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Model for predicting the UHPFRC tensile hardening response 

Summary 
Ultra High Performances Fibre Reinforced Concretes (UHPFRC) are characterised by an ex-
tremely low permeability and outstanding mechanical properties. These characteristics make 
UHPFRC suitable for locally “harden” reinforced concrete structures subjected to aggressive 
environments and/or mechanical stresses. Results from uni-axial tensile tests on different 
UHPFRC materials and cast in different directions have shown a variety of mechanical behav-
iour. In particular, the hardening behaviour ranges from 0.1-0.4 % but is, in some cases, not 
existent. A meso-mechanical model is developed to predict the UHPFRC tensile response as a 
function of the volume, aspect-ratio, distribution and orientation of the fibres and the mechanical 
properties of the matrix. The model allows determining the effect of two parameters, the coeffi-
cient of orientation and the volume of fibre, on the hardening behaviour. 
 
Keywords: UHPFRC, strain hardening, fibre orientation, simulation model. 

1 Introduction 
More and more durability and load carrying capacity problems emerge from aging existing civil 
structures. In order to solve these problems, UHPFRC materials are being employed because 
of their easy on-site casting combined with their excellent strength and durability properties. The 
tensile performances of these materials are dependent on various factors such as the quality of 
the matrix, the orientation and distribution of the fibres, the aspect-ratio and the volume of fi-
bres.  
In [1], the fibre orientation and distribution in two specimens constituted from different fibrous 
mixes, which showed dissimilar hardening behaviour, were investigated through image analysis. 
Unfortunately, even if a difference was observed, it was not directly possible to determine if the 
fibre orientation was responsible of the increase of the hardening domain. Moreover, [1] tested 
also two specimens (same mix) cast in different directions. The results showed two very dissimi-
lar behaviours in tension (hardening-softening and only softening). In this case the fibre orienta-
tion analysis showed a significant difference in the coefficient of orientation which explained the 
different tensile responses observed. Moreover, the different models developed by [2], [3], [4], 
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[5] to determine the response of fibre reinforced composite are not sufficient for predicting the 
extent of the hardening domain in UHPFRC. 
These two remarks emphasize the need of the development of a novel meso-mechanical model 
that allows predicting the hardening domain in tension based on the factors mentioned above. 

2 Materials and experimental results 
2.1 Materials properties  
The tensile behaviour of three materials is studied in this paper. The first two UHPFRC 
(UHPFRC-1 and 2) investigated contain a high amount of cement (>1000 kg/m3), a relatively 
high quantity of steel fibres (4-6%) and has a low water/cement ratio (<0.15). A higher aspect 
ratio of the fibres was used for UHPFRC 2 compared to UHPFRC 1 leading to a decrease in 
fibre volume in order to obtain sufficient workability. The third material is an ECC developed and 
tested by [6] and had 2% by volume of PVA fibres. 

2.2 Experimental results 
UHPFRC-1 and 2 were tested using dogbone specimens with a total length of 700 mm, with a 
constant cross-section of 5000 mm2 (100x50 mm) over a length of 300 mm. The measurements 
were done over a 350 mm distance (figure 2). The ECC was also studied with a dogbone 
specimen with a constant cross-section of 968 mm2 over a length of 185 mm. All specimens 
were cast horizontally.  
UHPFRC-2 and ECC had a significant hardening domain, i. e. 0.24% and 1% respectively. Con-
trary to this, UHPFRC-1 had a more limited hardening domain (0.1%). The fibre orientation and 
distribution were investigated in [1] on one specimen of each UHPFRC group (Table 1). The 
results show that the UHPFRC-2 has highly oriented fibres parallel to the principle stress com-
pared to UHPFRC-1, which helps increasing the hardening domain. 

 

Figure 1: Description of the parameters of a tensile test response mentionned in table 1 
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Table 1: Tensile test results for the three groups of tested specimens  

Group specimen results Selected specimen results 
 

εU,1  
[%] 

fU,1 

[MPa]
εU,max 
[%] 

fU,max

[MPa]
εU,1  
[%] 

fU,1 

[MPa]
εU,max  
[%] 

fU,max 
[MPa] 

UHPFRC-1 
Average 
Std. Dev.

0.018 
0.002 

9.0 
0.9 

0.07
0.02

9.65 
0.7 

0.021 10 0.1 10.7 

UHPFRC-2 
Average 
Std. Dev.

0.027 
0.006 

10.5 
1.0 

0.27
0.06

12.6 
1.4 

0.032 11.5 0.24 13 

ECC 
Average 
Std. Dev.

- 
3.11 

0.23 

0.99

0.57

4.89 

0.07 
Not mentionned 

3 Mechanical model of random micro cracking 
The model for predicting the response in tension of hardening-softening cementitious materials 
is explained in details in [7] and consists of two parts: 
 

• Sectional model of one micro-crack 
This part of the model was adapted from the approach developed by [9]. It consists in the su-
perposition of the matrix softening behaviour (σm), the pre-stress already present in the fibre 
before cracking (σfps) and the fibre bridging (σfb) to predict the sectional response.  

( ) ( ) ( ) ( )U fps fb mw w w wσ σ σ σ= + +   (1) 

The fibre bridging is considered by equation 2 which corresponds to the summation of the con-
tribution of all the fibres depending of their out of plane angle f(θ).  

,
0

( )
fn

fb fb i
i

F F f θ
=

= ⋅∑  (2) 

The force bridged by each fibre (Ffb,i) for a crack opening (w) can be calculated using equations 
3 and 4 depending on the crack opening. 
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 (6) 

With wdb: crack opening at which full debonding is complete; df : fibre diameter; Vf: fibre volume; 
Vm: Matrix volume; Ef: Fibre module of elasticity; Em: Matrix module of elasticity. 
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The hypotheses considered are a constant frictional stress τ0 during the debonding process, a 
uniform distribution of the fibre embedment length (Le) and the decay of the frictional stress with 
increasing crack opening (equation 6). 
 

• Combination of discretely distributed micro-cracks 
Potential cracks spaced every 0.02 mm are created on all the tensile specimen length. They are 
activated if the stress exceeds the first cracking resistance (fU,1). The first cracking resistance is 
randomly distributed over the specimen length following a normal distribution. The average and 
standard-deviation are deduced from the experimental results.  
The stress releases in the neighbourhood of propagating micro-cracks locally prevent creating a 
further micro-crack. Moreover, in the model, the stress increases until one of the sections can 
no more withstand it and enters into the softening behaviour. 
The total displacement is calculated using equation 7 which takes into account the elastic dis-
placement of the un-cracked part and the contribution of all the opening cracks. A similar ap-
proach has been suggested in [10]. 

0
( )

N
u

i u R
i u

l w L
E
σσ

=

Δ = +∑  (7) 

The hypothesis considered in this part of the model is that only the resistance of the matrix var-
ies.  

 

Figure 2: Description of the two parts of the model  

4 Validation 
The model is validated using the results of the three tensile tests described in section 2.2.  
The parameters used in the simulation are given in table 2. For UHPFRC-1 all the properties 
are directly obtained from the experimental results.  
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Table 2: Description of the parameter used in the simulation (GF is the matrix fracture energy, 
Ff,R is the fibre maximum resistance in tension and Gd is the chemical bond between 
the fibre and the matrix) 

  UHPFRC-1 UHPFRC-2 ECC 
τ0 [MPa] 6.9 6.5 2.44 
Gd [J/m2] - - 4.71 
COR [-] 0.24 0.66 0.43 
Vf [%] 6.39 4.27 2.00 
Ef [MPa] 210’000 210’000 48’000 
Em [MPa] 40’000 40’000 15’900 
Lf [mm] 10 13 12 
df [mm] 0.2 0.16 0.039 
GF [J/m2] 10 10 50 

Sectional model of a 
micro-crack 

Ff,R [MPa] 3200 2500 1000 
EU [J/m2] 49’000 52’000 16’438 
fU,1,sim (Average) [MPa] 10.1 13.5 4.6 

Combination of disc-
retly distributed mico-
cracks fU,1,sim (Std. Dev.) [MPa] 0.7 1.2 0.6 
 
For UHPFRC-2, the frictional stress (τ0) is obtained by back analysis of the ultimate resistance 
of the specimen ([7]). For the ECC, the parameters were found in [6] and [11]. Only the coeffi-
cient of orientation is determined by back analysis of the ultimate tensile resistance. 
 
 a) b) 

  

Figure 3: Comparing experimental and simulation results: a) UHPFRC-1; b) UHPFRC-2 

For the two UHPFRC materials tested, a good correspondence between the simulations and the 
tensile test response is obtained in terms of the shape of the curves and the extent of the hard-
ening domain. The model does however not perfectly follow the experimentally measured sof-
tening curves; this is due to the configuration of the test used. Dogbone specimens, which are 
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less adapted for measuring the softening domain ([7]), were employed and explain the obtained 
difference in shape.  
The last validation is done using the ECC. In this situation, the equation for the fibre pull-out has 
to be modified to take into account the chemical bond (Gd). 

2 3 2 3
0 (1 )

4 2
f f d f fE d G E d

P w
π τ η π+

= +  (8) 

We can observe on figure 4 that the model is able to reproduce the extent, the shape of the 
hardening domain and the drop after the peak resistance due to fibre rupture.  

 

Figure 4: Comparing experimental and simulation results for the ECC 

On the other side, the model gives a more rigid response in the elastic domain than the experi-
mentally measured one; this is mostly due to the lack of information on this material, particularly 
the modulus of elasticity. 

5 Parametric study 
Two parameters will be investigated in this study: the effect of the coefficient of orientation and 
the fibre volume. 

a) Coefficient of orientation 
The effect of the coefficient of orientation is investigated using the same parameters as in table 
1 for the specimens UHPFRC-1 and 2 but varying the coefficient of orientation from 0.56 to 1. 
As can be seen on figure 5 a), the use of a coefficient of orientation of 0.56 for mix 2, leads to a 
response which is similar to the smallest tensile test of the group. Thus, all the tested speci-
mens should present a coefficient of orientation higher than 0.56 if we consider the hypothesis 
of a constant volume of fibre. Moreover, the development of cracks is increased with the use of 
a higher coefficient of orientation, leading to an extended hardening domain. As can be seen on 
figure 5 b), the mix 2, which has fibres with a higher aspect ratio has always an increased hard-
ening domain compared to mix 1 for the same coefficient of orientation. This is mainly due to 
the fact that the fibre of mix 2 requires a higher force before being pulled-out.  
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 a) b) 

  

Figure 5: a) Comparison between the simulation with a COR of 0.56 and the experimental re-
sullts for UHPFRC-2; b) Effect of the COR on the tensile response for Mix 1 and 2 

Also, these fibres are more effective at bridging a crack. In other words, they allow withstanding 
a larger crack opening with the same force compared to those used in mix 1. 

b) Volume of fibre 
The effect of the volume of fibre is investigated on the two same mixes than in the previous 
study. The volume of fibre is varied between 5 and 9 % and between 3 and 6 % for Mix 1 and 
Mix 2 respectively.  
 
 a) b) 

 

Figure 6: Extent of the hardening domain as a function of Volume of fibre: a) Mix 1; b) Mix 2 

The extent of the hardening domain does not increase linearly with increasing volume of fibre 
but tends to an asymptotic value (figure 6); i. e. with Mixes 1 and 2 a maximum hardening do-
main of about 0.15 and 0.3 % respectively may be reached. It is important to point out that the 
slope of the hardening domain versus volume of fibre is more important for mix 2. A decrease of 
the fibre volume has thus a more significant effect on the hardening behaviour for mix 2. More-
over, mix 1 seems to be more effective with respect to the use of the hardening domain. Assum-
ing that the mix is still applicable with high volume of fibre, Mix 1 (Vf=6%) has already attained 
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it’s asymptotic value while in mix 2 (Vf=4%) it is still necessary to increase the volume of fibre 
before attaining the asymptotic value.  

6 Conclusions 

• A novel meso-mechanical model was developed and validated with experimental results in 
order to predict the extent of the hardening domain for different cementitious materials. 

• The orientation of the fibres in the specimen has a significant impact on the hardening re-
sponse. A coefficient of orientation smaller than 0.64 does not allow creating an extended 
hardening behaviour. 

• The tensile hardening response of mixes with a high fibre aspect-ratio and lower dosages 
are more sensitive to a variation of the fibre dosage. 
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