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ABSTRACT: a High Performance Fiber Reinforced Cementitious Composite (HPFRCC), containing 100 
kg/m3 straight steel fibers (lf = 13 mm; df = 0.16 mm), has been designed for precast roof elements and thin 
slabs where fibers act as the sole reinforcement. With this material, 1m x 0.5m x 30 mm thick slabs were cast 
according to different procedures. Beam specimens, further tested in 4-point bending (4pb), have been sawn 
from them, in such a way that the direction of the principal tensile stresses resulted respectively parallel, 
transverse or randomly oriented with respect to the casting flow direction, along which fibers are likely to be 
aligned, thanks to the viscosity of the fluid mixture balanced at the purpose. From the undamaged portions of 
the tested beams, double edge notched square tiles were then obtained and tested according to a novel “Dou-
ble-Edge Wedge Splitting” (DEWS) technique, which is deemed to provide the tensile stress-crack opening 
law, as an alternative to direct tension tests. The correlation between the thus identified law and the one ob-
tained through inverse analysis from bending tests will be assessed, also in the sight of calibrating suitable 
crack opening limits for the definition of residual strengths. Furthermore, due to the above described speci-
men manufacturing process, quantitative correlation will be assessed between relevant material constitutive 
parameters, as above, and fiber orientation, suitably detected through image analysis. 

1 INTRODUCTION  

The ability of randomly dispersed discontinuous fi-
bers to enhance the fracture toughness of brittle ma-
trix, such as a cement based material, has been 
known for a long time, dating back to mud bricks re-
inforced with straw and horsehair in use in ancient 
Egypt.  

Fiber reinforced concrete and cementitious com-
posites actually represent the “up-to-date state of the 
art application” of this concept. All along an almost 
half a century odyssey, initiated by the pioneer stud-
ies by Romualdi & Batson (1963), the increase of 
knowledge about fiber reinforcing mechanisms, both 
in the field of theoretical modeling and experimental 
evidence, has led to continuous developments in 
new materials, processing techniques, standards and 
high end products for building structures and other 
civil engineering applications. 

Nowadays a wide variety of fiber reinforced ce-
ment based composites is available, which are char-
acterized by a range of engineering properties in 
terms of workability, mechanical strength and stiff-
ness, fracture toughness and ductility, durability, fire 
and impact resistance, pricing and constructability, 
which may be selected depending on the specific 
application to be designed and built. As recognized 
by Naaman & Reinhardt (2006), among the most ur-
gent issues to be tackled to promote increased struc-

tural applications of fiber reinforced cementitious 
composites, there is the need to specify different per-
formance levels for their key engineering properties, 
together with the need to show how a particular fiber 
and fiber concrete mixture can lead to a prescribed 
level of performance. 

As for the former issue, they have proposed to 
use as a key distinguishing material characteristic, 
whether the mechanical response of the composite to 
tensile loading is strain-hardening or strain-
softening, and, in parallel, whether the structural be-
havior in bending is deflection-hardening or deflec-
tion-softening. “Conventional” deflection softening 
FRCs are well suitable for a wide range of applica-
tions, from the lower end represented by the control 
of plastic shrinkage cracking (Naaman et al. 2005, 
Banthia & Gupta, 2006) to the reduction/substitution 
of conventional reinforcement in concrete pave-
ments and slabs on grade (Meda et al. 2006), to the 
higher end when fibers are, e.g., used to replace 
conventional shear reinforcement in precast 
prestressed elements (di Prisco & Ferrara, 2001). 
Deflection hardening composites, on the other hand, 
may be useful, if not necessary, when structural 
elements primarily subjected to bending have to be 
designed. This may lead to optimized shape and size 
of structural elements, with reduced self weights. 
This also results into a more rational design of the 
supporting structure and consequently yields to a 
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more time- and cost-effective construction process, 
including costs for transportation, erection, capacity 
of lifting equipments etc. As further bonuses, im-
provements e.g. in durability related properties are 
likely to be achieved, such as imperviousness, diffu-
sion resistance etc., from which the structural per-
formance all along the anticipated life cycle may 
surely benefit (Naaman, 2008). 

Within this cutting-edge framework, precast con-
struction industry may be regarded as the most 
straightforward recipient of related technology trans-
fer, able and willing to put forward on the construc-
tion market elements and components for high end 
structural applications. 

Naaman (1987) has demonstrated, by applying 
classical composite and fracture mechanics con-
cepts, that a critical volume fraction of fibers is 
needed to obtain a strain-hardening behavior in ten-
sion or a deflection hardening behavior in bending. 
Such critical volumes depend, besides fiber aspect 
ratio, fiber-matrix bond and matrix cracking 
strength, also on the dispersion and orientation of the 
fibers with respect to the direction of the applied 
stress. The possibility of still keeping a deflection 
hardening behavior with a relatively low amount of 
fibers (e.g. around 1% by volume) is attractive from 
the cost point of view and may also simplify the ma-
terial and structural manufacturing processes, thus 
opening the way to more widespread and larger 
scale practical applications. A reliable identification 
procedure of the tensile stress-crack opening rela-
tionship to be employed in design is needed to safely 
and sustainably promote such applications of 
HPFRCC 

Very recent research (Ferrara et al. 2008, Stahli et 
al. 2008) has shown that the dispersion and orienta-
tion of fibers in concrete structural elements can be 
effectively controlled by a suitably balanced set of 
fresh state properties and a carefully designed cast-
ing procedure. The key idea of the whole process is 
that the fluid mixture must be first of all self com-
pacting. This would allow to fill the formworks 
without any vibration or manual compaction, which 
may hinder homogeneous fiber dispersion and hence 
affect the final structural performance due to flaw 
effect of fiber-free or poorly reinforced zones. In de-
tails, the fresh state performance must be character-
ized by an adequate viscosity, to drive the fibers 
along the direction of the flow and orient them ac-
cording to the fluid velocity field lines. The value of 
the yield stress must be also carefully calibrated, to 
control, within a reasonable range, the downward 
settlement of fibers due to their higher specific grav-
ity with respect to the suspending fluid mortar. Fur-
thermore, in order the final structural performance to 
fully benefit of this, the casting process must be 
carefully designed so to make the flow direction of 
fresh concrete, along which fibers may be aligned, to 

match as close as possible with the direction of the 
principal tensile stress within the structural element 
when in service. To pave the way for spreading such 
an approach into the design and manufacturing prac-
tice of HPFRCC precast structural elements, the ef-
fect of fiber orientation, as governed through the 
fresh state performance and the casting process, has 
to be assessed through a suitable experimental pro-
cedure. This should form an integral part of the de-
sign approach in order to identify material parame-
ters which are meant as relevant to it. 

This paper addresses the above said multifold is-
sues with reference to a HPFRCC, containing 100 
kg/m3 straight steel fibers (lf = 13 mm; df = 0.16 
mm), designed for precast roof elements and slabs 
where fibers have to serve as the sole reinforcement 
(di Prisco et al. 2008). 

1m x 0.5m slabs, 30 mm thick, as in the foreseen 
application, have been cast, according to different 
procedures. Beam specimens were then cut from 
hardened slabs and tested in 4-point bending. As it 
will be further explained, specimens were cut in 
such a way that the beam axis was oriented in differ-
ent ways with respect to the direction of the concrete 
flow during casting. Since fibers tend to align along 
the direction of the concrete flow this allowed to ob-
tain different orientation of fibers with respect to the 
tensile stress applied during 4pb tests, i.e. in the di-
rection of the beam axis. double edge notched square 
tiles were then obtained from the undamaged por-
tions of the tested specimens, and tested according to 
a novel “double-edge wedge splitting” technique (di 
Prisco et al. 2010), which is deemed to provide, as 
an alternative to direct tension tests, the tensile 
stress-crack opening law. 

The correlation between the thus identified law 
and the one obtained through inverse analysis from 
bending tests will be assessed, also in the sight of 
calibrating suitable crack opening limits for the defi-
nition of residual strengths. Furthermore, due to the 
specimen manufacturing process, quantitative corre-
lation will be assessed between relevant material 
constitutive parameters and fiber orientation. The 
non-secondary aim of the study is to show how to 
exploit the correlation among fresh state perform-
ance, fiber dispersion and hardened state properties 
of SCSFRCC to achieve a prescribed level of per-
formance tailored to the specific application. 

2 MIX-DESIGN AND FRESH STATE 
BEHAVIOR  

Mix-design of the HPFRCC employed in the present 
investigationis shown in Table 1. A self-
consolidating performance in the fresh state was 
sought and achieved, as witnessed by standard test 
results summarized in Table 2. The ability of 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 
& 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 



mix to drive the fibers along its flow, guaranteeing 
their uniform dispersion and a tailored orientation 
within cast structural elements, was also checked. 
Dedicated tests, either in the fresh and hardened 
state, were performed as well as X-rays and image 
analysis of selected regions/cross sections of suita-
bly manufactured specimens. Information about 
these issues can be found in (Ferrara et al. 2009, 
Ozyurt et al. 2009). 

 
Table 1. Mix-design of HPFRCC employed in this study. 
__________________________________________ 
Constituent      quantity    
          ___________ 
           kg/m3    
__________________________________________ 
Cement type I 52.5     600     
Slag          500   
Sand 0-2 mm       982   
Water         200   
Polycarboxilate SP      33 (lt/m3)   
Steel fibers (lf/df = 13/0.16)  100 
__________________________________________ 
 
Table 2.  Results of fresh state characterization tests. 
__________________________________________ 
Test (ref. standard)  Parameter      Measured value  
__________________________________________________ 
Slump-flow   average diameter     755 mm 
(UNI 11041)   Time to 500 mm T50    4 seconds 
V-funnel    flow time TV      23 seconds 
(UNI 11042) 
L-box     time to 200 mm t200    2.5 seconds 
(UNI 11043)   time to 400 mm t400     4 seconds 
height ratio        1 
U-box     height ratio       0.98 
(UNI 11044) 
J-ring     constrained slump flow  750 mm 
(UNI 11045)   diameter 
__________________________________________ 
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Figure 1. schematics of slab casting. 

3 SPECIMEN “MANUFACTURING” 

Moving from the concept and production of a con-
struction material towards realizing the intended ap-
plication, a crucial step stands in defining a sound 
and reliable procedure for the identification of rele-
vant material properties which have to be employed 
in design calculations. 

In the case of fiber reinforced cementitious com-
posites, the identification of a “constitutive” stress 
crack-opening (or stress-strain) relationship is re-
quired, to be employed in the framework of dedi-
cated design approaches and procedures. Several 
standards and guidelines (Italian CNR-DT204, 
RILEM TC162-TDF) are nowadays available to this 
purpose. Three or four point bending tests on pris-
matic notched specimens are recommened to obtain 
a (nominal) stress vs. crack (mouth or tip) opening 
displacement, from which the constitutive law to be 
employed in design has to be identified (di Prisco et 
al. 2004a). In the case of high performance fiber re-
inforced cementitious composites, which, thanks to a 
multicrack stable propagation stage can achieve a 
deflection hardening behavior, bending tests on un-
notched prisms are recommended. Direct tensile 
tests on dog-bone or dumbbell specimens remain the 
most suitable, even if not easily performable, for 
strain hardening materials. 

In the framework of this study, aimed at assessing 
the influence of flow-induced fiber orientation on 
the mechanical performance of the composite, 1m x 
0.5m x 30 mm thick slabs were cast, according to 
“tailored” procedures, as schematically shown in 
Figure 1. 

In one case, fiber reinforced material was poured 
at one of the shorter edges (Fig. 1a), allowing it to 
flow parallel to the longer sides. In the other (Fig. 
1b), material was poured at the center of the longer 
edge, and formwork were filled by an almost radial 
spread of the fresh concrete. 

Beam specimens 150 mm wide and 500 mm long 
were cut from the hardened slabs, according to the 
scheme also shown in Figure 1, and further tested in 
4-point bending. In one case (Fig. 1a) it is evident 
the axis of the beams, and hence the direction of the 
principal tensile stresses due to the applied bending 
action, was either parallel (labeled as beam L in Fig. 
1a) or perpendicular (beams labeled as beam T in 
Fig. 1a) to the flow direction of the fresh concrete, 
along which the fibers are believed to be aligned. In 
the other case (Fig. 1b), the coincidence is likely to 
be jeopardized by the radial flow, to an extent which 
is not easily a-priori quantifiable, unless through 
some Computational Fluid Dynamics modeling of 
the casting flow (Roussel et al. 2007). Four beams 
were cut from each slab. The remaining portions of 
the slabs (non-labeled in Fig. 1) were used to cali-
brate a non-destructive method to detect fiber dis-
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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.  
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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  

 

( )
1

1
10

1
10

1
1

22.0188.0
0

,
1

−
⎟
⎠

⎞
⎜
⎝

⎛
−∞

⎥
⎥
⎥

⎦

⎤

⎢
⎢
⎢

⎣

⎡
⎟
⎠

⎞
⎜
⎝

⎛
−∞

−−+−

=

h
cc

g
e

h
cc

g
eGs

s
s
c

w

sc
K

αα

αα

αα

αα

 

(6)

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



persion based on capacitive and resistive properties 
of the fiber reinforced cementitious composite 
(Faifer et al. 2009). 

After the tests, 150 mm side square tiles were 
sawn from the undamaged portions of each beam 
(i.e. the regions between the support and the load-
point closest to it). A triangle cut and a notch were 
then grooved at two opposite edges (Fig. 2), in order 
to perform the newly conceived Double Edge 
Wedge Splitting Test, as described further in this 
paper (see also di Prisco et al. 2010). Also in this 
case specimen cutting and notch grooving were done 
in such a way that the most probable flow-induced 
orientation of fibers was either parallel (specimens 
labeled as B in Fig. 1) or perpendicular (specimens 
labeled as A in Fig. 1) to the tensile stresses induced 
during the tests (i.e. alternatively perpendicular or 
parallel to the notch-prearranged fracture plane).  
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Figure 2. geometry of the specimen for Double Edge Wedge 
Splitting test (DEWS) – measures in mm. 

 
500 mm - 20 in.

150 mm - 6 in.

450 mm - 18 in.
200 mm - 8 in.

A

A

 

sect. A-A

150 mm
6 in.

30 mm - 1.2 in7 m
m

 
Figure 3. test set-up for 4pb tests. 

4 EXPERIMENTAL TESTS AND RESULTS 

4-point bending (4pb) and Double Edge Wedge 
Splitting (DEWS) tests were performed on speci-
mens, manufactured as detailed in the previous sec-
tion. As a whole, eight 4pb and sixteen DEWS tests 
were performed. 

4.1 4 point bending tests 
4-point bending tests were performed in displace-
ment control according to the set-up shown in Figure 
3. Since stable multi-cracking may be likely to occur 
in the constant bending moment region before local-
ization into a single unstable propagating crack, 
crack opening displacement (COD) was taken as an 
integral measure over a 200 mm gauge length, 
astride the central region itself. 

Nominal stress vs. COD curves (Fig. 4a-b) pro-
vide clear evidence of the effectiveness to align fi-
bers along the flow direction of the fresh concrete, 
thanks to its suitably balanced viscosity, also as a 
function of the casting flow geometry. It also ap-
pears to what extent the thus tailored fiber orienta-
tion is able to influence the mechanical performance 
of the material in the hardened state. 

In order to proceed with a quantitative analysis of 
the mechanical performance as above described, 
suitable indicators of the fracture toughness at dif-
ferent levels of crack opening have been calculated. 
Dealing with a deflection-hardening fiber reinforced 
material, the behavior of which is characterized by 
pre-peak multiple cracking followed by a single 
crack localization, the “processing” of the load-COD 
curve to the above said purpose must be handled 
with care. The different length scales involved in the 
have to be taken into account and guideline prescrip-
tions have to be adequately modified. In the pre-
peak regime, where multiple cracking has been ob-
served in the central constant-bending-moment re-
gion of the specimens, the length-scale governing 
the measured load-COD behavior may be assumed 
equal to the COD-measuring gauge-length (l COD = 
200 mm). On the other hand, once the localization 
into a single crack has occurred, the fracture govern-
ing length scale can be assumed equal to the speci-
men depth h. This does not apply to the case of 
beams cut from slab A in Figure 1a with the axis 
vertical to the flow (beams T1/2), for which a con-
ventional-SFRC deflection-softening behavior was 
measured, with no multiple cracking. The governing 
length scale is equal to h all along the fracture proc-
ess. In this case, coherently with a straightforward 
application of current Italian guidelines on the de-
sign of SFRC structures (CNR DT 204), from the 
nominal stress vs. COD curves the following 
stresses and equivalent post-cracking strengths have 

Proceedings of FraMCoS-7, May 23-28, 2010

hThD ∇−= ),(J                             (1) 
 

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 



been calculated as indicators of the material me-
chanical performance: 

- the first cracking strength, fIf, defined as the 
maximum nominal stress in the COD range 0-0.1 
mm, the corresponding COD being defined as wI; 

- the equivalent post-cracking strengths feq,1 and 
feq,2, defined as the nominal stress averaged in the 
COD range 3-5 wI (0.3-0.5 mm) and 0.02h ± 20% 
(0.48-0.72 mm), the last one corresponding to an av-
erage tensile strain over the cross section equal to 
1%. The aforementioned values are supposed repre-
sentative of the material load-bearing capacity in 
SLS and ULS. 

It is by the way worth remarking that for the very 
thin structural elements herein dealt with, the second 
COD range may prove inadequate for a correct de-
sign-oriented identification of a tensile stress vs. 
crack-opening law. This either because it partially 
overlaps with the first one and may be not enough 
representative of the ductility and deformation ca-
pacity of the material. For this reason post-cracking 
equivalent strength corresponding to a higher COD 
range, equal to 0.10h±20%, has been herein calcu-
lated, for a reliable identification of the tensile 
stress-crack opening law from bending tests. 

Whenever a deflection-hardening behavior ac-
companied by pre-peak multiple cracking has been 
observed, the procedure for the calculation of 
equivalent post-cracking strengths was modified as 
follows: 
- the peak nominal stress, σN,peak and the correspond-
ing strain εpeak = CODpeak/ l COD were calculated; 
- the crack opening ranges for equivalent post-
cracking strengths were redefined according to the 
following relationships: 

 
- for feq,1 (3-5 wI - εpeak h) + εpeak l COD    (1a) 

- for feq,2 (0.02h±20% - εpeakh) + εpeak l COD  (1b) 

- for further limits 
(0.10h±20% - εpeakh) + εpeak l COD  (1c)  

 
 

Table 3.  Results of 4pb tests (stresses in N/mm2). 
__________________________________________ 
Specimen  fIf   σN,peak   feq,1   feq,2   feq,010h 
__________________________________________________ 
Slab A 
L1     12.6  26.0   24.8   23.5   16.6 
L2     15.4  27.6   26.7   24.6   12.2 
T1      9.2   9.2    8.0    8.9    7.0 
T2      8.9   8.9    8.4    8.8    6.8 
Slab B 
L1     12.4  24.1   23.3   23.5   13.7 
L2     12.7  23.5   22.9   21.4   15.2 
T1     12.2  20.3   19.7   19.2   12.2 
T2     11.7  19.4   19.4   18.9   13.5 
__________________________________________________ 
 

These hypotheses result in post-cracking equiva-
lent strengths that are representative for the same 
openings of the localized crack. The results are 
summarized in Table 3 for all the eight specimens 
tested in 4-point bending, providing detailed infor-
mation for a thorough appreciation of the mechani-
cal performance of the material. 
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Figure 4. 4pb tests – nominal stress σn vs. COD curves – 
specimens cut from slab A (a) and from slab B (b). 

4.2 Double Edge Wedge Splitting tests 
Figure 5 shows a detail of the test set-up, together 
with the positioning of measuring instruments and a 
picture of the specimen under testing. Crack opening 
displacement was measured over a 50 mm length on 
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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 

 

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

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 



both sides of the specimen at three different posi-
tions along the ligament by means of LVDTs. 

Tests were performed controlling the actuator 
displacement: the traction force acting on the liga-
ment was calculated from the measured applied 
force also taking into due account the effects of fric-
tion (Fig. 6). The coefficient of friction was experi-
mentally quantified by means of a dedicated test as 
explained in detail in a companion paper by di 
Prisco et al. (2010). 

 

 
(a) 

 
(b) 

Figure 5. schematic of test set-up for DEWS tests (a) and pic-
ture of a specimen under testing (b). 
 

45°

P

fR fR
R R

 
Figure 6. scheme of forces acting during the DEWS test: P ap-
plied force; R force on the ligament; fR friction force (f friction 
coefficient between steel rolled and sheets). 
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(b) 

Figure 7. DEWS tests - stress vs. COD curves – specimens cut 
from slab A (a) and from slab B (b). 
 

 
Figure 8. out of plane rotation of specimen B-T2A. 

 
Figure 7 shows the results in terms of stress vs. 

average COD, which confirm the previous findings 
from 4pb tests about the effect of the flow induced 
fiber orientation on the mechanical properties of the 
composite. The poor performance of specimens B-
T1B and B-T2B is due to a high out-of-plane rota-
tion (Fig. 8- about 14° in both tests – see also di 
Prisco et al. 2004b). It is worth here remarking that 
such an out-of-plane rotation occurred in all speci-
mens, but was always lower than 2°. Cracking al-
ways initiated on the side of the specimen corre-
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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  

 

( )
1

1
10

1
10

1
1

22.0188.0
0

,
1

−
⎟
⎠

⎞
⎜
⎝

⎛
−∞

⎥
⎥
⎥

⎦

⎤

⎢
⎢
⎢

⎣

⎡
⎟
⎠

⎞
⎜
⎝

⎛
−∞

−−+−

=

h
cc

g
e

h
cc

g
eGs

s
s
c

w

sc
K

αα

αα

αα

αα

 

(6)

 
 
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 



sponding to the free surface during casting, which. 
most likely had a poorer fiber content due to their 
downward settlement. 

A quantitative analysis of the measured perform-
ance has also been performed. Coherently with 
above referred Italian guidelines on the design of 
SFRC structures as well as with the proposed adap-
tations to the case of HPFRCC, the following 
stresses and post-cracking strengths were calculated: 
- the first cracking strength, fIf, defined as the 
maximum nominal stress in the COD range 0-0.05 
mm, the corresponding COD being defined as wI; 
- the peak stress, σpeak and the corresponding strain 
εpeak = CODpeak/ l COD were calculated; 
- the post-cracking strengths corresponding to the 
following crack opening ranges: 
- for feq,1 (3-5 wI - εpeak h) + εpeak l COD    (2a) 

- for feq,2 (0.01h±20% - εpeakh) + εpeak l COD  (2b) 

- for further limits 
(0.05h±20% - εpeakh) + εpeak l COD  (2d) 
 

The results are summarized in Table 4 for all the 
sixteen tested DEWS specimens. 

 
Table 4.  Results of DEWS tests (stresses in N/mm2). 
__________________________________________________ 
Specimen  fIf   σ,peak   feq,1   feq,2  feq,005h 
__________________________________________________ 
Slab A 
L1-A    3.0  4.2   4.1   3.8   1.9 
L1-B    8.3  9.8   9.3   8.2   3.2 
L2-A    3.2  3.5   3.2   3.0   1.3 
L2-B    7.1  9.3   8.9   7.5   2.5 
T1-A    1.8  3.6   1.8   1.9   1.8 
T1-B    6.3  8.5   8.2   7.8   3.0 
T2-A    1.8  2.6   2.0   2.1   1.6 
T2-B    6.6  8.0   7.8   7.1   2.9 
Slab B 
L1-A    3.0  4.2   4.1   3.8   1.9 
L1-B    5.2  5.8   5.5   4.9   2.2 
L2-A    5.2  5.5   5.5   5.1   2.4 
L2-B    6.4  6.7   6.2   5.8   2.6 
T1-A    2.4  2.5   2.3   1.8   1.2 
T1-B        loss of control 
T2-A    2.2  2.6   2.5   2.1   1.3 
__________________________________________ 

5  “CONSTITUTIVE” BEHAVIOR: 
 INFLUENCE OF FIBER ORIENTATION 

To pave the way to structural applications made with 
the produced HPFRCC, the identification of “consti-
tutive” stress-strain and/or stress crack opening rela-
tionships has to be pursued. The experimental data 
presented and discussed in the previous section, al-
low such a task to be performed either directly from 
DEWS tests or by means of inverse analysis from 
4pb test results. This also enables to cross evaluate 

the reliability of both the experimental procedure 
based on the DEWS test and of the inverse analysis 
one from 4pb tests. For the latter, reference will be 
made to average values for each couple of nominally 
identical specimens (i.e. either L1-2 and T1-2 cut 
from both slabs), which showed a fairly limited scat-
tering (Fig. 4a-b). 

As a starting point reference has been made to the 
procedure recommended by the Italian guidelines 
(CNR DT 204), suitably modified to take into ac-
count the deflection hardening behavior. Coherently 
with another previous work by the authors (di Prisco 
et al. 2004a), it is proposed herein to consider: 

- a pre-peak stress-strain law (Fig. 9a), in which 
the first linear elastic branch matches with CEB-
Model Code prescriptions; 

- a post-peak stress crack-opening law (Fig. 9b) 
which can be still identified as in CNR-DT204, by 
carrying out inverse analysis, also accounting for the 
pre-peak stress-strain law. 

Besides the crack opening ranges defined in Equa-
tion (1a-b), to which the post-cracking equivalent 
strengths feq,1 and feq,2 correspond (Table 3), a further 
crack opening stage has been considered, at wu = 0.10h 
and the corresponding equivalent strength calculated in 
the range defined in Equation (1c). The σ-w laws 
shown with solid markers in Figures 10-11 are thus ob-
tained. For beams T1/2 from slab A, which exhibited a 
deflection softening behavior, the pre-peak constitutive 
branch is meaningless. 

In Figures 10-11 a-c the constitutive laws ob-
tained as explained in the previous paragraphs are 
compared with those directly provided by the DEWS 
tests. 
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Figure 9. pre-peak stress-strain (a) and post-peak stress crack-
opening (b) laws for deflection-hardening materials (coeffi-
cients β1, κ1 and κ2 computed through inverse analysis). 
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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 
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Figure 10. comparison between stress-strain/crack opening re-
lationship identified from 4pb tests (inverse analysis) and ex-
perimental ones from DEWS tests: pre-peak behavior (a): post-
peak with fibers parallel to tensile stresses (b) and fibers per-
pendicular to tensile stresses (c) (Slab A). 
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Figure 11. comparison between stress-strain/crack opening re-
lationship identified from 4pb tests (inverse analysis) and ex-
perimental ones from DEWS tests: pre-peak behavior (a): post-
peak with fibers parallel to tensile stresses (b) and fibers per-
pendicular to tensile stresses (c) (Slab B). 

Proceedings of FraMCoS-7, May 23-28, 2010

hThD ∇−= ),(J                             (1) 
 

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 

 

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

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 



Comparison is made with reference to similar 
relative orientation of the fracture cross section to 
the casting flow direction and to the most probable 
orientation of fibers. The strain in the pre-peak 
branch of DEWS curves has been calculated divid-
ing the average COD by the gauge length (50 mm). 

The following issues are worth being highlighted: 
- the pre-peak constitutive behavior identified from 
4pb tests always shows a higher peak stress as well 
as a higher “hardening” modulus than in DEWS test 
results; this may be the outcome of a most likely 
downward settlement of fibers (see Ferrara et al. 
2009), which acts favorably in the case of 4pb tests; 
- except for very early softening stage, which may 
be affected by the above said differences in the pre-
peak behavior, there is a remarkable agreement be-
tween the post-peak behavior as identified from 4pb 
and DEWS tests in most of the investigated cases, 
which refer to different fiber orientation with respect 
to the applied tensile stress. 
- the value of the crack opening at zero stress iden-

tified by means of inverse analysis from 4pb tests, 
which is close to half the fiber length (lf = 13 
mm), is likely to be roughly confirmed also by 
DEWS test results. 
The relatively good agreement detectable in Fig-

ures 10-11, besides supporting the reliability of the 
proposed experimental and identification procedures 
(di Prisco et al. 2004b), also allows to evaluate about 
the influence of the casting flow geometry on the 
random dispersion and tailored orientation of fibers. 
It appears that a good homogeneity of fiber disper-
sion almost all over the cast slab has been obtained 
in the case of slab A, where, after an initial transient 
flow where the fresh material is poured, formwork 
was filled by an almost unidirectional flow parallel 
to the longer edges of the slab. In the case of slab B, 
where a radial flow of fresh concrete filled the 
moulds, the direction of fibers, as induced by the 
fresh concrete flow, was different in each of the 
tested specimens, thus justifying the larger differ-
ences between results from 4pb and DEWS tests, 
mainly in the case of beams T1/2 and related DEWS 
specimens (e.g. in slab B, unlike in slab A, specimen 
DEWS T2B differ from DEWS L1/2B). 

These statements, which provide a physical inter-
pretation of the measured and identified behavior of 
the material, need further quantitative confirmation 
(Soroushian and Lee, 1990; Stroeven, 2009). 

In a previous work (Ferrara et al. 2009), the au-
thors performed, for 4pb specimens, a refined image 
analysis to identify fiber orientation parameters on the 
fracture cross sections. Calculated fiber orientation 
densities for the analyzed specimen surfaces are 
shown in Figure 12. The fiber orientation density may 
be correlated to the total fiber projected length in the 
given direction, expressed in probabilistic terms. 
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Figure 12. fiber orientation densities on fracture surfaces of se-
lected 4pb specimens from slab A (a) and slab B (b). 
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Figure 13. influence of fiber orientation on stresses at different 
crack openings calculated from 4pb tests (a) and DEWs 
tests(b). 
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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
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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 



Results of this analysis were correlated to the 
measured values of the equivalent post-cracking 
nominal strengths, showing their strong dependence 
on the “fiber orientation density” vertical to the frac-
ture surface. Such a strong correlation is also con-
firmed by Figure 13a, where the values of the “true 
stress” at different crack openings as identified by 
means of inverse analysis have been plot vs. the fiber 
orientation density vertical to the fracture surface. In 
Figure 13b the same correlation has been sought for 
stresses experimentally identified from DEWS test 
results, by hypothesizing that the same fiber orienta-
tion densities as for 4pb specimens features their 
cross sections, as detailed in Figure 12. Despite some 
larger scattering, which is likely due to the assump-
tion of retaining throughout the slabs the same orien-
tation densities as for the analyzed fracture cross sec-
tions of 4pb beams, the relevant characteristics of the 
identified trend appear to be confirmed, thus provid-
ing further evidence to the reliability of either the 
identification procedure employed for 4pb tests and 
the novel experimental technique. 

6 CONCLUSIONS AND FURTHER WORK 

The influence of fiber orientation, as driven by the 
casting flow of fresh concrete thanks to its balanced 
fresh state performance, on the mechanical behavior of 
High Performance Fiber Reinforced Cementitious 
Composite has been analyzed in this study. A suitably 
“tailored” procedure has been employed to the pur-
pose. Casting process and specimen geometry have 
been designed so to have a wide range of flow induced 
fiber orientations, which were characterized by means 
of image analysis in a separate study. Mechanical per-
formance was experimentally investigated by means of 
either 4-point bending tests on unnotched beams and 
by a newly developed technique, named Double Edge 
Wedge Splitting Test. This has been shown to provide 
directly the tensile constitutive behavior of the 
HPFRC, in good agreement with the one identified 
from 4pb tests by means of inverse analysis, where 
fracture toughness up to higher crack opening limits 
has been considered due to the high material perform-
ance. This provided interesting evidence on the reli-
ability of the proposed new experimental test and iden-
tification procedure. The possibility to achieve, 
through to the fresh state properties of the mixture and 
a carefully designed casting process, a “tailored” orien-
tation of fibers and thus control the mechanical per-
formance of the material, has also been assessed. 
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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  

 

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 
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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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