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ABSTRACT: The stress strain behavior of concrete under triaxial loading is strongly dependent on confining 
pressure. Specifically, we observe a ductile response at very high pressure, as compared to the brittle or quasi-
brittle response we observe in unconfined stress states. This study is intended to examine the meso-structural 
mechanisms for hydrostatic and triaxial tests. To do this we combine two advanced laboratory instruments: a 
high pressure triaxial press and an x-ray computed tomography instrument. The laboratory protocol consisted 
of scanning the concrete prior to the first loading (undamaged) and after each cycle. The analysis of the re-
sulting 3D images shows a high hydrostatic loading upper to 400 MPa damages significantly the cement paste 
at the mesoscopic scale. For two triaxial tests at 50 and 650 MPa of confining pressure, the results show a 
strong difference in both damage and failure mechanisms. For the lowest pressure, the shear loading creates 
localized failure mechanism characterized by a sliding plan angled. For the high pressure, the strain and the 
damage mode are much more homogeneous with a failure that appears in a high porosity zone. 

1 INTRODUCTION 

When subjected to violent explosion or ballistic impact, 
concrete undergoes very severe triaxial stress states (Zu-
kas 1992). The understanding of concrete behavior under 
such loadings requires the analysis of triaxial tests that 
enable reproducing the complex loading paths described 
earlier. Previous experimental studies have revealed the 
transition from brittle to ductile behavior characterizing 
cohesive materials, the evolution of limit states and the 
modification of the facies of failure at very high confining 
pressures (Sfer et al. 2002, Schmidt et al. 2008, Gabet et 
al. 2008, Poinard et al. 2008).  

Recent experimental and numerical studies 
(Dupray et al. 2009, Malécot et al. 2009, Vu et al. 
2009) have shown a major influence of the granular 
skeleton on the behavior of concrete under very high 
confinement contrarily to the well-known low con-
finement situations where the cement past quality 
has the main influence on strength.  

Following to these results, this paper intends to 
study the meso-structural mechanism of damage un-
der hydrostatic and triaxial loadings. Thus, two ad-
vanced laboratory instruments are combined: a high 
pressure triaxial press capable of 1 GPa confining 
pressures, and an x-ray Computed Tomography (CT) 
instrument that can produce 3D images of internal 
structure at a resolution approaching 50 µm. CT was 
strongly used for last years in materials science, it ap-

pears as a very powerful tool to track strain localiza-
tion in geomaterials (Bentz et al. 2000, Desrues et al. 
2003). For cementitous materials, Landis used CT to 
quantify the crack development and damage variables 
at different cracking levels (Landis et al. 2007). 

In this study, the laboratory protocol consists of 
first making a CT scan of an undamaged concrete cyl-
inder, then making subsequent scans after the cylinder 
was subjected to load-unload cycles. This kind of test 
allows seeing the structure evolution of concrete at the 
mesoscopic scale. Among other things, damage phe-
nomena are described and the air bubble porosity is 
quantified after each cycle. The two tested specimens 
have shown the strong role of the air bubble porosity 
on the hydrostatic behavior at high confining pressure. 
The triaxial tests realized at low and high confine-
ments highlight different damage modes. At low con-
fining pressure, failure is associated to a very localized 
damage mechanism. At very high confinement, con-
crete behaves like a non-cohesive granular staking, 
and failure is associated to a strong compaction. 

2 EXPERIMENTAL SET-UP 

2.1 Triaxial Press 

The tests have been conducted with a high-capacity 
triaxial press that allows loading a 7 cm in diameter 
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and 14 cm long cylindrical concrete specimen. This 
press is able to generate a confining pressure up to 
0.85 GPa and an axial stress up to 2.3 GPa with a 
specimen diameter of 7 cm. A Linear Variable Dif-
ferential Transformer (LVDT) linear position sensor 
located in the pressure cell is used to control the ax-
ial jack displacement, while a load sensor and a 
pressure sensor also located in the confinement cell 
display the stress state of the sample. The confining 
pressure and axial jack displacement are servo-
controlled, which offers the possibility of creating 
different loading paths. Some more details on this 
device are given in Gabet et al. (2006). 

2.2 Concrete Samples 

The concrete composition, identical to the one used 
by Gabet et al. (2006) and and Vu et al. (2009), is 
shown in Table 1. After pouring, the concrete blocks 
were conserved for one month in water and then ma-
chined and dried at 50°C for two months in an oven. 
With such a drying process that does not damage the 
material, the saturation level of concrete specimens 
is approximately equal to 11%.  

The strain level is measured by means of the axial 
LVDT sensor rather than strain gages that lead to ar-
tefacts on CT images. It was shown (Gabet et al. 
2006, Dupray et al. 2009) that the friction effect at 
the specimen ends can be neglected during triaxial 
tests at high confinement. 
 
Table 1.  Compositions and mechanical properties of the stud-
ied concrete. 

Concrete composition kg/m3 

0.5/8 "D" gravel   1008 

1,800 µm "D" sand 838 

CEM I 52.5 N PM ES CP2 cement (Vicat) 263 

Water  169 

Density 2278 

Mechanical properties of the concretes  

Average tested strength after 28 days (MPa)  29 

Average slump measured using the Abrams 
cone (cm) 

7 

Volume of occluded air measured in fresh 
concrete (%) 

3.4 

Porosity accessible to water (%) 12 

W/C ratio 0.64 

Cement paste volume Vp (m
3/m3) 0.252  

 

2.3 Tests 

In this study, hydrostatic and triaxial tests with load 
and unload cycles are carried out. The concrete 
specimen is scanned prior to the first loading (un-
damaged) and after each unloading. The triaxial 
compression test starts by an hydrostatic loading 
path. Once the desired confinement has been 
reached, the specimen is then loaded axially at con-
stant confining pressure (Fig. 1). 

 
 

Figure 1. Scheme representing stresses and the measured strain 
of the sample. 

 
In this paper, compressive stresses and contrac-

tion strains are assumed to be positive; σx is the 
principal axial stress, p the pressure inside the con-
fining cell. σm the mean stress and q the principal 
tress difference (deviatoric stress). 
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2.4 The CT machine 

This multi-scale X-ray tomograph allows studying 
in-situ the behavior of geomaterials. This totally in-
novative device was designed and manufactured by 
the Rx solution society. It allows scanning objects 
from 4 mm diameter to 200 mm with resolutions of 
5 and 100 µm respectively.  

The X-ray CT is a non-destructive imaging tech-
nique that allows characterizing the 3D structure of 
materials. The X-ray CT results provide images with 
voxel values representing an approximation of the lo-
cal density of the material. It’s then possible to ob-
serve the mesoscopic structure of the scanned object. 
First, the sample scan provides radiographies that rep-
resent the X-ray mass attenuation. The Beer-Lambert 
law (Equation 2) presents the parameters that depend 
of the X-ray attenuation, so the thickness of the mate-
rial and the linear coefficient of attenuation. 

 
N=N0.exp(-µ.x)                           (2) 

 
N0 : Number of photon emitted by the source  
N : Number of photon passed over the studied 

object  
µ : Linear coefficient of attenuation 
x : Thickness of the materiel to pass over 
 
Then, mathematical algorithms allow obtaining the 

linear coefficient of attenuation µ in each horizontal 
slice. This parameter being related to the mass den-
sity, each voxel is a value close to the average of mass 
densities of components existing in the voxel. 
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The proportionality coefficient D(h,T) is called 
moisture permeability and it is a nonlinear function 
of the relative humidity h and temperature T (Bažant 
& Najjar 1972). The moisture mass balance requires 
that the variation in time of the water mass per unit 
volume of concrete (water content w) be equal to the 
divergence of the moisture flux J  
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The water content w can be expressed as the sum 

of the evaporable water we (capillary water, water 
vapor, and adsorbed water) and the non-evaporable 
(chemically bound) water wn (Mills 1966, 
Pantazopoulo & Mills 1995). It is reasonable to 
assume that the evaporable water is a function of 
relative humidity, h, degree of hydration, αc, and 
degree of silica fume reaction, αs, i.e. we=we(h,αc,αs) 
= age-dependent sorption/desorption isotherm 
(Norling Mjonell 1997). Under this assumption and 
by substituting Equation 1 into Equation 2 one 
obtains 
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where ∂we/∂h is the slope of the sorption/desorption 
isotherm (also called moisture capacity). The 
governing equation (Equation 3) must be completed 
by appropriate boundary and initial conditions.  

The relation between the amount of evaporable 
water and relative humidity is called ‘‘adsorption 
isotherm” if measured with increasing relativity 
humidity and ‘‘desorption isotherm” in the opposite 
case. Neglecting their difference (Xi et al. 1994), in 
the following, ‘‘sorption isotherm” will be used with 
reference to both sorption and desorption conditions. 
By the way, if the hysteresis of the moisture 
isotherm would be taken into account, two different 
relation, evaporable water vs relative humidity, must 
be used according to the sign of the variation of the 
relativity humidity. The shape of the sorption 
isotherm for HPC is influenced by many parameters, 
especially those that influence extent and rate of the 
chemical reactions and, in turn, determine pore 
structure and pore size distribution (water-to-cement 
ratio, cement chemical composition, SF content, 
curing time and method, temperature, mix additives, 
etc.). In the literature various formulations can be 
found to describe the sorption isotherm of normal 
concrete (Xi et al. 1994). However, in the present 
paper the semi-empirical expression proposed by 
Norling Mjornell (1997) is adopted because it 

explicitly accounts for the evolution of hydration 
reaction and SF content. This sorption isotherm 
reads 
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where the first term (gel isotherm) represents the 
physically bound (adsorbed) water and the second 
term (capillary isotherm) represents the capillary 
water. This expression is valid only for low content 
of SF. The coefficient G1 represents the amount of 
water per unit volume held in the gel pores at 100% 
relative humidity, and it can be expressed (Norling 
Mjornell 1997) as 
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where k

c
vg and k

s
vg are material parameters. From the 

maximum amount of water per unit volume that can 
fill all pores (both capillary pores and gel pores), one 
can calculate K1 as one obtains  
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The material parameters k

c
vg and k

s
vg and  g1 can 

be calibrated by fitting experimental data relevant to 
free (evaporable) water content in concrete at 
various ages (Di Luzio & Cusatis 2009b).  

2.2 Temperature evolution 

Note that, at early age, since the chemical reactions 
associated with cement hydration and SF reaction 
are exothermic, the temperature field is not uniform 
for non-adiabatic systems even if the environmental 
temperature is constant. Heat conduction can be 
described in concrete, at least for temperature not 
exceeding 100°C (Bažant & Kaplan 1996), by 
Fourier’s law, which reads 

 
T∇−= λq                                (7) 

 
where q is the heat flux, T is the absolute 
temperature, and λ is the heat conductivity; in this 



3 IMAGE ANALYSIS TECHNICS 

3.1 Observation of Damage and Localized 
Mechanisms 

The goal of this paper is the analysis of damage and 
localized phenomena evolutions during the cyclic 
tests. Identical slices are compared before and after 
each load-unload cycle. The 52 µm of resolution al-
lows apprehending the mechanisms existing at the 
mesoscopic scale (aggregate size) then associating 
them to the macroscopic behavior. 

This part of the paper shows the modifications applied 
to the whole images from CT in order to improve the 
quality of the images studied by eyes. The process con-
tains simply in modifying both contrast and luminance in 
such way to study only the grey level corresponding on 
the concrete structure. The Figure 2 exhibits the same 
horizontal cut before and after processing, the membranes 
are not existing anymore and the different parts of the 
concrete are better visible. The images from all the scans 
will be modified with this process and then compared to 
identify the modification of the structure. 

 

 
(a)           (b) 

 
Figure 2. Slice of concrete specimen with his grey level histo-
gram before (a) and after (b) modification of both contrast and 
luminance. 

 

3.2 Porosity Evolution 

The concrete porosity depends on many choices made 
during the formulation and the way that has been 
done. However, the different kinds of porosity are 
identical, just their proportion differ. The less impor-
tant and the thinnest porosity correspond on the ag-
gregates one, besides it has none role on the vulner-
ability of the concrete. The both class of pores 
existing in the cement past are the gel porosity 
(<3ηm) and the capillary porosity (<10µm). The last 
class corresponds to the air bubble created while mak-
ing the concrete. Its rather spherical shape and its 
mean dimension close to the millimeter make it as the 
porosity identifiable in the CT images (Fig. 5). 

The analysis presented in this part allows to iso-
late and to quantify the air bubble porosity by apply-
ing an image processing to the CT images. By mak-

ing this analysis on the undamaged specimen and 
after each load-unload cycle, the evolution of the air 
bubble porosity is highlighted for both different kind 
and level of loading path. This image processing has 
been realized by Eric Landis and his partners (2000, 
2007) to study the behavior of mortar. 

The result of the image processing depends on a 
grey level threshold allowing to differentiate the 
void and the matter. It has been chosen in order to 
get, for an undamaged concrete specimen, a porosity 
close to the 4 % corresponding to the air bubble po-
rosity existing in this concrete.  

The segmentation steps of the porosity are pre-
sented in Figure 3. The first one consists in detecting 
the cylindrical outline of each slice (Fig. 3a). The 
second step, called threshold, uses the grey level 
threshold to separate the voxels in two classes. 
Those inferior at this grey level take the zero value 
(black voxel) while the other ones take the 1 value 
(white) (Fig. 3b). To finish, the two previous images 
are combined in order to get only the pores (Fig. 3c). 

 

 
(a)           (b) 

   
(c) 

 
Figure 3. Steps of porosity segmentation: detection of bounder 
(a), Threshold (b), image combination (c). 

 
Following to the segmentation, a program allows 

determining the geometrical features of each pore 
(volume, exterior surface, spatial coordinates). The 
method consist in creating a different element for 
each set of black neighbour voxel, then determining 
the features of each element by using its own voxels. 
The segmentation results allow plotting curves such 
the porosity in the Z direction or even the porosity 
size distribution. The images representing the cylin-
drical outline of the sample provide other features 
like the volume of the concrete. 
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The proportionality coefficient D(h,T) is called 
moisture permeability and it is a nonlinear function 
of the relative humidity h and temperature T (Bažant 
& Najjar 1972). The moisture mass balance requires 
that the variation in time of the water mass per unit 
volume of concrete (water content w) be equal to the 
divergence of the moisture flux J  
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The water content w can be expressed as the sum 

of the evaporable water we (capillary water, water 
vapor, and adsorbed water) and the non-evaporable 
(chemically bound) water wn (Mills 1966, 
Pantazopoulo & Mills 1995). It is reasonable to 
assume that the evaporable water is a function of 
relative humidity, h, degree of hydration, αc, and 
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= age-dependent sorption/desorption isotherm 
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where ∂we/∂h is the slope of the sorption/desorption 
isotherm (also called moisture capacity). The 
governing equation (Equation 3) must be completed 
by appropriate boundary and initial conditions.  

The relation between the amount of evaporable 
water and relative humidity is called ‘‘adsorption 
isotherm” if measured with increasing relativity 
humidity and ‘‘desorption isotherm” in the opposite 
case. Neglecting their difference (Xi et al. 1994), in 
the following, ‘‘sorption isotherm” will be used with 
reference to both sorption and desorption conditions. 
By the way, if the hysteresis of the moisture 
isotherm would be taken into account, two different 
relation, evaporable water vs relative humidity, must 
be used according to the sign of the variation of the 
relativity humidity. The shape of the sorption 
isotherm for HPC is influenced by many parameters, 
especially those that influence extent and rate of the 
chemical reactions and, in turn, determine pore 
structure and pore size distribution (water-to-cement 
ratio, cement chemical composition, SF content, 
curing time and method, temperature, mix additives, 
etc.). In the literature various formulations can be 
found to describe the sorption isotherm of normal 
concrete (Xi et al. 1994). However, in the present 
paper the semi-empirical expression proposed by 
Norling Mjornell (1997) is adopted because it 

explicitly accounts for the evolution of hydration 
reaction and SF content. This sorption isotherm 
reads 

 

( ) ( )
( )

( ) ( )
⎥
⎥

⎦

⎤

⎢
⎢

⎣

⎡

⎥
⎥
⎥

⎦

⎤

⎢
⎢
⎢

⎣

⎡

−

−
∞

+

−
∞

−=

11
10

,
1

                            

1
10

1
1,

1
,,

h
cc

g
e

sc
K

h
cc

g
e

sc
G

sc
h

e
w

αα

αα

αα

αααα

 (4) 

 
where the first term (gel isotherm) represents the 
physically bound (adsorbed) water and the second 
term (capillary isotherm) represents the capillary 
water. This expression is valid only for low content 
of SF. The coefficient G1 represents the amount of 
water per unit volume held in the gel pores at 100% 
relative humidity, and it can be expressed (Norling 
Mjornell 1997) as 
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where k

c
vg and k

s
vg are material parameters. From the 

maximum amount of water per unit volume that can 
fill all pores (both capillary pores and gel pores), one 
can calculate K1 as one obtains  
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The material parameters k

c
vg and k

s
vg and  g1 can 

be calibrated by fitting experimental data relevant to 
free (evaporable) water content in concrete at 
various ages (Di Luzio & Cusatis 2009b).  

2.2 Temperature evolution 

Note that, at early age, since the chemical reactions 
associated with cement hydration and SF reaction 
are exothermic, the temperature field is not uniform 
for non-adiabatic systems even if the environmental 
temperature is constant. Heat conduction can be 
described in concrete, at least for temperature not 
exceeding 100°C (Bažant & Kaplan 1996), by 
Fourier’s law, which reads 

 
T∇−= λq                                (7) 

 
where q is the heat flux, T is the absolute 
temperature, and λ is the heat conductivity; in this 



In this processing, it is necessary to apply a lagrangian 
description in order to follow the evolution of the initial 
volume of concrete scanned. To do this, the first and the 
last slice of each image processing will be the same. 

4 TEST RESULTS 

4.1 Hydrostatic Test Up to 650 MPa 

The A8-93 specimen is subjected to three cycles of 
increasing hydrostatic loading to reach 650 MPa of 
confining pressure, then a triaxial loading until the 
failure of the concrete. The Figure 4 exhibits the 
volumetric behaviour curve for the three first cycles 
of hydrostatic loading as well as the axial stress - ax-
ial strain curve of the entire test. During a hydro-
static loading, the concrete behaves as an isotropic 
material at the macroscopic scale, so the volumetric 
strain can be assumed as three times the axial strain.  
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Figure 4. Volumetric behavior curve of the 3 first hydrostatic 
loading (a), axial stress σ

x
 vs. strain components ε

x
 curve of all 

the cyclic test (b). 

 
For this experimental campaign, the specimen is taken 

off the caps to be scanned after each cycle. This handling 
causes a re-load less steep than the unload because of the 
new crushing of the concrete-caps interface. In order to get 
a coherent behaviour, each re-load is fitted on the previous 
unload. The cycles of hydrostatic loading up to 650 MPa 
of confining pressure show the main features of hydro-
static tests on concrete. The upper envelope of the volu-

metric behavior curve indicates a major modification in 
the tangent bulk modulus of concrete. A decrease is visi-
ble from 80 MPa to 250 MPa after which the concrete 
tightens. The unloading-reloading cycles are steeper than 
the upper envelope by reason of the absence of irreversible 
mechanism during these cycles. As explained previously, 
the reloads are fitted on the unloads until the maximum 
level of loading reached during the previous cycle. Then 
the curve follows the curve obtained without the interme-
diate unload-reload cycles. The elastic bulk modulus, de-
termined by the linear part of the hydrostatic unload, in-
creases slightly with the confining pressure. This 
modification, important at the beginning and very weak at 
the end, is similar to the one observed during a cyclic hy-
drostatic test on the same material (Poinard et al. 2009).  

Figure 5 exhibits the same horizontal slice of the 
concrete specimen before and after each cycle. Table 
2 provides the modification of both porosity and 
concrete volume after each cycle. The inelastic 
volumetric strains obtained by the image processing 
are coherent with the LVDT measurements. 

 

 
(a)          (b) 

 
(c)                   (d) 

 
(e) 

 
Figure 5. Same horizontal slice of the A8-93 specimen : un-
damaged (a), after hydrostatic loading at 200 MPa (b), 
400 MPa (c), 650 MPa (d) and after a triaxial loading at 
650 MPa of confining pressure until the failure (e). 
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The proportionality coefficient D(h,T) is called 
moisture permeability and it is a nonlinear function 
of the relative humidity h and temperature T (Bažant 
& Najjar 1972). The moisture mass balance requires 
that the variation in time of the water mass per unit 
volume of concrete (water content w) be equal to the 
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vapor, and adsorbed water) and the non-evaporable 
(chemically bound) water wn (Mills 1966, 
Pantazopoulo & Mills 1995). It is reasonable to 
assume that the evaporable water is a function of 
relative humidity, h, degree of hydration, αc, and 
degree of silica fume reaction, αs, i.e. we=we(h,αc,αs) 
= age-dependent sorption/desorption isotherm 
(Norling Mjonell 1997). Under this assumption and 
by substituting Equation 1 into Equation 2 one 
obtains 

 

nsc
w

s

e
w

c

e
w

h
h

D
t

h

h

e
w

&&& ++
∂

∂

∂

∂

=∇•∇+
∂

∂

∂

∂

− αα

αα

)(

    

(3)

 
 

where ∂we/∂h is the slope of the sorption/desorption 
isotherm (also called moisture capacity). The 
governing equation (Equation 3) must be completed 
by appropriate boundary and initial conditions.  

The relation between the amount of evaporable 
water and relative humidity is called ‘‘adsorption 
isotherm” if measured with increasing relativity 
humidity and ‘‘desorption isotherm” in the opposite 
case. Neglecting their difference (Xi et al. 1994), in 
the following, ‘‘sorption isotherm” will be used with 
reference to both sorption and desorption conditions. 
By the way, if the hysteresis of the moisture 
isotherm would be taken into account, two different 
relation, evaporable water vs relative humidity, must 
be used according to the sign of the variation of the 
relativity humidity. The shape of the sorption 
isotherm for HPC is influenced by many parameters, 
especially those that influence extent and rate of the 
chemical reactions and, in turn, determine pore 
structure and pore size distribution (water-to-cement 
ratio, cement chemical composition, SF content, 
curing time and method, temperature, mix additives, 
etc.). In the literature various formulations can be 
found to describe the sorption isotherm of normal 
concrete (Xi et al. 1994). However, in the present 
paper the semi-empirical expression proposed by 
Norling Mjornell (1997) is adopted because it 

explicitly accounts for the evolution of hydration 
reaction and SF content. This sorption isotherm 
reads 
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where the first term (gel isotherm) represents the 
physically bound (adsorbed) water and the second 
term (capillary isotherm) represents the capillary 
water. This expression is valid only for low content 
of SF. The coefficient G1 represents the amount of 
water per unit volume held in the gel pores at 100% 
relative humidity, and it can be expressed (Norling 
Mjornell 1997) as 
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where k
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vg and k

s
vg are material parameters. From the 

maximum amount of water per unit volume that can 
fill all pores (both capillary pores and gel pores), one 
can calculate K1 as one obtains  
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The material parameters k

c
vg and k

s
vg and  g1 can 

be calibrated by fitting experimental data relevant to 
free (evaporable) water content in concrete at 
various ages (Di Luzio & Cusatis 2009b).  

2.2 Temperature evolution 

Note that, at early age, since the chemical reactions 
associated with cement hydration and SF reaction 
are exothermic, the temperature field is not uniform 
for non-adiabatic systems even if the environmental 
temperature is constant. Heat conduction can be 
described in concrete, at least for temperature not 
exceeding 100°C (Bažant & Kaplan 1996), by 
Fourier’s law, which reads 

 
T∇−= λq                                (7) 

 
where q is the heat flux, T is the absolute 
temperature, and λ is the heat conductivity; in this 



Table 2.  Modification of some features of the A8-93 speci-
men with the cycles. 

Loading 
path  

Undam-
aged 

Hydrostatic Triaxial 

Confinement 
(MPa)  

 200 400 650 650 

Slice num-
ber (± 2) 

988 985 980 976 957 

Concrete 
volume* 
(cm³ ± 0.2) 

202 200 196.5 193.5  

Air bubble 
porosity* 
(%) 

4.2 3.8 2.4 0.5 0.17 

Volumetric 
Strain * 
(% ± 0.1) 

0 1 2.7 4.2  

Volumetric 
Strain ** 
(% ± 0.5) 

0 1.2 2.5 4  

* Image processing measure 
** LVDT measure 

 
After the unloading-reloading cycle at 200 MPa 

of confining pressure, the images do not show any 
significant modification of the concrete structure. 
Although, the closure mechanisms of the porosity 
are already present (anelastic volumetric strain equal 
to 1.2 %), the decrease of the air bubbles volume is 
only 0.4 %. This difference means the collapse of 
the porosity happens mainly in the cement matrix. 
The next cycle at 400 MPa of confinement leads to a 
real damage of the structure (Fig. 5c). The filling up 
of big pores with debris creates the opening of thin 
cracks in the matrix. The porosity size distribution 
of the air bubble is then modified: decrease in the 
number of big pores and strong increase of the small 
ones (Fig. 6b). There are also cracks in some of the 
aggregates and debounding between some of them 
and the cement matrix. These damage phenomena 
observed in the entire scanned zone grow with the 
confining pressure up to 650 MPa. Fig. 6a shows the 
porosity distribution in the sample in Z direction af-
ter each cycle. This Figure shows that the slight non-
homogeneity observed in the undamaged sample 
disappears with the loading increase and the closure 
of the porosity.  
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Figure 6. Change of porosity of the A8-93 specimen with the 
cycles : porosity in Z direction curve (a), size distribution of 
pores upper than 1 voxel (b). 

4.2 Triaxial Tests 

4.2.1 Triaxial Test at 650 MPa of Confining Pres-
sure 

After the hydrostatic loading, the A8-93 specimen is 
subjected to an additional axial loading under a con-
fining pressure of 650 MPa. This axial loading is in-
creased until the failure of the sample. The axial be-
haviour is exhibited on the Figure 4b. It is 
characterised by a very high initial tangent modulus 
that decreases with the axial loading. One can notice 
that the rupture of the sample, at the end of the test, 
is not associated with a plateau of the axial stress.  

The axial compression of the specimen while hold-
ing the pressure causes a very important compaction of 
the concrete. There is a big collapse of the porosity 
(Fig. 6a), the measure of the air bubble porosity is only 
0.17 % (Table 2) and the cement matrix appears 
clearly denser. The damage of the sample is then very 
significant: a lot of cracks in the aggregates and de-
bounding between the cement matrix and the aggre-
gates are observed (Fig. 5e). During this last load-
unload cycle, the growth of a big crack, almost per-
pendicular to the axial compression direction, cuts the 
specimen in two parts. The Figure 7 exhibits the same 
vertical slice of the undamaged sample (a) before (b) 
and after the axial loading (c). It is worth noticing that 
the crack avoids aggregates and appears in a high po-
rosity zone (Fig. 6a). The other part of the sample does 
not exhibit any cracks except small ones very close 
from the large one. 
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The proportionality coefficient D(h,T) is called 
moisture permeability and it is a nonlinear function 
of the relative humidity h and temperature T (Bažant 
& Najjar 1972). The moisture mass balance requires 
that the variation in time of the water mass per unit 
volume of concrete (water content w) be equal to the 
divergence of the moisture flux J  
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The water content w can be expressed as the sum 

of the evaporable water we (capillary water, water 
vapor, and adsorbed water) and the non-evaporable 
(chemically bound) water wn (Mills 1966, 
Pantazopoulo & Mills 1995). It is reasonable to 
assume that the evaporable water is a function of 
relative humidity, h, degree of hydration, αc, and 
degree of silica fume reaction, αs, i.e. we=we(h,αc,αs) 
= age-dependent sorption/desorption isotherm 
(Norling Mjonell 1997). Under this assumption and 
by substituting Equation 1 into Equation 2 one 
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where ∂we/∂h is the slope of the sorption/desorption 
isotherm (also called moisture capacity). The 
governing equation (Equation 3) must be completed 
by appropriate boundary and initial conditions.  

The relation between the amount of evaporable 
water and relative humidity is called ‘‘adsorption 
isotherm” if measured with increasing relativity 
humidity and ‘‘desorption isotherm” in the opposite 
case. Neglecting their difference (Xi et al. 1994), in 
the following, ‘‘sorption isotherm” will be used with 
reference to both sorption and desorption conditions. 
By the way, if the hysteresis of the moisture 
isotherm would be taken into account, two different 
relation, evaporable water vs relative humidity, must 
be used according to the sign of the variation of the 
relativity humidity. The shape of the sorption 
isotherm for HPC is influenced by many parameters, 
especially those that influence extent and rate of the 
chemical reactions and, in turn, determine pore 
structure and pore size distribution (water-to-cement 
ratio, cement chemical composition, SF content, 
curing time and method, temperature, mix additives, 
etc.). In the literature various formulations can be 
found to describe the sorption isotherm of normal 
concrete (Xi et al. 1994). However, in the present 
paper the semi-empirical expression proposed by 
Norling Mjornell (1997) is adopted because it 

explicitly accounts for the evolution of hydration 
reaction and SF content. This sorption isotherm 
reads 
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where the first term (gel isotherm) represents the 
physically bound (adsorbed) water and the second 
term (capillary isotherm) represents the capillary 
water. This expression is valid only for low content 
of SF. The coefficient G1 represents the amount of 
water per unit volume held in the gel pores at 100% 
relative humidity, and it can be expressed (Norling 
Mjornell 1997) as 
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where k

c
vg and k

s
vg are material parameters. From the 

maximum amount of water per unit volume that can 
fill all pores (both capillary pores and gel pores), one 
can calculate K1 as one obtains  
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The material parameters k

c
vg and k

s
vg and  g1 can 

be calibrated by fitting experimental data relevant to 
free (evaporable) water content in concrete at 
various ages (Di Luzio & Cusatis 2009b).  

2.2 Temperature evolution 

Note that, at early age, since the chemical reactions 
associated with cement hydration and SF reaction 
are exothermic, the temperature field is not uniform 
for non-adiabatic systems even if the environmental 
temperature is constant. Heat conduction can be 
described in concrete, at least for temperature not 
exceeding 100°C (Bažant & Kaplan 1996), by 
Fourier’s law, which reads 

 
T∇−= λq                                (7) 

 
where q is the heat flux, T is the absolute 
temperature, and λ is the heat conductivity; in this 
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Figure 7. Same vertical cut of the A8-93 specimen: undamaged 
specimen (a), after the hydrostatic loading at 650 MPa (b), af-
ter the triaxial test at 650 MPa (c). 

4.2.2 Triaxial Test at 50 MPa of Confining Pres-
sure 

The A8-96 specimen is subjected to three successive 
increases of the axial loadings under a confining 
pressure of 50 MPa. The Figure 8 exhibits the axial 
stress-strain curve of the entire test. The envelope of 
the axial behaviour is similar to the one obtained 
from monotonous triaxial tests at the same confining 
pressure. The tangent modulus decreases with the 
axial strain and the stress peak is clearly visible be-
fore the last unloading (end of the test). This peak 
happens simultaneously as the transition from con-
tractive to dilative behaviour.  

Each unloading-reloading cycle provides the ax-
ial elastic stiffness defined by the mean slope of the 
unloading part of the curve. The damage commonly 
characterised by the decrease of this axial elastic 
stiffness is not observable before the peak. After the 
peak the decrease of the slope is still limited due to 
the inhibition created by the confinement whereas 
the hydrostatic part of the unloading highlights this 
damage through a strong non-linearity. 
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Figure 8. Axial stress - axial strain curve of the A8-96 specimen.  

 
Table 3 and Figure 9 show the evolution of the 

porosity and of the residual volume of the concrete 
sample. This specimen was scanned in two parts, so 
the slice number is two times more important than 
for the previous specimen. This measurements as 
well as the tomographic views of the sample show 
that the damage is very different from the one which 
was observed with the specimen tested at 650 MPa. 
Excepted a small decrease of the porosity, any sig-

nificant modification of the concrete structure ap-
pears before the cycle leading to the failure of the 
specimen.  

 
Table 3.  Modification of some features of the A8-96 speci-
men with the cycles. 

Loading path  Undam-
aged 

Triaxial at 50 MPa of confining 
pressure 

Named Undam-
aged 

Trx50_1 Trx50_2 Trx50_3 

Slice number
 (± 2) 

2322 2318 2308 2268 

Concrete vol-
ume* (cm³ ± 
0.2) 

474.9 474.3 472.9 472.4 

Air bubble 
porosity * (%) 

3 2.9 2.76 2.1 

Volumetric 
Strain * 
(% ± 0.04)  

0 0.12 0.42 0.52 

* Image processing measure 
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Figure 9. Change of porosity of the A8-96 specimen with the 
cycles: porosity in Z direction curve (a), size distribution of 
pores upper than 1 voxel (b). 

 
During the last cycle, the deviatoric loading cre-

ates a very localized damage mechanism. In the 
highest part of the specimen, the structure is still un-
damaged. The air bubble porosity remains almost 
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The proportionality coefficient D(h,T) is called 
moisture permeability and it is a nonlinear function 
of the relative humidity h and temperature T (Bažant 
& Najjar 1972). The moisture mass balance requires 
that the variation in time of the water mass per unit 
volume of concrete (water content w) be equal to the 
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assume that the evaporable water is a function of 
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where ∂we/∂h is the slope of the sorption/desorption 
isotherm (also called moisture capacity). The 
governing equation (Equation 3) must be completed 
by appropriate boundary and initial conditions.  

The relation between the amount of evaporable 
water and relative humidity is called ‘‘adsorption 
isotherm” if measured with increasing relativity 
humidity and ‘‘desorption isotherm” in the opposite 
case. Neglecting their difference (Xi et al. 1994), in 
the following, ‘‘sorption isotherm” will be used with 
reference to both sorption and desorption conditions. 
By the way, if the hysteresis of the moisture 
isotherm would be taken into account, two different 
relation, evaporable water vs relative humidity, must 
be used according to the sign of the variation of the 
relativity humidity. The shape of the sorption 
isotherm for HPC is influenced by many parameters, 
especially those that influence extent and rate of the 
chemical reactions and, in turn, determine pore 
structure and pore size distribution (water-to-cement 
ratio, cement chemical composition, SF content, 
curing time and method, temperature, mix additives, 
etc.). In the literature various formulations can be 
found to describe the sorption isotherm of normal 
concrete (Xi et al. 1994). However, in the present 
paper the semi-empirical expression proposed by 
Norling Mjornell (1997) is adopted because it 

explicitly accounts for the evolution of hydration 
reaction and SF content. This sorption isotherm 
reads 
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where the first term (gel isotherm) represents the 
physically bound (adsorbed) water and the second 
term (capillary isotherm) represents the capillary 
water. This expression is valid only for low content 
of SF. The coefficient G1 represents the amount of 
water per unit volume held in the gel pores at 100% 
relative humidity, and it can be expressed (Norling 
Mjornell 1997) as 
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where k
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vg are material parameters. From the 

maximum amount of water per unit volume that can 
fill all pores (both capillary pores and gel pores), one 
can calculate K1 as one obtains  
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The material parameters k

c
vg and k

s
vg and  g1 can 

be calibrated by fitting experimental data relevant to 
free (evaporable) water content in concrete at 
various ages (Di Luzio & Cusatis 2009b).  

2.2 Temperature evolution 

Note that, at early age, since the chemical reactions 
associated with cement hydration and SF reaction 
are exothermic, the temperature field is not uniform 
for non-adiabatic systems even if the environmental 
temperature is constant. Heat conduction can be 
described in concrete, at least for temperature not 
exceeding 100°C (Bažant & Kaplan 1996), by 
Fourier’s law, which reads 

 
T∇−= λq                                (7) 

 
where q is the heat flux, T is the absolute 
temperature, and λ is the heat conductivity; in this 



constant (Fig. 9, 10a). On the contrary, in the lower 
part of the sample, a localized damage is clearly 
visible. Figure 11 exhibits both the undamaged sam-
ple  and the sample after failure. A main crack an-
gled at 60 ° crosses over the specimen in the vertical 
cut (Fig. 11b). 

 

 
(a)            (b) 

   
Figure 10. Same horizontal slice in the high part of the A8-96 
specimen: Undamaged (a), after the last cycle (b). 

 

 

 
(a)            (b) 

 
Figure 11. Same horizontal and vertical slices in the low part of 
the A8-96 specimen : undamaged (a) and after the last cycle (b). 

 
The analysis of the 3D sample shows others 

cracks exists close to the main one. The angle of 
these cracks is also about 60°.  

These cracks are very thin but significant enough 
to create a localized collapse of the air bubble poros-
ity (Fig. 9a). Out of the cracking zone, the structure 
of the concrete shows a small decrease in porosity. 
The global porosity distribution is then strongly 
modified compared to the previous cycles (Fig. 9b). 
The table 3 highlights an interesting comparison be-
tween the drop in air bubble porosity and the in-
crease in volumetric strain. After the first cycle both 
values match. After the second one, the volumetric 
strain increases faster than the drop of the porosity. 

This would suggest that the irreversible volumetric 
strain is mainly due to the closure of the micro-
porosity of the cement paste. Finally, the failure cy-
cle leads to an important drop in air bubble porosity 
while the volumetric strain remains almost stable. 
This last phenomenon is explained by the initiation 
of thin cracks leading both to a closure of the macro-
scopic porosity and to a dilative behaviour. 

5 CONCLUSION 

This paper has focused on highlighting the damage 
mechanisms of concrete under extreme hydrostatic 
and triaxial loading. An experimental campaign was 
carried out on concrete samples thanks to the use of 
a high capacity triaxial press and an X-ray CT in-
strument. The tests have consisted of making CT 
scans of undamaged specimens and making subse-
quent scans after increasing loading-unloading cy-
cles. 

As expected the triaxial damage of concrete is 
strongly dependent on the confining pressure 
reached during the hydrostatic phase. For confining 
pressure higher than 400 MPa, the marks of damage 
show that under very high hydrostotatic loading the 
stress states is very inhomogeneous at the 
mesoscopic scale. It was not expected for this phe-
nomenon to be mainly due to the macroporosity het-
erogeneity rather than to the one of the aggregates. 

For triaxial tests at low confining pressure 
(around 50 MPa) the cement paste is still very cohe-
sive after the hydrostatic phase. Then, the applica-
tion of the shear loading creates a localized damage 
mechanism at the mesoscopic scale. The growth of 
this mechanism causes a brittle failure of the speci-
men with a sliding plan angled at 60 °. Out of the 
failure zone, the concrete remains undamaged at the 
mesoscopic scale. 

For triaxial tests at high confining pressure, the 
cement paste loses most of its cohesion during the 
hydrostatic phase. So, the concrete behaves as a non-
cohesive granular stacking during the axial compres-
sion. This feature allows a strong compaction of the 
concrete specimen before reaching the limit state. 
Lots of marks of damage appear in both cement paste 
and aggregates on the entire specimen. An axial com-
pression with such a confining pressure creates a 
strong granular rearrangement. This rearrangement 
leads during the unloading to a crack which is almost 
perpendicular to the axial direction and which is lo-
cated where the compaction is the strongest. 
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moisture permeability and it is a nonlinear function 
of the relative humidity h and temperature T (Bažant 
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relative humidity, h, degree of hydration, αc, and 
degree of silica fume reaction, αs, i.e. we=we(h,αc,αs) 
= age-dependent sorption/desorption isotherm 
(Norling Mjonell 1997). Under this assumption and 
by substituting Equation 1 into Equation 2 one 
obtains 
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where ∂we/∂h is the slope of the sorption/desorption 
isotherm (also called moisture capacity). The 
governing equation (Equation 3) must be completed 
by appropriate boundary and initial conditions.  

The relation between the amount of evaporable 
water and relative humidity is called ‘‘adsorption 
isotherm” if measured with increasing relativity 
humidity and ‘‘desorption isotherm” in the opposite 
case. Neglecting their difference (Xi et al. 1994), in 
the following, ‘‘sorption isotherm” will be used with 
reference to both sorption and desorption conditions. 
By the way, if the hysteresis of the moisture 
isotherm would be taken into account, two different 
relation, evaporable water vs relative humidity, must 
be used according to the sign of the variation of the 
relativity humidity. The shape of the sorption 
isotherm for HPC is influenced by many parameters, 
especially those that influence extent and rate of the 
chemical reactions and, in turn, determine pore 
structure and pore size distribution (water-to-cement 
ratio, cement chemical composition, SF content, 
curing time and method, temperature, mix additives, 
etc.). In the literature various formulations can be 
found to describe the sorption isotherm of normal 
concrete (Xi et al. 1994). However, in the present 
paper the semi-empirical expression proposed by 
Norling Mjornell (1997) is adopted because it 

explicitly accounts for the evolution of hydration 
reaction and SF content. This sorption isotherm 
reads 
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where the first term (gel isotherm) represents the 
physically bound (adsorbed) water and the second 
term (capillary isotherm) represents the capillary 
water. This expression is valid only for low content 
of SF. The coefficient G1 represents the amount of 
water per unit volume held in the gel pores at 100% 
relative humidity, and it can be expressed (Norling 
Mjornell 1997) as 
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where k

c
vg and k

s
vg are material parameters. From the 

maximum amount of water per unit volume that can 
fill all pores (both capillary pores and gel pores), one 
can calculate K1 as one obtains  
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The material parameters k

c
vg and k

s
vg and  g1 can 

be calibrated by fitting experimental data relevant to 
free (evaporable) water content in concrete at 
various ages (Di Luzio & Cusatis 2009b).  

2.2 Temperature evolution 

Note that, at early age, since the chemical reactions 
associated with cement hydration and SF reaction 
are exothermic, the temperature field is not uniform 
for non-adiabatic systems even if the environmental 
temperature is constant. Heat conduction can be 
described in concrete, at least for temperature not 
exceeding 100°C (Bažant & Kaplan 1996), by 
Fourier’s law, which reads 

 
T∇−= λq                                (7) 

 
where q is the heat flux, T is the absolute 
temperature, and λ is the heat conductivity; in this 
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The proportionality coefficient D(h,T) is called 
moisture permeability and it is a nonlinear function 
of the relative humidity h and temperature T (Bažant 
& Najjar 1972). The moisture mass balance requires 
that the variation in time of the water mass per unit 
volume of concrete (water content w) be equal to the 
divergence of the moisture flux J  
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The water content w can be expressed as the sum 

of the evaporable water we (capillary water, water 
vapor, and adsorbed water) and the non-evaporable 
(chemically bound) water wn (Mills 1966, 
Pantazopoulo & Mills 1995). It is reasonable to 
assume that the evaporable water is a function of 
relative humidity, h, degree of hydration, αc, and 
degree of silica fume reaction, αs, i.e. we=we(h,αc,αs) 
= age-dependent sorption/desorption isotherm 
(Norling Mjonell 1997). Under this assumption and 
by substituting Equation 1 into Equation 2 one 
obtains 
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where ∂we/∂h is the slope of the sorption/desorption 
isotherm (also called moisture capacity). The 
governing equation (Equation 3) must be completed 
by appropriate boundary and initial conditions.  

The relation between the amount of evaporable 
water and relative humidity is called ‘‘adsorption 
isotherm” if measured with increasing relativity 
humidity and ‘‘desorption isotherm” in the opposite 
case. Neglecting their difference (Xi et al. 1994), in 
the following, ‘‘sorption isotherm” will be used with 
reference to both sorption and desorption conditions. 
By the way, if the hysteresis of the moisture 
isotherm would be taken into account, two different 
relation, evaporable water vs relative humidity, must 
be used according to the sign of the variation of the 
relativity humidity. The shape of the sorption 
isotherm for HPC is influenced by many parameters, 
especially those that influence extent and rate of the 
chemical reactions and, in turn, determine pore 
structure and pore size distribution (water-to-cement 
ratio, cement chemical composition, SF content, 
curing time and method, temperature, mix additives, 
etc.). In the literature various formulations can be 
found to describe the sorption isotherm of normal 
concrete (Xi et al. 1994). However, in the present 
paper the semi-empirical expression proposed by 
Norling Mjornell (1997) is adopted because it 

explicitly accounts for the evolution of hydration 
reaction and SF content. This sorption isotherm 
reads 
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where the first term (gel isotherm) represents the 
physically bound (adsorbed) water and the second 
term (capillary isotherm) represents the capillary 
water. This expression is valid only for low content 
of SF. The coefficient G1 represents the amount of 
water per unit volume held in the gel pores at 100% 
relative humidity, and it can be expressed (Norling 
Mjornell 1997) as 

 

( ) s
s

s

vg
kc

c

c

vg
k

sc
G αααα +=,
1

                 (5) 

 
where k

c
vg and k

s
vg are material parameters. From the 

maximum amount of water per unit volume that can 
fill all pores (both capillary pores and gel pores), one 
can calculate K1 as one obtains  
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The material parameters k

c
vg and k

s
vg and  g1 can 

be calibrated by fitting experimental data relevant to 
free (evaporable) water content in concrete at 
various ages (Di Luzio & Cusatis 2009b).  

2.2 Temperature evolution 

Note that, at early age, since the chemical reactions 
associated with cement hydration and SF reaction 
are exothermic, the temperature field is not uniform 
for non-adiabatic systems even if the environmental 
temperature is constant. Heat conduction can be 
described in concrete, at least for temperature not 
exceeding 100°C (Bažant & Kaplan 1996), by 
Fourier’s law, which reads 

 
T∇−= λq                                (7) 

 
where q is the heat flux, T is the absolute 
temperature, and λ is the heat conductivity; in this 
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