Ko=1.05 x exp(—1030 o), with a very good Pearson’s correlation
coefficient of 99%.

3.4. Determination of stress—strain curves

In conjunction with the micro-mechanical analysis of poro-elas-
tic and transport properties of heat-treated mortar, we propose to
determine macroscopic stress—strain curves using both bulk com-
pressibility evolution and a phenomenological law. By definition
of the elastic bulk compressibility Cp, the elastic strain can be cal-
culated by:

PC PC PE
= [ e = [ [ cuar (15)
0 0 b 0
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Fig. 5. Correlation between (a) normalized intrinsic permeability Ki/Kino and
heating-induced crack porosity ¢; (b) normalized intrinsic permeability with aspect
ratio a. Kino is the intrinsic permeability of reference mortar at 5 MPa confinement.

As shown in Fig. 1 and in previous work [11], heat-treated mor-
tar presents plastic (irreversible) strains upon complete unloading,
whenever confining pressure exceeds a certain threshold. This
plastic deformation is mainly attributed to irreversible collapse
of pores (and of solid skeleton bridges) under hydrostatic stress.
Based on experimental data, the following phenomenological lin-
ear relationship is proposed to relate hydrostatic stress P. and plas-
tic volumetric strain 8’;’:

P = Po[1+ me?)| (16)

Parameters Py and m define respectively the threshold of plastic
pore collapse and the rate of plastic volumetric compaction. Phys-
ically, both parameters are related to the state of micro-cracks in-
duced by heat-treatment, and should depend on T. However,
according to our experimental data, in first instance, the variation
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Fig. 6. Comparison between numerical calculations (continuous lines) and test data
(points) for samples heated up to (a) 200 and 300 °C (first series of poro-mechanical
tests), or (b) 400 °C (second series).

of Py is limited to 16% of its average, so that an average value is
used for all heat-treatment temperatures T: Py = 8.5 MPa. On the
other hand, the value of m decreases significantly with tempera-
ture T: it is equal to 8840, 3620 and 747, respectively for samples
heat-treated up to 200, 300 and 400 °C. This means that the plastic
deformation rate (de = ,gﬁ,fo is higher with increasing heat-treat-
ment temperature T and that the mortar becomes more ductile
with T.

By adding elastic and plastic strains, the total strain of mortar is
calculated as a function of hydrostatic stress P.. Calculations are
compared with experimental data in Fig. 6a and b. Note that the
experimental data plotted in Fig. 6b are the average values of
two tests performed on two different samples (for details on labo-
ratory tests, see [11]). We observe that the mechanical response
becomes less and less linear with increasing heat-treatment tem-
perature T. Plastic deformation increases with T. There is good
agreement between model predictions and test data. The proposed
model predicts correctly both elastic and plastic deformation of
mortar.

4. Conclusions

This work is based on hydrostatic compression tests performed
on mortar preliminarily subjected to a heat-treatment (slow heat-
ing/cooling process) up to different temperatures T = 200, 300 or
400 °C. Experimental results both show nonlinearities and irrever-
sibilities in the stress—strain curves, together with a significant in-
crease in gas permeability with T, for the same material. This is
mainly attributed to heating-induced micro-cracking.

A micro-mechanical analysis is proposed to describe the effect
of heating-induced micro-cracks upon both poro-elastic properties
and intrinsic gas permeability. The micro-mechanical model shows
that there is an increasing amount of micro-cracks with increasing
heat-treatment temperature T, with an aspect ratio distribution of
crack porosity slightly switching to smaller micro-cracks. Further,
the heating-induced crack porosity ¢ is clearly correlated with
the increase in mortar intrinsic permeability. Alternately, intrinsic
permeability is very well correlated with crack aspect ratio: the
higher the initial crack aspect ratio, the higher the permeability.

The overall mechanical response of heat-treated mortar under
hydrostatic compression was also investigated. Due to the increas-
ing amount of micro-cracks induced by heat-treatment, the
mechanical response of mortar becomes less and less linear with
T, and exhibits important plastic compaction, mainly attributed
to the progressive closure of micro-cracks and to irreversible pore
collapse. A constitutive model is proposed, based on both the mi-
cro-mechanical analysis and on a phenomenological approach.
There is good agreement between numerical predictions and
experimental data. The proposed model is able to describe both
elastic and plastic strains by taking into account heating-induced
micro-cracks.
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