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ABSTRACT: The present study’s focus is to investigate the influence of loading micro-cracks on the 
transport properties of self-consolidating concrete (SCC). To have concrete mixtures with distinctly 
different fracture properties and diffuse damage behaviors, three SCCs were prepared: two SCCs with 
two different types of aggregates (limestone and siliceous) and one containing steel fibers. The loading 
micro-cracks were done on the specimens via the application of uniaxial compression up to 70% of the 
ultimate compressive strength (UCS) with different loading times to propagate damage within mixtures. 
Accelerated carbonation was applied to undamaged and damaged specimens with a concentration of 
CO2 of 20% at 20±5°C and humidity at 70±5% in the carbonation chamber to evaluate the transport 
properties of SCC. The chloride resistance of the SCC was measured using an accelerated chloride 
migration test. Based on the results, it was concluded that the transport properties in concrete are highly 
affected by sustained loading time. The SCC-containing steel fibers showed good resistance against 
diffusion of chloride ions and CO2 gas for two damaged and undamaged state conditions. Also, a 
correlation was obtained between the intrinsic permeability coefficient and chloride diffusion coefficient 
in the damaged and undamaged state for each SCC and also between mechanical damages and durability 
parameters. 
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1- Introduction
Cementitious composites are one of the most widely taken 

materials in the world, and the usage of concrete continues 
to grow in construction projects [1-4]. Self-consolidating 
concrete (SCC) is a new concrete that was developed in 
Japan in the 1980s. SCC development aimed to propose new 
concrete capable of flowing freely through concrete forms 
with congested reinforcement. Seismically active regions 
require significant reinforcement, and it is arduous to vibrate 
conventional concrete into such forms. An increased amount 
of cementitious material is needed to achieve SCC properties 
in cementitious composites [1, 2]. Nowadays, verification of 
the durability of cementitious mixtures is an essential issue 
for preventing concrete degradation concerning aggressive 
agents in the environment [5-7].

Concrete can be defined as multi-phase composites 
made up of three phases; mortar, mortar/aggregate interface, 
and coarse aggregate phase. Crack growth in cementitious 
composites occurs mainly in the cement paste or the aggregate/
cement paste interfacial zone. The strength of concrete at the 
interfacial zone essentially depends on the cement paste’s 
integrity and the coarse aggregate’s nature. The formation 
and propagation of cracks in concrete structures influence 
their durability. These micro- and macro-cracks created in 

cementitious composites increase the transport properties. 
Also, concrete structures deteriorate in their operating 
environment under harsh environmental conditions and 
external loading. Although the performed load can lead to 
specific degradation of the structure, the primary long-time 
deterioration mechanism involves moisture penetration 
and the transport of chlorides within concrete. The gas 
permeability of concrete, its resistance to chloride ingress, and 
carbonation by diffusion of CO2 gas are usually considered 
critical properties for reinforced concrete’s durability [8, 9]. 
Concrete structures used in marine structures generally suffer 
from the coupled attack of chloride diffusion and scouring. 
To build durable and reliable structures, accurately predict 
the penetration of moisture and chlorides within concrete. 

The behavior of concrete structures in high-intensity 
stress conditions must be investigated to ensure the safety of 
public buildings. Aggregates manufacture a significant part 
of the volume of concrete. This shows that the presence of 
aggregates most likely influences concrete properties. More 
recently, the effect of the shape and nature of coarse aggregates 
on cementitious composite’s triaxial behavior was studied on 
three concrete distinguished by the type of coarse aggregates 
(siliceous, limestone, and glass) [10, 11]. It has been observed 
that coarse aggregates’ nature controls concrete’s volumetric 
behavior in high confinement. However, this only slightly 
affects the deviatoric strength of the concrete.*Corresponding author’s email: k_samimi@sbu.ac.ir
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The relationship between concrete structures’ mechanical 
and transport properties has been under evaluation over the 
last few years [12]. Cracks accelerate water penetration 
and the diffusion of aggressive ions, such as chloride, 
leading to damage and durability problems [13]. In 2005, 
Chatzigeorgiou et al. [14] evaluated the coupled problem of 
mechanical damage and the permeability of concrete. They 
concluded that for low to high-stress levels, the permeability 
of concrete is drastically increased when the load is very 
close to the material’s ultimate compressive strength (UCS). 
In specimens subjected to 70% of UCS uniaxial compression, 
Samaha and Hover [15] showed the existence of micro cracks. 

The concrete shows 15 to 20% less fluid and ion 
penetration in this state. Chloride ion diffusion measurement 
follows the same behavior for loads up to 80% [12, 16, 17]. or 
90% of the peak [18]. Repeating a compression load between 
60 and 80% also increases permeability by extension of 
microcracking. Micro cracks seem interconnected, leading 
to changes in a cementitious material’s transfer properties. 
Tegguer et al. [19]. Investigated the influence of mechanical 
damage on durability properties such as diffusion and 
permeability coefficient. The results obtained on the damaged 
diffusion and permeability show that the transport properties 
are affected by the damage [20, 21]. In the case of ordinary 
concrete, the previous studies [16, 19] found an increase in 
damaged permeability to undamaged permeability (Kint(d)/
Kint) by a factor of 10 while that relating to the diffusion 
coefficient (De(d)/De), increases by a factor of 2.5. For high-
performance concrete, the Kint(d)/Kint ratio increases by a 
factor of 7, while De(d)/De increases by a factor of 1.9.

Some recent research [16] found that using steel fibers 
in concrete has a limited effect on the impact resistance of 
the materials. The results also indicated that microfibers offer 
better impact resistance than longer fibers [16].

2- Research Significance
The main focus of this research is to evaluate the impact of 

produced micro-cracks under loading on transport properties 
such as gas permeability, chloride diffusivity on steady 
state, and accelerated carbonation for three SCC mixtures 
performed by two different types of aggregates and steel 
fibers at 90 days of aging. Damage in the SCC specimens 
is characterized by the measurement of the decrease in the 
elastic modulus. This last is measured using ultrasonic waves 
apparatus. 

3- Experimental Program
3- 1- Materials

Two coarse aggregates (G) of 6.3/10 mm nominal 
size used in this study were limestone and siliceous gravel 
with a density of 2.7 and 2.58 t m-3 and a water absorption 
coefficient of 0.7 and 0.48%, respectively. A natural sand (S) 
of 0.4 mm nominal size with a density of 2.6 t m-3 and a water 
absorption coefficient of 1.2% was used as a fine aggregate. 
The composites’ binder is made using Portland cement with 
98% clinker and limestone filler (LF). The fiber lengths were 
35 mm, as shown schematically in Fig. 1, and specify the 
properties in Table 1. A high-range water-reducing admixture 
(HRWRA) based on chains of modified poly-carboxylate 
ether was also used. Its density was 1.1 g/cm3 (at 20 °C), and 
the PH is 4.8 ± 1.00. The dosage can range from 0.2 to 3% 
of the binder’s or cement’s weight, depending on the fluidity 
and performance required. The superplasticizer dosage is 
experimentally determined from tests on fresh concrete to 
obtain a slump flow diameter of 670±20 mm for all SCCs 
composites. 

3- 2- Mixtures proportions
Three SCCs were prepared using the same water-to-

binder ratio (W/B) of 0.38 and a constant total binder content 
of 600 kg/m³. Table 2 shows the mixtures proportions of the 
SCCs studied in this research. Two SCCs were made using 
the limestone aggregates and siliceous aggregates, SCC PC-
LA and SCC PC-SA, respectively. Another SCC is reinforced 

 
 

Fig. 1. Photo and schema of steel fibers. 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 1. Photo and schema of steel fibers.
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with steel fibers of 0.4% by volume using only the limestone 
aggregates (SCC PC-LA/F).

3- 3- Testing methods
3- 3- 1- Compressive strength 

A compressive strength test is performed on the cylindrical 
specimen (Φ110 mm x H220 mm). The strength was checked 
after 7, 28, and 90 days of curing. 

3- 3- 2- Water absorption
The porosity accessible to water (ɛ) is measured on the 

cylindrical specimen (Φ110 mm x H50 mm) according to NF 
P 18-459 standard. It is calculated using Eq. (1):
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where Ms is the mass of the saturated specimen,  is the 
mass of the dried specimen after thermal treatment at 105°C 
until stabilization of mass;  is the mass of a saturated specimen 
immersed in water.

3- 3- 3- Mercury intrusion porosimetry (MIP)
The MIP test is widely used to determine the total volume 

and pore size distribution in the meso- and macro-pore 
ranges. Two samples for each mix and each loading cycle 
were carefully cored from the specimens and dried at 40 °C. 
Various pressure levels were applied from 3x10-3 to 200 MPa, 
covering a pore diameter range from 0.003 to 360 µm.

3- 3- 4- Steady-state migration test
This is an accelerated diffusion test by the application of 

an electric field. The experimental protocol consists of the 
position of the saturated cylindrical sample by a solution of 
NaOH between two compartments of the migration cell [22], 
as shown schematically in Fig. 2. The upstream compartment 
contains a saline solution (0.5mol NaCl + 0.3mol NaOH, 
“Cathode”), and the downstream compartment a basic 
solution (0.3 mol NaOH, “Anode”) without chlorides. For 
each composite mixture, three test specimens (Φ110 mm x 
H50 mm) were taken from three cylindrical samples (Φ110 
mm x H220 mm) that were stored in a climate room at 20 ± 2 
°C and R.H > 95 % up to 90 days.

The stainless steel mesh electrodes were connected with 
a power supply in such a way that the voltage was across 
the concrete specimen. The potential difference (∆E) was 
fixed at 20 V (4V/cm). The value is sufficient to accelerate 
the movement of chlorides without causing excessive 

Table 1. Fibers characteristics.Table 1. Fibers characteristics. 
 

Fiber type Steel 

Length (mm) 35 

Diameter (µm) 29 

Density (g/cm³ ) 7.8 

Modulus of elasticity (N/mm²) 210000 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table 2. Mixture proportioning of the SCCs. All quantities are in kg/m³ of fresh SCCs.Table 2. Mixture proportioning of the SCCs. All quantities are in kg/m³ of fresh SCCs. 
 

Composition (kg/m³) SCC 
PC-LA 

SCC 
PC-SA 

SCC 
PC-LA/F 

Limestone aggregates 810 - 810 

siliceous aggregates - 810 - 

Sand 0/4 830 830 830 

CEM I 52.5N 400 400 400 

Steel fibers (% by volume) - - 0.4 

Limestone filler 200 200 200 

Water 230 230 230 

Superplasticizer 2.3 2.1 2.9 

w/b 0.38 0.38 0.38 
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Fig. 2. Schema of migration cell used in this study. 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 2. Schema of migration cell used in this study.

 
Fig. 3. Schematic variation of the chloride concentration with time in compartment 2. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 3. Schematic variation of the chloride concentration with time in compartment 2.
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temperature rises or causing disturbances in the electrodes, 
especially hypochlorite formation [9]. The chloride migration 
test under an electric field determines the apparent or effective 
migration coefficient depending on whether the test is carried 
out in a Non-steady state or steady-state conditions. During 
the test, the chloride ion concentration was determined 
according process described by [23] and Fig. 3. 

3- 3- 5- Accelerated carbonation test
The accelerated carbonation test was carried out according 

to the procedure recommended by the working group and cited 
in the GranDuBé project, 2007 [24]. The SCCs specimens are 
cured in an accelerated carbonation chamber with controlled 
humidity and temperature. The concentration of CO2 in 
the chamber was maintained at 20%, the temperature was 
maintained at 20±5 °C, and humidity was kept at 70±5%. 
Three cylindrical samples of Φ110 x H50 mm were cut from 
the central portion of each cylinder SCC (Φ110 x H220 mm) 
after mechanical damage for the carbonation test. Then they 
were sealed by an aluminum adhesive band to transfer a 
unidimensional diffusion of CO2 through the specimens, as 
shown schematically in Fig. 4. Concrete samples were kept 
in an oven at 40 °C for 14 days and then in a carbonation 
chamber for up to 28 days. When the specimens reached the 

carbonated age to be tested, the specimens were taken out 
and split into two half-cylinders along the length. The freshly 
broken surfaces were sprayed with a color indicator of pH 
(phenolphthalein) [25]. 

3- 3- 6- Gas permeability
Apparent permeability was measured using a Cembureau 

constant head permeameter [26]. Permeability measurements 
were prepared in an air-conditioned room (20 ± 1 °C and RH 
50 ± 2%). Three cylindrical samples of 50 mm thickness were 
cut from the central portion of each cylinder for testing and 
placed in a triaxial cell, and injection pressure in these tests 
was applied below. The setup to perform gas permeability 
measurements were designed to work as a constant head 
permeameter under different gas pressures, with the 
possibility to change the head value and measure the gas 
inflow and outflow (Fig. 5). 

3- 3- 7- Producing micro-cracks by uniaxial compressive 
loads

After 90 days of hardening, the cylindrical specimens 
(Φ110 x H220 mm) are loaded by a hydraulic press under 
uniaxial compression up to 70% of the ultimate compressive 
strength (UCS) to create internal damage into the test 

 

 
 

Fig. 4. Position the faces exposed to carbonation and faces protected by an aluminum film. 
 

 

 

 

 

 

 

 

 

 

 

 

Fig. 4. Position the faces exposed to carbonation and faces protected by an aluminum film.
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specimens. The loading times were maintained for 1, 2, and 
4h, allowing cracks propagation in cylindrical specimens 
(see schematically in Fig. 6) [27]. The loading and unloading 
stress ratio is 0.6 MPa/s.

3- 3- 8- Damage evaluation
Damage is supposed to accumulate inside concrete 

specimens when loads are applied, leading to micro-cracks. 
The evaluation of the variation of elasticity modulus is used to 
calculate the damage variable, which indicates the degree of 
micro-cracking. A damage parameter d in damage mechanics 
can be defined from the relative ratio of modulus in elasticity 
[26] by Eq. (2):
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where E0 is the initial modulus of elasticity, and E is the 
final modulus of elasticity obtained for damaged concrete.

To evaluate the amount of damage, i.e., micro-cracks 
of specimens, the dynamic modulus measurements of the 
concrete cylinders are carried out immediately before and 
after loading. The decrease recorded in the dynamic modulus 
is due to the appearance of micro-cracks inside the material 
during the loading phase. 

4- Results and Discussion
4- 1- Compressive strength

The compressive strength of the SCCs up to 90 days 
of aging is shown in Fig. 7. As can be expected, all the 
studied SCCs’ compressive strength is enhanced by age. 
This enhancement is more visible for SCC with fibers. 
The SCC with the siliceous aggregates shows a lower 
compressive strength of 11% than the SCC prepared with 
the limestone aggregates at 90 days of aging. It offers higher 
resistance by 11 and 13% relative to limestone and siliceous 
aggregates, respectively, at 90 days of aging, which shows the 
reinforcement of SCC by steel fibers.

4- 2- Water absorption 
Fig. 8 presents the water absorption results for damaged 

and undamaged conditions up to 4 hours of loading for three 
studied SCCs at 90 days. As expected, experimental results 
show increased water porosity with increased loading time 
for all three studied SCCs. Among the three mixtures, SCC 
based on steel fibers exhibits lower water absorption values, 
SCC with limestone aggregates, and SCC with siliceous 
aggregates. During an hour of loading, the SCCs were 
about 7–9% more porous than their references (undamaged 
condition). At two hours of loading, an increase in porosity 
was observed between 15-19%. SCC with the siliceous 
aggregates shows a slightly higher porosity increase than 
two other SCCs during mechanical loading. At four hours of 

 
 

Fig. 5. Schema of experimental device used for measuring the gas permeability. 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 5. Schema of experimental device used for measuring the gas permeability.
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Fig. 6. Schema of the experimental setup for compressive loading test. 
  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 6. Schema of the experimental setup for compressive loading test.

 

 
 

Fig. 7. Evolution of the compressive strength of the studied SCCs with curing time. 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 7. Evolution of the compressive strength of the studied SCCs with curing time.
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loading, the higher porosity increase may be attributable to 
damage between inclusions and the matrix. It is more evident 
for SCC based on siliceous aggregates due to the presence of 
an Interfacial Transition Zone (ITZ) between the aggregates 
and the cement paste, which has a lower resistance than 
cement paste [28]. The water absorption of the SCC with the 
steel fibers is lower than the two SCCs without fibers under 
loading. Thus, including steel fibers can increase strength in 
the SCC and decrease crack width, which will be effective for 
concrete durability.

4- 3- Chloride ion migration 
The chloride ions are shown in Table 3 and Fig. 9. The 

results are based on the average obtained from three replicate 
samples tested for each SCC. The concentration of chloride 
migration through SCCs shows an exponential relationship 

called the non-steady-state (chloride ions are penetrating 
through saturated pores in the specimen and have not reached 
the anode cell). Then increases with the testing time after a 
different stage that shows an approximately linear relationship 
called steady-state (flux of chloride ions passing through the 
specimen becomes constant). 

To compare the resistance of the SCCs based on three 
kinds of mixtures against the concentration of chloride 
migration through concrete, the SCC with the steel fibers 
showed higher resistance to chloride migration by 27% and 
32% relative to SCC-PC-LA and SCC-PC-SA, respectively. 
This decrease in chloride migration for the SCC based on 
steel fibers may be explained by its lower porosity value and 
more significant tortuosity compared to SCCs manufactured 
by limestone and siliceous aggregates.

The time to penetrate Cl¯ is more remarkable for the 

 

 
 

Fig. 8. Water porosity of the studied SCCs at 90 days of aging with different loading states. 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 8. Water porosity of the studied SCCs at 90 days of aging with different loading states.

Table 3. The diffusion coefficient and penetration time values.Table 3. The diffusion coefficient and penetration time values. 
 

References Time of penetration of Cl¯, 
Tpass (h) 

Migration coefficient 
(m²/s) 

SCC-PC-LA 60 2.89 x 10-12 

SCC-PC-SA 42 3.1 x 10-12 

SCC-PC-LA/F 80 2.1 x 10-12 
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SCC based on steel fibers (80h), with a decrease of the 
diffusion coefficient of 27% and 32% compared to SCCs 
based on limestone and siliceous aggregates, respectively. 
It is also observed that a penetration time reduction depends 
on the aggregates’ nature. However, the time of penetration 
of chloride ions is essential, showing good resistance to the 
penetration of Cl¯.

4- 4- Gas permeability 
The results of intrinsic permeability for SCCs are given 

in Fig. 10. The results show that aggregates influence gas 
permeability in the SCCs. The results show that the inherent 

permeability coefficient Kint of SCC based on siliceous 
aggregates is higher than the SCC with the limestone 
aggregates. It is generally observed that the adding fibers 
in concrete, a lower intrinsic permeability coefficient is 
succeeded by 26 and 35% than the SCCs without fibers based 
on limestone and siliceous aggregates, respectively. The 
relative permeability was intrinsic of damaged cementitious 
composites Kint(d)/Kint is defined as the ratio between the 
permeability coefficient of damaged cementitious composites 
Kint(d) and the permeability coefficient of undamaged 
cementitious composites Kint. It can be related to the damage 
variable “d”. The increase in permeability relative to 

 
 

Fig. 9. Evolution cumulative increase of chloride in the downstream cell. 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 9. Evolution cumulative increase of chloride in the downstream cell.

 
 

Fig. 10. Evolution of the intrinsic permeability. 
 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 10. Evolution of the intrinsic permeability.
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permeability Kint(d)/Kint with the damage coefficient evaluated 
by the dynamic method is illustrated in Fig. 11. Based on 
the types of mixtures and duration of the loading state, and 
the damage values range between 0.047 and 0.214 at 70% 
of the ultimate compressive strength (UCS). Consequently, 
the material’s elastic modulus gradually decreases, and 
residual strains appear, leading to material degradation. The 
damage coefficient (d) evaluated by the dynamic method of 
SCC composite based on limestone aggregates is lower than 
the SCC based on siliceous aggregates for the same loading 
time. This result confirms that the microcracking patterns of 
the SCC composite based on siliceous aggregates are more 
significant than that of the SCC composite with the limestone 
aggregates. Kint(d)/Kint tended to increase slightly with the 
damage coefficient of three SCCs composites. This range of 
damage coefficient corresponds to the observed load level, 
which was found to be 70% of the ultimate compressive 
strength (UCS) with a different loading state. An exponential 
curve for the relative increase of gas permeability was 
obtained as a function of the damage coefficient. This relation 
was obtained in the range of d < 0.214. A similar relation was 
obtained by [16, 19, 29] using uniaxial compression tests that 
the stress levels vary between 60% and 90% of the ultimate 
strength. 

The Klinkenberg coefficient was calculated from the 
linear slope by measuring apparent permeability at different 
injection pressures. This coefficient was linked with intrinsic 
permeability in Fig. 12. The Klinkenberg coefficient increases 
with the decrease in inherent permeability. This might be 
explained by the lower network porosity of the SCC fibers 

composite than the SCCs based on limestone and siliceous 
aggregates, which show a lower gas permeability for the SCC 
composite with the fibers. These results are in coherence 
with the evolution of differential pore size distribution for 
the SCCs composites obtained from mercury porosity due 
to loading. Cementitious composites are capillary porous 
materials whose permeability closely correlates with their 
microstructure.

4- 5- Mercury Intrusion Porosimetry (MIP)
This section discusses the evolution of differential pore 

size distribution for the SCCs at undamaged conditions and 
a 4h loading state. The cumulative intrusion as a function 
of pore diameter and differential curves is shown in Fig 13. 
The MIP test data indicate a threshold radius below which 
there is relatively little intrusion and immediately above 
where rapid intrusion commences. This corresponds to the 
region of inflection, following an almost horizontal portion of 
cumulative intrusion curves. The test results also indicate that 
the threshold radius increases with increasing loading time. 
As loading time increases, the threshold region tends to flatten 
out, and the threshold radius rises progressively. This can be 
attributed to the micro-cracks effect and reorientation of the 
pore system into the SCCs. Unlike cementitious composites, 
the SCC threshold radius is linked to the binder-aggregate 
interface or fissures rather than to the pores alone [30]. 

It can be found in Fig. 13 that the character of pore size 
distribution curves of SCCs is influenced by loading time. 
Different SCCs have different pore structures depending on 
the aggregates and steel fibers used. SCC based on siliceous 

 
 

Fig. 11. Relation between the increase in permeability intrinsic and damage value. 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 11. Relation between the increase in permeability intrinsic and damage value.
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aggregate has a slightly greater pores volume. This is 
consistent with experimental research from Gonc et al. [31]. 
Differential curves for SCC based on steel fibers exhibit a 
lower distribution of pore sizes in undamaged conditions. 
As loading time increases to 4h, another pore family appears 
at a larger pore size for SCCs, presenting several peaks on 
their differential curves. These peaks indicate mercury 
intrusion through a pore network connected to micro-cracks 
in these concretes [32, 33]. These peaks are more intense for 
SCC based on siliceous aggregates due to the development 
of micro-cracks in this SCC with increasing loading time. 
Concretes’ mechanical and transport properties can influence 
this phenomenon in their lifetime.

4- 6- Effect of uniaxial damage on chloride diffusion 
The accumulation of chloride ions in the downstream 

compartment is shown as a function of time for the damaged 
and undamaged SCCs composites in Fig. 14. 

The results showed that for damaged SCCs composites, the 
chloride diffusion coefficient increased with the increase of 
the porosity due to the applied load we showed from the MIP 
test. The applied load up to 70% of the ultimate compressive 
strength (UCS) for 1, 2, and 4h, the relative diffusion 
coefficient of damaged to undamaged concrete (De(d)/
De) are higher for the SCCs composites based on siliceous 
aggregates than two others SCCs composites. The average 
diffusion coefficients for the damaged specimen De(d), from 
the flux of chlorides passing to the downstream compartment, 
are given in Table 4. The results show that for damaged SCCs 
composites,  is higher than for undamaged SCCs composites. 

A lower Tpass may result from a higher porosity. This is an 
effect of the applied load, which increases the porosity. Tpass 
depends on the porosity of concrete and chloride binding [34, 
35]. However, for damaged specimens, it appears that Tpass 
decreased with the diffusion coefficient De increasing due 
to the presence of microcracks in cementitious composites. 
Fig. 15 compares the diffusion coefficient of damaged to 
undamaged cementitious composites (De(d)/De) at 1, 2, and 
4h of loading for SCCs composites. According to the results, 
composites based on siliceous and limestone aggregates show 
the same increase in (De(d)/De) with increasing loading time 
and a better ratio over the entire loading time.

Nevertheless, SCC composites with fibers are 
characterized by some micro-cracks developing over time, 
followed by a rise in pore volume due to loading. The relative 
diffusivity of damaged cementitious composites De(d)/De 
is defined as the ratio between the diffusion coefficient of 
damaged cementitious composites De(d) and the diffusion 
coefficient of undamaged cementitious composites De. It can 
be related to the damage variable “d”. Fig. 16 presents the 
evolution of relative diffusivity of damaged cementitious 
composites with damage value assessed by the dynamic 
method. The relative diffusivity of the SCC composite with 
the fibers for the load level of 70% of UCS is lower than the 
SCCs composites based on limestone and siliceous aggregates 
for all of the loading states. From Fig. 17, the relationship 
between these two parameters can be expressed by a linear 
function with a correlation coefficient R² = 0.93. This linear 
function is similar to that obtained for gas permeability with 
different empirical coefficients. This allows for an empirical 

 
 

Fig. 12. Evolution of the intrinsic permeability versus Klinkenberg coefficient (β) of SCC composites. 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 12. Evolution of the intrinsic permeability versus Klinkenberg coefficient (β) of SCC composites.
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Fig. 13. Differential pore size distribution of SCCs as a function of loading state. 

 

 

 

 

 

 

 

Fig. 13. Differential pore size distribution of SCCs as a function of loading state.
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Table 4.The diffusion coefficient and penetration time values for the damaged SCCs.

 

 

 

Table 4. The diffusion coefficient and penetration time values for the damaged SCCs. 
 

Mixtures 
1 hour 2 hours 4 hours 

De×10ˉ¹² (m²/s) T (h) De×10ˉ¹² (m²/s) T (h) De×10ˉ¹² (m²/s) T (h) 
SCC-PC-LA 3.41 32 4.34 24 6.73 12 
SCC-PC-SA 3.69 24 4.65 18 7.5 12 

SCC-PC-LA/F 2.26 40 3 36 4.5 24 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  
 

Fig. 14. Evolution cumulative chloride increase in a downstream cell for the undamaged and damaged SCC composites. 
 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 14. Evolution cumulative chloride increase in a downstream cell for the undamaged and damaged 
SCC composites.
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Fig. 15. Comparison of the diffusion coefficient of damaged to undamaged concrete (De(d)/De) at 1, 2, and 4h of loading 
for SCC composites. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 15. Comparison of the diffusion coefficient of damaged to undamaged concrete (De(d)/De) at 1, 2, 
and 4h of loading for SCC composites.

 

 
 

Fig. 16. Relationship between increased chloride diffusion coefficient and damage value. 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 16. Relationship between increased chloride diffusion coefficient and damage value.
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relationship between these transfer parameters, even if they 
do not correspond to the same transport mechanisms.

Two transport modes govern gas permeability and 
diffusivity. Both parameters vary depending on the 
microstructure of cementitious composites and the degree 
of cracking that is indicated by damage. According to the 
equations presented in Figs.11 and 16, it is found that the gas 
permeability and diffusion coefficient show the same trend 
based on the damage variable. This allows us to establish 
a relationship between these two transfer parameters. Gas 
permeability is measured on a dry sample as the diffusion 
coefficient is calculated on the sample in the saturated state 
by migration test under steady-state conditions. Fig. 18 shows 
a linear variation of Kint(d)/Kint with the ratio De(d)/De for 
SCCs composites depending on the damage variable, specific 
for each composite type.

The existence of a microcrack network seems to modify 
the sustainability indicators significantly. However, the 
influence is different for each composite. It is observed that 
gas permeability is more sensitive to damage: in the case of 
SCC composite based on siliceous and limestone aggregates, 
Kint(d)/Kint increases by a factor of 7 for both while De(d)/De 
increases by a factor of 2.42 and 2.3, respectively.

This tendency was already observed previously; the 
gas permeability changes significantly with the increase of 
damage level [19, 36, 37], while chloride penetration is much 
less affected by cracks [19, 38]. This result confirms that 
microcracking obtained with uniaxial compressive loading 
impacts the transfer parameters for cementitious composites 

with high porosity. It is noted that the relative permeability 
increases linearly with the relative diffusion coefficient. 

4- 7- Effect of uniaxial damage on accelerated carbonation
Fig. 18 shows the relationship between loading time from 

uniaxial compressive and carbonation depth at 28 days of 
curing in an accelerated carbonation chamber. For the SCCs 
composites, the carbonation depth of damaged specimens 
was deeper when compared to the unstressed specimens. 
Furthermore, the carbonation depth constantly increased with 
an increase in loading time. However, the rate of growth is 
different for the SCCs composites specimens. The carbonation 
rate of SCC composite based on siliceous aggregates was 
faster than that of SCC composite with limestone aggregates 
and SCC fiber composite. The difference between the 
carbonation depths of these SCCs composites increased with 
loading time. At 28 days, when the loading time was increased 
from an hour to four hours, the difference increased from 6.7 
to 18.5 mm for SCC-based siliceous aggregates, from 5.3 to 
15.5 mm for SCC-based limestone aggregates and from 3.9 
to 11.5 mm for SCC composite with the fiber as shown in 
Fig. 18. Many pores exist in concrete structures because of 
cementitious composites’ nature. Cementitious composite 
microstructures contain numerous visible and invisible cracks 
resulting from shrinkage and external loads. Generally, cracks 
in cementitious composites change the discontinuous material 
into a continuous one when they connect the internal pores. 
Due to such continuities, CO2 in the environment can easily 
penetrate cementitious composites’ interiors and accelerate 

 
 

Fig. 17. Relationship between increasing the gas permeability and chloride diffusion coefficient. 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 17. Relationship between increasing the gas permeability and chloride diffusion coefficient.
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Fig. 18. Evolution of carbonation depth of three SCC composites as a function of loading time. 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 18. Evolution of carbonation depth of three SCC composites as a function of loading time.

 
 

Fig. 19. Histogram of the relative carbonation depth of SCC composites as a function of the loading time. 
 

Fig. 19. Histogram of the relative carbonation depth of SCC composites as a function of the loading time.
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the carbonation process. As reported in the literature [39-
41], cracks’ size, volume, and connectivity directly affect 
the diffusion rate of CO2 in cementitious composites. Fig. 19 
shows the carbonation depth of three SCCs composites. For 
the three composites, residual carbonation depth increases 
with the loading time, and the cementitious composite’s 
behavior relative to carbonation is separated into two loading 
zones. A slow increase is observed in the first zone, which 
varies from the undamaged condition to 2h of loading. The 
second zone (at 4h of loading) is characterized by a high 
increase in the carbonation depth due to the development of 
micro-cracks into the cementitious composites by a longer 
loading time. SCC composite with fiber shows a 20% and 
52% lower carbonation depth than the SCCs composites 
based on limestone and siliceous aggregates, respectively. 
Indeed, the decrease of the porosity and the permeability 
with the addition of steel fiber can explain a lower residual 
carbonation depth.

5- Conclusion
Based on the experimental study performed on an 

SCC fiber composite and two other SCCs composites with 
limestone and siliceous aggregates, the following conclusions 
can be drawn:

By comparing all of the SCCs, SCC with siliceous 
aggregates shows a lower compressive strength in all samples. 
However, at 90 days, the compressive strength of the SCC 
composite with the fibers is found to be respectively 10% 
and 19% higher than the one of the SCC composite based on 
limestone and siliceous aggregates. 

The water porosity of SCC with siliceous aggregates 
is higher than two other SCCs at all loading states, which 
shows a larger porous network from different loading in this 
composite.

After 90 days of aging, the SCC fibers composite showed 
a decrease in migration coefficient by a factor of 2.8 and 4.2, 
respectively, compared to the SCC composite manufactured 
with the limestone and siliceous aggregates. Its intrinsic 
permeability is lower by a factor of 1.9 and 2.2, respectively, 
compared to SCCs composites with limestone and siliceous 
aggregates. This result is related to the porous network being 
greater in this composite than in two other SCCs composites.

The damage of SCCs can be obtained with an applied 
loading state using a uniaxial compression test, up to 70% 
of the ultimate compressive strength (UCS). The maximum 
damage value increases with loading time for the three 
SCCs. This variation can be interpreted by the existence of 
microcracks and their propagation according to the applied 
load, as we can see from the porosimetry curves with a shift 
towards the larger pore diameters.

The impact of compression cracks is more pronounced on 
gas permeability than on diffusion coefficient. An increase 
of 7 for intrinsic permeability and by a factor of only 2.41 
for chloride migration coefficient was obtained for the SCC 
composite based on siliceous aggregates with a maximum 
damage value of 0.214. Lower factor values were found for 
the SCC fibers composite, which shows the reinforcing effect 

of the concrete by fibers for a reduction of diffuse damage.
A linear correlation is obtained between the intrinsic 

permeability coefficient kint and diffusion coefficient De in the 
damaged state, a correlation coefficient R² = 0.93. However, 
both do not correspond to the same transfer mechanisms.

The carbonation reaction of SCCs composites was 
accelerated under stressed conditions. The influence of 
loading time on the carbonation resistance of SCC composite-
based siliceous aggregates was greater than that of two 
other SCCs composites. The incorporation of the steel fiber 
improves the carbonation resistance for structures subjected 
to mechanical loading.
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