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ABSTRACT: This work describes the first results of an experimental campaign aimed at investigating the long-
term behaviour of cracked Steel Fibre Reinforced Concrete (SFRC) beams exposed to an aggressive environ-
ment. Initially, the beams were pre-cracked, unloaded and then reloaded for the long-term test with a constant 
load, in a four-point bending scheme. During the test one of the beams was exposed to drying-wetting cycles 
of a 5% NaCl solution while the other beam was left unexposed. The long-term test lasted for about 8 months 
and was performed in a climate-controlled room. The mid-span deflection and the crack opening of the beams 
were monitored for the entire length of the test. At the end of the long-term test the beams were loaded up to 
failure. The first results show that the effects of the exposure to the aggressive environment are quite limited 
on both the long-term behaviour and the ultimate strength. 

1 INTRODUCTION 

In the last few years the construction industry, sup-
ported by the scientific advances and by new stan-
dards, has recognized that the concrete pavements 
have to be designed as structural elements, and must 
comply with some prescribed limit states (Sorelli et 
al. 2006). The design of the concrete pavements is 
mainly addressed by requirements in terms of ser-
viceability limit states (short and long-term deforma-
tion, cracking, durability) and only marginally by re-
quirements in terms of ultimate limit states. As far as 
the serviceability limit states are concerned the per-
formance levels to be satisfied must be defined by 
taking into account the reference time interval of ap-
plication of the corresponding actions (characteristic, 
frequent and persistent values). In order to fulfil 
these requirements, in the last years there has been a 
great deal of technical developments concerning the 
construction materials, among which Steel Fibre Re-
inforced Concretes (SFRC) have generated notewor-
thy advances in the concrete industrial pavements 
technology (Ahmad et al. 2004, Sorelli et al. 2006, 
Rouse 2007). As an example, the traditional rein-
forcement mesh may, in some cases, be reduced or 
completely removed by using fibre reinforced con-
cretes (Miltenberger 2007). Industrial pavements are 
the most common example of SFRC elements which 
may not have traditional reinforcement. In order to 
satisfy durability requirements the assessment of the 
pavement performances must be verified also with 
respect to the long-term actions. In this case, the de-
pendence of strains and crack openings on time must 

be considered, because of their important conse-
quences on durability (Kwon & Shah 2008).  

Shrinkage as well may seriously affect the me-
chanical behaviour of the concrete industrial pave-
ments, either in case of uniform shrinkage or differ-
ential shrinkage (Grzybowski & Shah 1991, Altoubat 
& Lange 2001, Kwon & Shah 2008). In particular, it 
can produce a curvature of the pavement portions 
between the joints and, therefore, can cause cracks at 
the edges. Even if this is an extremely common type 
of damage for the concrete industrial pavements, the 
experimental data on their long-term behaviour are 
very limited.  

The present paper is a first attempt in understand-
ing the long-term behaviour of SFRC elements ex-
posed to aggressive environments, which can be im-
portant for pavements not protected from weather. 
In particular, the present paper discusses the results 
of tests comparing the long-term behaviour, in terms 
of deflection and crack opening, of a SFRC beam ex-
posed to drying-wetting cycles in a chloride solution 
with analogous results for an identical SFRC beam 
under the same loading conditions but with no ag-
gressive exposition. The beams do not contain any 
traditional reinforcement. Their geometry (see Sec-
tion 2) was defined in order to be representative of a 
strip of industrial pavement.  

Other tests are available in the literature (Ferrara 
et al. 2004, Teruzzi et al. 2004) but the most impor-
tant aspect of the present work is that the aggressive 
exposition occurs while the beam is under loading 
with the cracks wide opened.  



0.01 0.1 1 10 100
0

10

20

30

40

50

60

70

80

90

100

Grading [mm]

Pe
rc

en
ta

ge
 b

y 
m

as
s [

%
]

 

 
Mix grading
Fuller’s curve

 
Figure 1. Aggregate grading curve for the concrete mix used 
in the present study. 
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Figure 2. Geometry of the fibres used in the present study. 

2 DESCRIPTION OF THE EXPERIMENTAL 
CAMPAIGN 

In the present study, the long-term behaviour of two 
2000×300×120 mm3 (length × width × height) SFRC 
beams, with no traditional reinforcement, loaded ac-
cording to the four point bending scheme was inves-
tigated. During the long-term test, one of the beams 
(Beam 2 in the following) was exposed to drying-
wetting cycles of a 5% NaCl solution while the other 
beam (Beam 1) was left unexposed. The dimensions 
of the beams were chosen in order to be representa-
tive of a strip of industrial pavement. This approxi-
mation does not take into account the bi-dimensional 
behaviour of pavements. 

In the following section the most important as-
pects of the experimental campaign are described.  

2.1 Material properties 
The concrete mix used in the present study was de-
fined in order to reach a desired value of the flexural 
tensile strength, similarly to what is suggested by EN 
14845-1. In order to fulfil this requisite some pre-

liminary tests were performed, in which specimens 
casted using different values of water/cement ratio 
and different types of aggregates were tested. 

This phase of the study led to the definition of the 
concrete mix which in Table 1. The amount of super-
plasticizer was adjusted in order to obtain similar 
slumps in the two casts; 3.5 l/m3 and 4.2 l/m3 were 
used when casting Beam 1 and Beam 2, respectively. 
Figure 1 shows the aggregate grading.  

 
Table 1. Mix design of the concrete. 
_______________________________________________ 
Component         Unit   Amount 
_______________________________________________ 
Cement (CEM I 42.5)      kg/m3  350.0 
Sand (0-5 mm)        kg/m3  752.4 
Gravel (8-15 mm)       kg/m3  642.3 
Gravel (15-22 mm)       kg/m3  440.4 
Water            l/m3   175.0 
Superplasticizer        l/m3   3.5/4.2 
_______________________________________________ 

 
Table 2. Fresh concrete properties. 
_____________________________________________ 
Code    Slump  Hydration temperature  Density 

cm  °C         kg/m3 
_____________________________________________ 
Beam 1   16   23.3        2404* 
Beam 2   15   23.3        2382* 
_____________________________________________ 
*with fibres 
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Concrete beam
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Figure 3. Test set-up used to pre-crack the beams. Three 
cracks were opened on each beam. 

 
Steel fibres were added to the concrete mix de-

scribed above; the geometry of the fibres is depicted 
in Figure 2. According to the producer, these fibres 
had an elastic modulus of 210 GPa and a tensile 
strength of 1100 MPa. Both beams were cast with 25 
kg/m3 of fibres. 

2.2 Pre-cracking of beams  
Prior to the long-term tests, the beams were pre-
cracked in three cross sections, up to a crack mouth 
opening displacement (CMOD) of about 0.5 mm. 
This value was assumed as representative of the up-
per limit to the crack width of concrete pavements at 
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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 



the serviceability limit state. In the following, the 
cracks will be indicated with the letters A, B, and C. 
In order to better control the position of the crack, 
the beams were notched (5 mm deep notch). In this 
phase, a three-point bending scheme was adopted 
and cracking was done under mid-span displacement 
control. In order to obtain a more stable fracture 
process and a better control of the crack width, a 
HEB140 steel beam was laid upon each concrete 
beam and connected to it using three separate sup-
ports: one at mid-span and two over the external 
supports of the concrete beam (see Fig. 3). The load 
was then applied to the steel beam. 
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Figure 4. Total force-CMOD curves measured during the 
opening of crack A on Beam 2 (See Fig. 3 for the test set-up). 
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Figure 5. Flexural stress – CMOD curves for the 
550×150×150 mm3 specimens, used to calculate the load to be 
applied to the beams during the long-term test. 
 

Figure 4 shows the force-CMOD curve recorded 
while producing one of the cracks on Beam 2. It is 
important to note that the force measured and re-
ported in the Figure refers to the steel beam - con-
crete beam system. As a consequence of the experi-
mental set-up adopted it is not possible to separate 
the behaviour of the SFRC beam form that of the 

steel beam, unless one uses a theoretical interpreta-
tive model. 

 

 
Figure 6. Experimental setup used for the long-term test. The 
container used to keep the saline solution can be seen in the 
centre of the picture. 
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Figure 7. Force - mid-span deflection curve during the loading 
phase. 

 
Finally, it should be noted that the test was not 

completely stable and consequently some cracks 
opened up to 0.5 mm as desired, while others 
reached 0.6 mm. 

2.3 Determination load for the long-term tests 
In order to define the loading level to be applied dur-
ing the long-term tests, six 550×150×150 mm3 
(length×width×height) notched prisms, made with 
the same concrete used for the beams to be tested, 
were subjected to failure test. According to EN 
14651:2005, these tests were performed by using a 
three-point bending scheme and under crack mouth 
displacement (CMOD) control; in particular, during 
the test a prescribed CMOD velocity was followed: 
0.05 mm/min for CMOD ≤ 0.1 mm and 0.2 mm/min 
for CMOD > 0.1 mm The applied force and the cor-
responding CMOD were measured using a load cell 
and a displacement transducer, respectively. Figure 5 
shows the mid-span flexural stress-CMOD curves of 
the notched sections, obtained from the tests. The 
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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 
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volume of concrete (water content w) be equal to the 
divergence of the moisture flux J  

 

J•∇=
∂

∂
−

t

w
                              (2) 

 
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 

 

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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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 



nominal stress is calculated by dividing the bending 
moment at mid-span by the elastic section modulus 
of the notched un-cracked section.  

The long-term test performed on Beam 1 and 2 
are not standard and there is no code prescribing the 
load value to be used. In the present work it was 
chosen to apply, during the long-term tests, the load 
value giving a nominal stress at the mid-span equal to 
50% of the average value of the flexural stresses cal-
culated for the prisms at CMOD = 0.55 mm. This 
CMOD value corresponds approximately to the 
crack width produced in the beams in the pre-
cracking phase. Obviously, the differences in the 
loading schemes of the two types of tests must be 
taken into account. The value 0.80 kN for the force 
to be applied at the ends of the beams for the long-
term test is then obtained (see Fig. 5). 
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Figure 8. Mid-span displacement increase over time. Shaded 
zone indicate exposure to the 5% NaCl solution. 
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Figure 9. Creep coefficient related with the mid-span dis-
placement. 

2.4 Test procedure 
The two beams were tested adopting a four-point 
bending scheme. The load was kept constant for 8 
months. One of the beams (Beam 2) was subjected, 

during the long-term test, to drying-wetting cycles of 
a 5% NaCl solution. Normally, both the wet and the 
dry phases lasted one week each.  

The experimental setup is shown in Figure 6. Dur-
ing the long-term test, each beam was sustained by 
two steel trestles at the intermediate supports, thus 
creating a central span of 750 mm with constant 
bending moment. The dead loads were applied at the 
beam extremities at a distance of 525 mm from the 
inner supports. The load was applied by using some 
steel plates, laid on a steel supporting system com-
posed of a base plate connected by two threaded 
rods to a transverse hollow rods placed on the upper 
face of the beam.  

On each beam, the crack openings as well as the 
mid-span deflection with respect to the intermediate 
supports were measured. The crack opening was 
measured by using an optical device while the deflec-
tion was measured, on both sides of the beams, by 
using LVDT transducers. In order to measure the 
relative displacement between mid-span and interme-
diate supports, two aluminium bars, supported by 
pins glued over the supports, were placed on both 
sides of the beams.  

During the long-term tests, the beams were kept 
in a climate room, at 20 °C and RH 60%. 

3 RESULTS OF THE LONG-TERM TESTS 

In the following section, the results of the long-term 
tests will be discussed. The results of the failure tests 
performed at the end of the long-term tests will be 
discussed as well. 

3.1 Mid-span deflection 
Figure 7 shows the mid-span deflection increase dur-
ing the loading phase. Each point corresponds to the 
load given by one of the steel plates used. The num-
ber of points on the two curves is not the same be-
cause steel plates of different weight were used for 
the two beams. At the end of the loading phase the 
two beams showed similar values of mid-span deflec-
tion: δ0 = 0.28 mm for Beam 1 and δ0 = 0.32 mm for 
Beam 2. At the end of this loading phase the load 
was kept constant for 238 days   

Figure 8 shows the mid-span deflection evolution 
with time, for both beams. The shaded zones indicate 
the periods during which Beam 2 was exposed to the 
Chloride solution.  

After 238 days of loading, the mid-span deflection 
values measured on Beam 1 and Beam 2 were δend = 
0.80 mm and δend = 0.95 mm, respectively. 

In order to allow a better comparison of the be-
haviour of the two beams, the creep coefficient, φd, 
related with the mid-span displacements was calcu-
lated as 
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of the relative humidity h and temperature T (Bažant 
& Najjar 1972). The moisture mass balance requires 
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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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where δ(t) is the mid-span displacement at the gen-
eral time t and δ0 is the mid-span displacement at the 
end of the loading phase (see Fig. 7). Figure 9 shows 
the curves obtained using Equation (1). Long-term 
deformation at the end of the test was 2.15 and 2.05 
times greater than the initial values for Beam 1 and 
Beam 2, respectively. Figure 9 makes clear that the 
curves corresponding to the two beams are very 
similar and suggest that the effects of the saline solu-
tion on mid-span deflection are in this case very 
small. 
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Figure 10. Increase of the crack widths over time. 
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Figure 11. Creep coefficient related with the crack opening. 

3.2 Crack opening 
The crack widths w were measured, using an optical 
device, in three points for each crack and therefore each 
measure took a long time. Then, for each crack the av-
erage value of the three measures was calculated.  

Figure 10 shows the mean values of the crack 
width increase over time for each one of the three 
monitored cracks on the two beams. It is important 
to note that the initial values are very different be-
cause the pre-cracking test was not completely sta-
ble. It should also be noted that the crack width val-
ues given in Figure 10 are quite greater than the 

CMOD values given in Figure 4, because the reload-
ing of the beams was done up to a load level with is 
the average of those reached in the cracking phase of 
the 550×150×150 mm3. Therefore the widths of the 
different cracks subjected to the same bending mo-
ment are different.  
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Figure 12. Flexural stress-CMOD curves for the middle crack, 
measured at the end of the long-term tests. 
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Figure 13. Flexural stress-CMOD curves for the middle crack, 
measured at the end of the long-term tests. 

 
In order to allow a better comparison, the creep 

coefficient related with the crack width increments 
over time were calculated as: 
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where w(t) is the general crack width at time t and w0 
is the crack width at the end of the loading phase. 
The relative crack-width increments are plotted in 
Figure 11. These curves are quite different even for 
cracks on the same beam. In fact, for the cracks on 
Beam 1 the crack-width increase at the end of the 
test ranges from 0.77 to 2.5, with a mean value equal 
to 1.40, while for Beam 2 it ranges from 0.51 to 
1.56, with a mean value equal to 0.91. This Figure 
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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 



confirms the conclusions taken from the mid-span 
displacement data; the effects of the exposure to the 
NaCl solution seem to be negligible (at least for the 
test duration considered). 

3.3 Failure test 
After 238 days under constant loading the beams 
were unloaded and reloaded up to failure. The beams 
were loaded in three-point bending and the load was 
applied in correspondence of the mid-span crack. 
The position of the supports was between the centre 
and the lateral cracks (the distance of the supports 
was equal to 510 mm) in order to have only one 
crack in the loaded portion of the beam. 

Figure 12 shows the flexural stress-CMOD curves 
obtained from these tests. It should be noted that the 
first point of the curves does not coincide with the 
origin of the axes because the first CMOD value was 
set equal to the crack width measured at the end of 
the unloading phase. The different behaviour can be 
explained by considering the quite different widths of 
the cracks obtained at the end of the long-term load-
ing- 

The loading history of the cracked sections is 
shown schematically in Figure 13, considering a 
theoretical stress-CMOD curve for the fibre rein-
forced concrete beams. With reference to Beam 1, 
O-A-B indicates the pre-cracking test, B-C indicates 
increase of crack width during the long-term test, C-
D the creep deformations occurred during the long-
term tests, D-E the unloading phase and E-F-G the 
failure test. The points characterising the load history 
for Beam 2 are indicated with the same letters de-
noted by an apostrophe. The different behaviour that 
the two beams show in Figure 12 may therefore be 
explained by considering that the crack opening for 
Beam 2 is greater than for Beam 1 and therefore, as 
illustrated in Figure 13, during reloading Beam 2 (E’-
F’-G) may reach directly the sub-horizontal branch of 
the theoretical curve representing the monotonic 
loading. Hence, it can be concluded that the curves in 
Figure 12 may confirm the conclusions on the negli-
gibility of the effects of the exposure to the chloride 
solution which were drawn from mid-span deflection 
and crack-width increases over time in the long-term 
test. 

4 CONCLUSIONS 

In the present work, the durability of steel fibre-
reinforced concrete beams was investigated and in 
particular the effects of the exposure to a chloride 
solution. 

Two cracked beams were tested for about 8 
months under constant loading and one of them was 
exposed to drying-wetting cycles of a 5% NaCl solu-

tion. For the entire duration of the test the crack 
width and the mid-span deflection of the beams were 
measured.  

At the end of this phase the beams were unloaded 
and taken for a failure test. 

Even if this is a preliminary study, and the number 
of specimens considered is extremely small, the tests 
performed suggest that the effects of the exposure to 
the chloride solution are very limited. Both the long-
term behaviour and the residual strength of the steel 
fibre reinforced concrete beams did not show any 
significant change due to the aggressive environment.  
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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
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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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