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ABSTRACT: A research was conducted to investigate and improve the fracture energy of ultra high perform-
ance fiber reinforced concretes (UHP-FRC) using relatively low fiber contents. Seven different UHP-FRCs 
incorporating different types and amounts of high strength steel fibers were tested in tension, using double-
bell shaped tensile prisms. The UHP-FRCs were first optimized to achieve a compressive strength of about 
200 MPa, without applying any heat curing treatment or pressure. The high strength steel fibers used were 
smooth, hooked-ends or twisted. Particular attention was placed to measuring the strain-hardening and soften-
ing performance of the composite in order to accurately evaluate the dissipated energy per unit area and per 
unit volume. An optimized UHP-FRC with 1.5 % twisted steel fibers by volume exceeded 30 kJ/m

2
 in frac-

ture energy. This is about one and a half the fracture energy reported from other comparable UHP-FRC. 

1 INTRODUCTION 

Ultra high performance concretes (UHPC) are char-
acterized by a very high packing density. This leads 
to ultra high compressive strength, which results in 
an explosive failure in compression, and a very brit-
tle failure in tension. One solution to overcome this 
brittle behavior is to add fibers to the concrete. 
When the fiber and matrix parameters are properly 
selected, the addition of fibers can improve the frac-
ture energy Gf of such ultra high performance fiber 
reinforced concretes (UHP-FRC) by several orders 
of magnitude, thus arousing significant interest for 
practical applications. The fracture energy is influ-
enced by numerous variables which include the fiber 
and matrix properties, their bond behavior, and the 
average number and inclination of fibers crossing 
the crack. Assuming steel fibers with high strength 
and ductility are used, the fracture energy of UHPC 
can be enhanced 1) by improving the physico-
chemical bond through higher matrix strength and 
packing density, 2) by improving the mechanical 
bond through deformed steel fibers, and 3) by in-
creasing the amount of fibers. However, the amount 
of fibers is limited by the workability of the compos-
ite. A low workability may lead to air entrapment 
and decreased compressive strength. Therefore, 
there is a need to optimize various parameters in or-
der to maximize the fracture energy of the composite 
in tension. In this study a limit on the fiber volume 
fraction was set at 2.5 % to maximize the benefits to 
cost ratio. Since compressive failure is induced by 
splitting tensile cracks in the concrete, the addition 
of fibers is therefore expected to quell the explosive 
nature of compression failure of UHPC. 

2 BACKGROUND INFORMATION 

2.1 Strain hardening 

If the stress σcc is defined as the applied tensile load, 
when the first precolation crack occurs, divided by 
the specimen cross sectional area A , and if the 
maximum post-cracking stress σpc is defined as the 
maximum tensile load divided by the specimen cross 
sectional area A , Equation 1 can be formulated to 
define “high performance FRC” which in effect im-
plied strain hardening behavior. An account of the 
history and evlolution of the terminology leading to 
strain-hardening is given by Naaman (2007). 
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Figure 1a illustrates a simplified response of 

strain-hardening fiber reinforced concrete compris-
ing three conceptual parts, Part I (Elastic behavior 
up to 90-95% of σcc, followed by development of 
micro cracks and activation of fibers), Part II (Strain 
hardening behavior with multiple cracking, small 
crack width, providing inelastic strain) and Part III 
(Softening behavior with opening of a major crack). 

All seven UHPFRC investigated in this study ex-
hibited strain hardening behavior (Fig. 2). 

2.2 Fracture Energy 

Fracture energy Gf is defined as the amount of dissi-
pated work W needed to generate a unit crack with 
two completely separated crack surfaces (2 ALig) ; if 
the new crack area or fracture area, or ligament area 
is defined as ALig then:  
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where F = load applied in tension; δ = crack open-
ing, and δu crack opening up to complete separation. 

Reported fracture energy values of UHP-FRC or 
other high performance cementitious composites are: 
20 kJ/m

2
 (2.5 % steel fibers, Jungwirth 2006), 

20 kJ/m
2
 (6 % steel fibers, Benson & Karihaloo 

2005), 24 kJ/m
2
 (6 % steel fibers, Habel et al. 2006), 

25 kJ/m
2
 (12 % steel fibers, Bache 1992), 34 kJ/m

2
 

(4 % PE(Spectra)-fibers, Maalej et al. 1995), 
40 kJ/m

2
 (2.5 % steel fibers, 90°C thermal treatment, 

Richard & Cheyrezy 1995). 
The evaluation of fracture energy of strain hard-

ening fiber reinforced concrete un-notched speci-
mens under direct tension requires the distinction 
between the energy dissipated during strain harden-
ing Gf,A,n and the energy dissipated during softening 
Gf,B per unit ligament area (Fig. 1). 

 

  
a) Definition of energy per unit volume gf  and per unit area 
Gf, 

 

  
b) Definition of Gf related to the failure causing crack  

 
Figure 1. Strain hardening material under tension and the defi-
nition of fracture energy related parameters. 

 
The energy per unit area Gf,A,n dissipated during 

strain hardening depends on the gauge length Lg 
used in measuring strain, and represents the energy 
needed to generate ncr cracks with a permanent crack 

opening, δpc. The ratio Lg / ncr defines the average 
crack spacing, scr, assuming that within Lg an evenly 
distributed crack pattern is generated for a given 
composite. Thus the relative fracture energy gf per 
unit gauge length can be defined as described below. 
This type of energy per unit volume is only related 
to strain hardening materials and allows an objective 
comparison of the strain hardening performance of 
different composites (Fig. 1). 

 

 
Figure 2. Distinctive fine multiple cracking upon strain harden-
ing of UHP-FRC with only 1.5 % twisted high strength steel 
fibers. 

 
Reaching the peak stress or post-cracking 

strength, σpc, initiates the crack opening of one ma-
jor crack, defined as the critical failure crack, and 
leads to the softening behavior of the material. A de-
termination of residual strain εres as well as stiffness 
at peak load Epc is needed to calculate the energy 
Gf,B, which represents the energy per ligament area 
to separate the major crack starting from a residual 
crack opening of δpc. Therefore, the entire fracture 
energy Gf needed to completely separate the material 
is determined from the following equations:  
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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  

 

( )
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 



Figure 1 and Equations 3-7 point out the distinction 
between the relative fracture energy gf,A during strain 
hardening and the fracture energy Gf,B during soften-
ing. Since in order to determine the fracture energy 
Gf,B the stiffness Epc is needed, it has been deter-
mined from the experimental results of this study 
and reported later in Table 4. The stiffness was cal-
culated from the following equation: 
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where kε is a parameter that can be determined de-
pending on the type of fiber and composite. 

3 MATERIAL AND TEST SETUP 

3.1 UHPC and UHP-FRC 

An ultra high performance concrete (UHPC) was 
developed by properly selecting material compo-
nents available in the US and fine-tuning their pro-
portions and their interaction in the fresh state using 
the flow cone table (Wille et al., in press). The 
UHPC achieved a compressive strength at 28 days 
of 192 MPa (28 ksi), obtained from prism shaped 
specimens with a slenderness of 2 (50x50x100 mm), 
with ground loaded surfaces and cured under normal 
laboratory conditions (water, 20°C). No heat treat-
ment, no pressure or special mixer was used follow-
ing the goal of a simply way to design an UHPC, 
which in addition exhibits self consolidating proper-
ties providing good workability. The mix proportion 
and mechanical properties of the plain UHPC can be 
found in Table 1. 

 
Table 1. Mixtures for UHPC and UHPFRC. 

UHPC UHP-FRC Type 
Proportions by weight 

Cement PC Type I 1.0 1.0 
Silica Fume 0.25 0.25 
Quartz Powder 0.25 0.25 
Water 0.22  0.22 
Superplasticizer 0.0054* 0.0054* 
Fine sand A**  0.28 0.26 
Fine sand B*** 1.10  1.03 
Steel fibers****  0.00  0.25***** 
f’c[prism] in MPa (28d) 192 201 
f’c[prism] in MPa (140d) 210 n/a 
Large spread value in mm 910 835 
*solid content, **max. grain size 0.2 mm, ***max. grain size 
0.8 mm, ****straight, lf/df=13mm/0.2mm, *****2.5 % by volume 

 
The addition of high strength steel fibers up to 

2.5 % by volume did not diminish the self consoli-
dating properties of the mixture. The compressive 
strength of the UHP-FRC exceeded 200 MPa after 
28 days.  

3.2 Steel Fibers 

Four types of high strength (ft > 2000 MPa) steel fi-
bers were used in this study (Table 2). These in-
cluded straight smooth steel (S-) fibers, commonly 
used so far in UHPC mixtures worldwide; the S- fi-
bers are characterized by a small diameter and an 
appropriate length to diameter ratio (lf/df) giving 
good workability and bond behavior (Fig. 3a). 

The three other fibers were deformed fibers 
which provided mechanical bond in addition to the 
physico-chemical bond. They included a commer-
cially available hooked (H-) fiber which develops its 
mechanical bond through a hook-shaped deforma-
tion at each end, and two twisted (T-) fibers which 
provided mechanical bond distributed along their en-
tire length. 

 
Table 2. Types of fibers used in the study. 

 Form Twists df  lf lf/df 
 - - mm mm - 

S straight 0 0.20 13 65 
H hooked 0 0.38 30 79 
T1 high twisted 16 0.30* 30 100 
T2 low twisted 6-8 0.30* 30 100 
*manufactured out of round wire with df = 0.30 mm, shaped 
into prism a/b = 0.24/0.30 mm 

 

    
a) Straight (S)    b) Hooked (H)  c) Twisted (T) 

 

  
d) High twisted (T1)       e) Low twisted (T2) 

 
Figure 3. Different types of steel fibers used in this research. 

 
The mechanical bond of the T- fiber is influenced 

by the number of twists and the torque resistance of 
the fiber. One T-fiber had a high twist ratio leading 
to about 16 ribs per fiber length, and the other had a 
lower twist ratio with about 6-8 ribs per fiber length, 
(Fig. 3e). Both T fibers were square in cross-section 
and were made from a wire with 0.3 mm in diame-
ter. 

3.3 Specimen Preparation 

Cement (C), silica fume (SF), glass powder (GP), 
water, superplasticizer (SPL) and steel fibers were 
mixed together in a drum mixer following the rec- 
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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 



ommended mixing procedure in (Wille et al. in 
press). After mixing, the UHP-FRC was poured in 
double-bell shaped tensile prisms; a slight vibration 
was applied at the end. After casting, the specimens 
were covered with plastic sheets and stored at room 
temperature for 24 hours. Then they were taken out 
of their molds and stored in a water tank at 20°C for 
an additional 25 days. All specimens were tested at 
the age of 28 days. 

3.4 Test Setup 

Double-bell shaped tensile prisms were loaded and 
unloaded under uniaxial tension (Fig. 4), following a 
displacement controlled procedure. Two symmetri-
cally placed LVDTs were attached to the specimens 
over a gauge length Lg of 178 mm to measure the 
tensile elongation. The strain, valid up to peak 
stress, was obtained from the average elongation. 

 

 
Figure 4. Shape of direct tensile specimen and test setup. 

4 EXPERIMENTAL PROGRAM 

An experimental program comprising seven series of 
UHP-FRC tensile tests was carried out (Table 3). An 
estimated lower limit for the fiber volume fraction to 
achieve strain hardening behavior was set to 1.5 % 
for S-fibers and 1.0 % for deformed fibers (H, T). 
This led to the first 3 series of tests. Moreover the 
volume fraction was increased by an additional 1 % 
leading to three additional series with 2.5 % of S-
fibers and 2 % of H- and T-fibers.  Following the 
goal to design a high ductility UHP-FRC with a low 
amount of fibers, a test series with 1.5 % of low 
twisted high strength steel fibers was also investi-
gated (Table 3). 

Table 3. Different types of UHP-FRC investigated in this 
study. 

Notation Form Frac-
tion Vt 

Fiber Factor χf 

 - Vol.-% 
/f f f fV l dχ = ×  

UHP-FRC-S-1.5 S 1.5 1.2 ≤  2.5 
UHP-FRC-S-2.5 S 2.5 2.0 ≤  2.5 
UHP-FRC-H-1.0 H 1.0 0.8 ≤  2.0 
UHP-FRC-H-2.0 H 2.0 1.6 ≤  2.0 
UHP-FRC-T1-1.0 T1 1.0 1.0 ≤  2.0 
UHP-FRC-T1-2.0 T1 2.0 2.0 ≤  2.0 
UHP-FRC-T2-1.5 T2 1.5 1.5 ≤  2.0 

5 TEST RESULTS 

5.1 Workability 

It is generally accepted that, for a given fiber, the 
workability of FRC decreases with an increase in ei-
ther the volume fraction of fibers or their aspect ratio. 
The product of volume fraction Vf by the aspect ratio 
lf/df is often termed the fiber factor, χf, (Equation 9). 

 

ffff dlV /×=χ                            (9) 

 
Thus an increase in χf increases the risk of fiber 

clumping during the mixing process and decreases 
workablity. Markovic (2006) recommended an up-
per limit of χf ≈ 2.5 (2006) considering straight fiber 
with lf/df = 13 / 0.2 mm. For UHP-FRC with long fi-
bers of lf/df = 30 / 0.3 mm, the above limit suggests a 
maximum fiber volume fraction of 2.0 %.  

5.2 Tensile Behavior under loading & unloading 

Test results were analyzed for strain hardening per-
formance and post-peak softening behavior, evalu-
ated through the relative fracture energy gf,A, and 
Gf,B, respectively. Particular attention was put to de-
termine the stiffness Epc at peak load since it is es-
sential to distinguish the dissipated energy during 
strain hardening and softening. 

The tensile responses of all UHP-FRC specimens 
tested are shown in Figure 5-11 and key properties 
are summarized in Table 4. 

It can be observed first that all UHP-FRC speci-
mens within each series showed a low variability in 
their tensile response. A volume fraction of 1.5 % of 
S-fibers can be considered a lower limit to obtain 
strain hardening behavior (crack spacing scr ≈ 
25 mm). A volume fraction of 1.0 % of H- or T-
fibers was sufficient to clearly obtain srain harden-
ing and multiple cracking (crack spacing scr ≈ 
9 mm). UHP-FRC-T1-2.0 exhibited the highest ten-
sile strength up to σpc = 16 MPa and the highest 
strain value at peak load, εpc = 0.61 %. With a final 
crack spacing scr ≈ 3 mm and a residual average 
crack width of 7-8 microns (Fig. 12) this UHP-FRC 
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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 

 

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 
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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 
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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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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 
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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 



exhibited the best overall behavior among the severn 
series tested. However, in terms of efficiency, UHP-
FRC-T2-1.5 led to the most cost effective behavior: 
tensile strength up to σpc = 14 MPa, a strain value at 
peak load εpc = 0.60 % and a crack spacing scr ≈ 
4 mm (less than UHP-FRC-H-2.0). This result indi-
cates that optimized composites can be designed 
with properly manufactured twisted steel fibers (here 
simply by using a low twist ratio). 

 

  
Figure 5. Tensile response of UHP-FRC-S-1.5. 

 

  
Figure 6. Tensile response of UHP-FRC-S-2.5. 

 

  
Figure 7. Tensile response of UHP-FRC-H-1.0. 

  
Figure 8. Tensile response of UHP-FRC-H-2.0. 

 

  
Figure 9. Tensile response of UHP-FRC-T1-1.0. 

 

  
Figure 10. Tensile response of UHP-FRC-T1-2.0. 

 
Some specimens from each series were loaded 

and unloaded at different strain levels in order to ob-
tain the unloading stiffness Eu. Surprisingly, all 
UHP-FRC specimens loaded and unloaded while in 
the ascending elastic region, eventually exhibited a 
higher cracking strength than the uniformly loaded 
specimens. 
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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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ratio, cement chemical composition, SF content, 
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etc.). In the literature various formulations can be 
found to describe the sorption isotherm of normal 
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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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The material parameters k

c
vg and k
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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 



  

Figure 11. Tensile response of UHP-FRC-T2-1.5. 

 

Table 4. Average tensile properties of UHPFRCs. 

Series No. σpc εpc Epc ncr scr 
 - MPa % GPa - mm 

UHP-FRC-
S-1.5 

3 8.3 0.17 9.7 7 25.4 

UHP-FRC-
S-2.5 

4 14.2 0.24 12.0 22 8.1 

UHP-FRC-
H-1.0 

3 9.4 0.47 3.0 19 9.4 

UHP-FRC-
H-2.0 

5 14.0 0.45 4.0 39 4.6 

UHP-FRC-
T1-1.0 

5 8.0 0.32 4.7 21 8.5 

UHP-FRC-
T1-2.0 

6 15.5 0.61 4.6 58 3.1 

UHP-FRC-
T2-1.5 

6 13.3 0.60 3.5 45 4.0 

 

 

  

Figure 12. Crack spacing (left) and crack width (right) of 
UHP-FRC-T1-2.0. 

 

Experimental values of the unloading stiffness Eu 
at different strain values within the strain hardening 
region are plotted in Figure 13 versus the strain at 
unloading. UHP-FRC including deformed fibers (H 
& T) follow the same decreasing trend for Eu with 
increasing strain almost independently of the fiber 
volume fraction. However, UHP-FRC with S-fibers 
are significantly stiffer than UHP-FRC-H/T at com-
parable strain values. This can be explained by the 
fact that for same volume of fibers, S fibers, having 
a smaller diameter, offer a much higher surface area 
for bond and that influences the modulus in the 
cracked state (Najm & Naaman 1995).  

 
Figure 13. Unloading stiffness Eu of UHPFRCs. 

 
From the values in Table 4 the unloading stiffness 

at peak load Epc can be fitted, thus calculated, using 
Equation 8. The factor kε depends on the type of fi-
ber and was determined to be: 

kε = 0.5  for UHP-FRC with S-fibers 
kε = 0.6  for UHP-FRC with T-fibers 
kε = 0.7  for UHP-FRC with H-fibers 

5.3 Fracture Energy 

The average fracture energy Gf of each test series 
was calculated using Equations 2-7. This comprises 
the dissipated energy per unit volume during strain 
hardening gf,A, the dissipated energy per unit liga-
ment area Gf,A to open one crack up to δpc and the 
dissipated energy per unit ligament area Gf,B to com-
pletely separate the critical crack during softening. 
Table 5 and Figure 14-16 summarize the results ob-
tained. 

 
Table 5. Average fracture energy related parameter. 

Series gf,A Gf,A Gf,B Gf  δpc 
 kJ/m3 kJ/m2 kJ/m2 kJ/m2 micron 

UHP-FRC-
S-1.5 

9.6 0.24 18.9 19.1 21 

UHP-FRC-
S-2.5 

22.8 0.18 25.1 25.2 10 

UHP-FRC-
H-1.0 

23.7 0.22 21.8 22.1  15 

UHP-FRC-
H-2.0 

28.9 0.13 30.1  30.2 5 

UHP-FRC-
T1-1.0 

16.8 0.14 14.8 14.9 13 

UHP-FRC-
T1-2.0 

54.1 0.17 31.6 31.7  8 

UHP-FRC-
T2-1.5 

37.1  0.15 30.6 30.8 9 

 
Similarly to what was observed for the highest 

tensile strength and the highest strain value at peak 
load, UHP-FRC-T1-2.0 also exhibited the highest 
fracture energy with Gf = 32 kJ/m

2
. This value ex-

ceeds 25 kJ/m
2
 reported by Bache (1992) for UHP-

FRC using 12 % steel fibers. In terms of efficiency 
UHP-FRC-T2-1.5, with 1.5 % fiber content, shows 
the highest dissipation of energy per unit volume of 
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where ∂we/∂h is the slope of the sorption/desorption 
isotherm (also called moisture capacity). The 
governing equation (Equation 3) must be completed 
by appropriate boundary and initial conditions.  

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

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



fibers, (Fig. 14). The fracture energy of UHP-FRC-S 
specimens was significantly lower than UHP-FRC-
H/T with comparable fiber volume fraction. Never-
theless, UHP-FRC-S-2.5 exhibited 25 kJ/m

2
 in frac-

ture energy, that is about 25 % more than reported 
by Jungwirth (2006) for a UHP-FRC with same vol-
ume fraction of steel fibers. 

 

  
Figure 14. Fracture energy Gf of UHP-FRCs. 

 

 
Figure 15. Dissipated energy gf,A per unit volume during strain 
hardening of UHP-FRCs. 

 

 
Figure 16. Dissipated energy Gf,A per unit ligament area of one 
crack during strain hardening of UHP-FRCs. 

 
The dissipated energy per unit volume gf,A during 

strain hardening can be viewed as an evaluation pa-

rameter for the strain hardening performance. Figure 15 
illustrate the variation of gf,A in terms of the fiber vol-
ume fraction Vf. It can be observed that increasing Vf 
leads to an increase in gf,A. Here again, UHP-FRC-S 
achieved the lowest values, whereas the highest value of 
54 kJ/m

3
 was attained by UHP-FRC-T1-2.0. 

The dissipated energy per unit ligament area of 
crack at peak load, Gf,A, is plotted in Figure 16. With 
around 0.2 kJ/m

2
 it has only a minor impact on the 

entire fracture energy. Similar results for Gf,A 
around 0.2 kJ/m

2
 were obtained by Jungwirth (2006). 

6 SUMMARY AND CONCLUSIONS 

An experimental program with seven series of strain 
hardening UHP-FRC was carried out to investigate 
the fracture properties under tensile loading. Special 
attention was given to clearly distinguish between 
the energy dissipated during the strain hardening be-
havior, an energy per unit volume, and the energy 
needed to completely separate the specimen, an en-
ergy per unit surface of crack created. Moreover, the 
determination of the stiffness at peak load Epc was 
evaluated in this study.  

Through optimization of matrix and fiber parame-
ters, one designed UHP-FRC exhibited a fracture 
energy Gf = 32 kJ/m

2
 with only 2% by volume of high 

strength twisted steel fibers. This composite achieved 
a tensile strength in the cracked state,  σpc = 16 MPa, 
a strain value at peak load εpc = 0.61%, a crack spac-
ing scr ≈ 3 mm, and an average residual crack width 
of 7-8 microns. In terms of efficiency per unit vol-
ume of fibers, the highest fracture energy 
Gf = 31 kJ/m

2
 was obtained by using 1.5 % by vol-

ume of high strength steel fibers with a low twist ra-
tio. This is about one and a half the fracture energy 
of comparable UHP-FRC reported by others. 
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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 
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chemical reactions and, in turn, determine pore 
structure and pore size distribution (water-to-cement 
ratio, cement chemical composition, SF content, 
curing time and method, temperature, mix additives, 
etc.). In the literature various formulations can be 
found to describe the sorption isotherm of normal 
concrete (Xi et al. 1994). However, in the present 
paper the semi-empirical expression proposed by 
Norling Mjornell (1997) is adopted because it 

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

c
vg and k

s
vg are material parameters. From the 

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

c
vg and k

s
vg and  g1 can 

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

2.2 Temperature evolution 

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

 
T∇−= λq                                (7) 

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

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

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

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

 

( ) ( )
( )

( ) ( )
⎥
⎥

⎦

⎤

⎢
⎢

⎣

⎡

⎥
⎥
⎥

⎦

⎤

⎢
⎢
⎢

⎣

⎡

−

−
∞

+

−
∞

−=

11
10

,
1

                            

1
10

1
1,

1
,,

h
cc

g
e

sc
K

h
cc

g
e

sc
G

sc
h

e
w

αα

αα

αα

αααα

 (4) 

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

c
vg and k
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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 


	Main
	Return



