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Abstract Ultra high performance fibre reinforced

concrete (UHPFRC) early age viscoelastic behaviour

under tension was investigated. The tests results

showed a high creep potential due to the high volume

paste (88%). This result is of major importance

because the viscoelastic properties contribute to

mitigating the high early age stresses generated under

restrained shrinkage. This beneficial effect was

reflected by the increased linear-relationship between

tensile creep and shrinkage. As expected, UHPFRC

tensile creep behaviour was also sensitive to the

loading level. Above 35% of the tensile strength at

the loading age, the material exhibited viscoplastic

behaviour. A Maxwell chain model was applied to

predict the early age UHPFRC tensile creep and

confirms the induced non-linear response.

Résumé Le comportement viscoélastique en trac-

tion au jeune âge du Béton Fibré Ultra Performant

(BFUP) a été étudié. Les résultats d’essais ont

montré que le matériau est caractérisé par un

potentiel élevé de fluage attribué au grand volume

de pâte contenu dans le BFUP (88%). Ces résultats

sont d’une importance majeure du fait que les

propriétés viscoélastiques contribuent à atténuer les

autocontraintes susceptibles de se produire au jeune

âge sous certaines conditions d’entrave. Cet effet

bénéfique est reflété par la relation linéaire croiss-

ante entre le fluage en traction et le retrait. Comme

attendu, le comportement viscoélastique du BFUP est

sensible aux niveaux de sollicitation. Au-delà de 35%

de la résistance à la traction à l’âge de sollicitation,

le matériau présente un comportement viscoplas-

tique. Le modèle de Maxwell généralisé a été

appliqué pour prédire le fluage en traction au jeune

âge, son application confirme la réponse non-linéaire

observée.
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1 Introduction

Structures are subjected during their service life to

numerous loads: self-weight, live, wind, earthquake

loads and temperature and relative humidity changes.

In addition, under certain structural and environmen-

tal conditions, structures are subjected to internal

stresses generated by early age restrained deforma-

tions; potentially compromising the durability of

newly constructed or repaired structures due to

macrocrack formation. Thus, it is important to

characterize the early age behaviour under tensile

loading.
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The majority of research related to creep of

cementitious materials published in the literature

analyses compressive creep because tensile creep

tests are much more complicated to perform, espe-

cially on young concrete. Thus, such tests are rare

[1–5]. According to Altoubat and Lange [6, 7], the

scarcity of tensile creep tests is due, to their

complexity and to the simultaneous physical and

chemical properties variations at early age compli-

cating their interpretations. Moreover, data on

nonlinearity in tension are limited. One notes that

the investigation of nonlinear tensile creep is relevant

because such behaviour can be achieved in specific

structures (under particular structural and environ-

mental conditions) due to the high induced tensile

stresses.

Temperature Stress Testing Machine (TSTM) was

initially used to measure autogenous shrinkage and

induced stresses since very early age (few minutes

after mixing) [8], and was later employed to study

tensile viscoelastic behaviour [9]. The TSTM is an

adapted testing system to investigate early age tensile

creep behaviour of young cementitious materials.

UHPFRC early age tensile viscoelastic behaviour

is still not completely known. According to our

knowledge, little attention has been given to

UHPFRC early age tensile viscoelastic behaviour

[10, 11]. Besides, it was shown previously that high

volume paste cementitious materials have high creep

potential under compressive loading [12].

However, in the last decade’s substantial attention

has been invested to evaluating and modelling tensile

creep in other cementitious materials including

cement pastes, normal and high performance con-

cretes. Indeed, viscoelastic properties contribute to

decrease the early age cracking risk thanks to its

beneficial role in mitigating the early age stresses

under restrained conditions [2, 4, 5, 9, 13]. The focus

of this research is to investigate UHPFRC early age

behaviour particularly: autogenous shrinkage and

tensile creep under sealed conditions (no exchange

with the environment i.e. humidity and temperature

controlled) and various stress/strength levels.

An accurate structural analysis considering stres-

ses and cracking damage can only be achieved by

correctly modelling the viscoelastic material behav-

iour. This paper reports on a series of UHPFRC

material investigation to answer the following ques-

tions: (1) How does the age of loading influence the

UHPFRC tensile creep behaviour? (2) At what stress/

tensile strength level does the strain-stress propor-

tionality ceases? (3) Can existing models be applied

to predict UHPFRC tensile creep?

2 Material

UHPFRC of the CEMTECmultiscale
� family [14] is

produced by adding to ultra-compact cementitious

matrix microfibres (steel wool); they have a semi-

circular section, with variable dimensions (2–7 mm)

and present an irregular aspect ratio allowing a high

adhesion with cementitious matrix. And straight steel

fibres (6%), with 10 mm length and 0.2 mm diameter

and aspect ratio of 50. The total percentage of fibres

being 9%.

The ultra compact matrix is composed of: (1)

cement with low content of C3A, thus minimizing its

water demand, (2) silica fume (by product of

zirconium production) in high amount (26% by

weight of cement), (3) fine quartz sand (0.5 mm

maximum grain size), (4) water and (5) superplast-

icizer in liquid form (solid content of approx. 30%),

in high percentage (3.3% by weight of cement). The

water content in the percentage is included in the

water to cement ratio (W/C). The Chemical compo-

sitions of the cement and the silica fume are given in

Table 1 and the mix proportions of the tested

UHPFRC are given in Table 2.

Table 1 Chemical compositions of the cement and the silica

fume

Component Cement (%) Silica fume (%)

SiO2 22.75 93.5

Al2O3 2.70 3.5

Fe2O3 1.90 0.15

CaO 67.10 0.02

MgO 0.75 –

K2O 0.20 0.06

Na2O 0.15 0.10

SO3 2.10 60 ppm

Insolubles 0.30 –

ZrO2 – 2.4

CO2 1.30 –

CaO free 0.55 –

PF 1.90 0.5
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The specific UHPFRC used in this study exhibits

an extremely low permeability, a high strength and a

pronounced tensile strain hardening behaviour [10,

15]. Despite its very low water/binder ratio (0.130), it

exhibits excellent rheological properties in the fresh

state due to its high binder content.

The mean UHPFRC properties in fresh and harden

sates are presented in Table 3, the compressive

strengths and modulus of elasticity were determined

on 11/22 cm cylinders. And uniaxial tensile strength

and magnitude of tensile hardening were determined

on unnotched dogbone specimens of 70 cm length

and 10 9 5 cm2 cross section.

This UHPFRC’s outstanding properties make it an

ideal material for hardening composite reinforced

concrete structural members. This UHPFRC has been

employed since 2004, under the direction of mainte-

nance and safety of structures laboratory (MCS), to

rehabilitate a 50-year old road bridge, a crash barrier

and a bridge pies in Switzerland that have been

significantly damaged by corrosion [16, 17].

3 Experiments

3.1 Testing procedure

The early age tensile creep tests were conducted for

1 week on temperature controlled dog-bone shaped

specimens with 50 9 100 mm2 linear cross section

and 1,000 mm length, using a TSTM machine placed

in a climatically controlled room at 20�C and 65%

RH. In each specimen the distance between the set of

LVDT is 750 mm. The TSTM was developed during

the first authors’ doctoral thesis [18] based on

previous research [4, 19, 20]. The first device of the

TSTM helps to determine the free shrinkage (FS)

(Fig. 1a). And the second one gives the total defor-

mation under restrained deformation (RS) (Fig. 1b).

Table 2 UHPFRC recipe

Material Type Weight (kg/m3)

Cement CEM I 52.5 N CE PM-ES-CP2 NF, Lafarge,

le Teil, specific surface 3,400 cm2/g

1410.2

Silica fume SEPR (median diameter = 0.5 lm, specific surface 12 m2/g) 367

Fine sand Sand of Fontainebleau, MN 30 (\0.5 mm) 80.4

Water 200.1 200.1

Superplasticizer Chryso-Fluid-OPTIMA 175 46.5

Steel fibres (macro and micro) Macro: straight and micro: wool 706.5

Table 3 UHPFRC properties

Property Units Mean value Age

Slump flow (cm) 65 –

Air content (%) 1.8 –

First crack strength of UHP matrix (MPa) 12 90

Uniaxial tensile strength (MPa) 14 90

Modulus of elasticity (MPa) 47,200 28

Compressive strength (MPa) 192.4 28

Magnitude of tensile hardening (%) 0.15 90

Fig. 1 TSTM set up: (a)

free shrinkage (FS) and (b)

restrained shrinkage (RS)

Materials and Structures (2009) 42:113–122 115



The tests results issues from the two devices allow

the calculation of the basic creep including elastic

deformation by subtraction of the response measured

in the RS device from the autogenous shrinkage at the

age of loading (see example showed in Fig. 2). In this

investigation, different loading ages (35, 46 and 72 h)

and stress/strength levels (between 30% and 63%)

were considered.

The experimental data was then used to model the

UHPFRC early age time dependent behaviour with

rheological models and to determine the level of

onset of non linearity in the viscous response.

3.2 Tests results and discussion

The UHPFRC creep test results performed on spec-

imens loaded at 3 days at two stress/strength levels

32% and 63% (Fig. 3a) are presented in Fig. 3b. Note

that in those figures test 1 refers to the test performed

under a low stress/strength level 32% (r = 1.2 MPa)

and tests 2 and 3 refer to the two tests performed

under the higher stress/strength level 63%

(r = 2.4 MPa). From Fig. 3b, one can observe that

the early age creep rate is significant, because a most

part of the creep deformation occurs in the first hours

after loading.

For the low stress/strength level 32%

(r = 1.2 MPa), the creep evolution stabilizes within

the 80 h following loading. This means that the major

part of the tensile creep occurs at early age and thus

allows mitigation of induced stress under restrained

conditions, which can appear during this period. This

early age creep under the low stress/strength level

corresponds to 40% of the autogenous shrinkage.

This finding is in agreement with results obtained by

Altoubat and Lange [6]. The authors also observed

that the tensile creep rate is higher at early age for

concrete and fibre reinforced concrete, during the first

10–20 h after loading, then reaches a stable value.

At the end of the test (1) under the low stress/

strength level (32%), the measured creep slightly

decreased. In the current state, our analysis does not

point at a specific explanation for this phenomenon,

but it may be caused by the strong concentration in

fibres in the current specimen that can be at the origin

of this creep reduction. Indeed, initially the matrix

flows then due to the internal stress redistribution,

fibres can contribute in stress bearing. Besides, the

on-going hydration process can also contribute to the

phenomenon. In fact, the mechanical strengths and

stiffness increase and induced a gradual reduction of

creep capability over time.

Fig. 2 Experimental results in FS and RS devices during creep

test under loading stress at 35 h and the resulting tensile creep

including elastic deformation

Fig. 3 (a) Loading stress at

72 h and (b) tensile creep

including elastic

deformation after 72 h
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Under high stress/strength level 63% (2.4 MPa)

corresponding to tests (2) and (3), in Fig. 3a, high

deformations were observed indicating a viscoplastic

response primarily induced by micro-cracking. This

stress/strength level is beyond the linear domain with

continuously increasing deformation within the time.

Indeed, previous research has found that an early age

compressive creep test under stress/strength level

higher than 40% can induce a non-linear behaviour

[21]. Likewise, the tests performed by Atrushi [22] on

HPC (high performance concrete) with a w/b = 0.40

showed that the proportionality limit occurred at 60%

of the tensile strength.

The reproducibility of the test results shown in

Fig. 3b (referred by test (2) and (3)), confirmed the

efficiency of the experimental setup to characterize

the tensile creep at early age.

The creep tests performed at 35 and 46 h loading

ages (Fig. 4a) are presented in Fig. 4b. The results

showed as expected, that tensile creep response is

sensitive to the loading age. The creep amplitude

increased when the specimens are loaded at early age

i.e. the creep is inversely correlated with loading age,

due to the lower material stiffness at early age. These

results confirmed again the non-linear behaviour at

50% (stress/strength).

3.3 Correlation between autogenous shrinkage

and tensile creep

The relationship between the current UHPFRC

autogenous shrinkage and the specific tensile creep

is presented in Fig. 5, where the specific tensile creep

J(t, t0) (lm/m/MPa) represents the strain at age (t)

produced by a unit constant stress applied at age (t0).

Figure 5 shows a linear increasing correlation

between the autogenous shrinkage and the specific

tensile creep indicating that this UHPFRC has a

capacity to shrink without cracking at early age.

Indeed, the stresses generated by the autogenous

shrinkage, in the RS set-up were also determined

under total restrained conditions (results not included

in this paper), see references [18, 23, 24]. The induced

stress reached at 7 days, 30–47% of the rupture

strength under tension (rt) obtained at the end of each

test. In addition, others specimens were visually

Fig. 4 (a) Loading stress at

35, 46 h and (b) resulting

tensile creep including

elastic deformation

Fig. 5 Correlation between

autogenous shrinkage and

specific tensile creep after:

(a) 72 h and (b) 46 h
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analysed at the end of incremental test and no cracks

were detected. However, some micro-cracks can exist

at this stage but they are not damageable as the

specific material has a high ductility and is character-

ized by a high tensile strength and a high capacity of

deformation (0.2% in the hardening domain), conse-

quently reducing its early age cracking sensitivity at

such stress levels.

Bissonnette et al. [25] found a similar relationship

for normal concrete. According to the authors, this

linear correlation is an important characteristic that

should be used to evaluate materials designed for

composite rehabilitation applications from a compat-

ibility point of view, as the creep mitigates a portion

of the induced stresses under restrained condi-

tions (relaxation). A similar autogenous shrinkage

and the compressive creep relationship was observed

for the current UHPFRC [18] and for normal concrete

[26].

3.4 Stress/strength level effect on tensile creep

The thresholds (35%, 65% and 90%) presented

schematically in Fig. 6 are proposed to differentiate

the various UHPFRC responses under tensile stress:

• Domain 1 (r/ft \ 35%): the UHPFRC presents a

viscoelastic behaviour and the deformation-stress

proportionality hypothesis is valid within this limit.

• Domain 2 (35% \r/ft \ 65%): the UHPFRC

presents a viscoplastic behaviour and non-linear

creep due to the simultaneous interaction of

microcracking. Above 35% stress/strength level,

the deformation-stress proportionality ceases.

Neville and Brooks [27] placed the interaction

of micro-crack and nonlinearity transition point at

40–50% of stress/strength.

• Domain 3 (r/ft [ 65%): Stresses are close to the

material tensile strength inducing tertiary creep

and local instability resulting in sudden high

deformation and loss of carrying capacity.

Finally, we can conclude that the stress/strength

thresholds proposed here are correct at least for this

material. These values must be validated by further

experiments. There is, therefore, more work to be

made in this field, because it is necessary to

characterize and predict correctly the early age

viscoelastic behaviour of this specific cementitious

material, which is determining parameter in the

structural response under restrained conditions.

4 Modelling

4.1 Aging creep model based on Kelvin chains

The model proposed by Bazant and Prasannan [28]

based on the solidification theory to describe the

tensile basic creep under a constant stress was

simplified by Altoubat and Lange [6] and expressed

as function of two main parameters v(t) and (1/Ei),

Eq. 1.

ecreep¼
r

vðtÞ

�
A1 1� e�ðt�t0Þ=s1

� �
þA2 1� e�ðt�t0Þ=s2

� �

þ�� �þAN 1� e�ðt�t0Þ=sN

� ��
ð1Þ

where t(h) is the age, t0(h) is the age at loading,

Ai = 1/Ei(–), si are constant for the ith unit of the

Kelvin chain and v(t)(–) is volume fraction growth

characterizing the aging, and is expressed by Eq. 2.

1

v(t)
¼ k0

t

� �m

þ a ð2Þ

where k0(h) is a constant equal to 24 h and m and a(–)

are nondimensional empirical constants.

After several calculations, three retardation times

(s = 1, 10 and 100 h) were selected to account of all
Fig. 6 Tensile creep response under different loading stress

level
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the testing period. The model parameters m, a and Ei

(given in Table 4) were determined by the least

square minimization process. The current model

parameters are valid only for this age of loading i.e.

72 h and for stress/strength lower than the threshold

limit of linearity of creep.

The obtained results (Fig. 7) confirm that this

model describes the UHPFRC early age behaviour

very well and can be implemented in a finite element

software.

4.2 Maxwell chains model

UHPFRC creep is predicted using Maxwell’s chain

model, Eq. 3. The model predicts in the linear

domain, for any viscoelastic material, the stress

history from a given strain history by means of a step

by step algorithm that is based on equations presented

in detail in references [29–31]. This algorithm con-

verts the experimental results or the creep function

into relaxation, which can be then represented by the

Maxwell chains model. The Maxwell chains model

parameters can then be determined by fitting a

function noted Prony series to the relaxation curve.

E(t,t0) ¼ Ec

Xm

i¼1

bi � e�ðt�t0Þ=si ð3Þ

where E is relaxation, si(h) is retardation time and

bi(–) is a factor whose sum is equal to 1, t(h) is the

current age and t0(h) is the loading age.

Application of this step-by-step algorithm to our

tensile creep experimental results gives the relaxation

curves shown in Fig. 8a, b.

The Maxwell chains model parameters (presented

in Table 5) were obtained by fitting the transformed

relaxation curves.

Table 4 Model parameters
Age (days) 3

r (MPa) 1.2

m (–) 0.399

a (–) 2.245

E1 (–) 1.50E+05

E2 (–) 1.23E+06

E3 (–) 9.47E+05

Fig. 7 Aging creep model based on Kelvin chains according

to Altoubat and Lange [6]

Fig. 8 Relaxation fit by

Prony series at: (a) 46 h and

(b) 72 h

Table 5 Maxwell’s chains model parameters (–)

Age (h) Retardation time (h)

1 10 100 1,000 10,000 100,000

46 0.5200 0.3300 0.1400 0.0100 0.0000 0.0000

72 0.0600 0.1052 0.1591 0.0211 0.0107 0.6439
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4.3 Tensile creep test numerical simulations

The aim of this numerical simulation is to predict the

UHPFRC tensile creep using a finite element soft-

ware MLS (Multi Layer System), which considers

several phenomena and their interactions through

thermal, hygral, maturity and mechanical models.

Further details concerning the models can be found in

[32–34]. These numerical simulations aimed to

validate the identified Maxwell chains model and to

confirm the non-linear response.

The input data for these numerical simulations are

obtained from experimental results namely: the

thermal properties, the compressive strength, tensile

strength, elastic modulus. For this numerical simula-

tions only the linear part of the TSTM specimen is

considered, the dimensions and the boundary condi-

tions considered for these simulations are shown in

Fig. 9.

These simulations results confirm that the Max-

well model can be applied to predict the UHPFRC

tensile creep, as long as the element remains in the

linear domain, see Fig. 10a. Once the Maxwell model

parameters are obtained for the different loading ages

(46 and 72 h), the experimental UHPFRC behaviour

i.e. the total deformation including the autogenous

shrinkage measured with the TSTM is accurately

predicted [18].

Within the non-linear domain, (r/ft = 50%)

Fig. 9b, the experimental creep surpasses the pre-

dicted response. Within this non-linear domain, the

damage mechanism modifies the material’s response.

This modification (additional deformation due to

micro-cracking) is not considered by the generalized

Maxwell model. This limitation is confirmed by the

results showed in Fig. 11, which presents both the

experimental and the predicted results at 72 h and

under high stress/strength level (r/ft = 63%).

5 Conclusions

– Experiments performed on UHPFRC confirm that

this material has a high early age tensile creep

which is attributed to the material mixture

specificity i.e. the high amount of silica fume

and the high volume of paste (88%).

Fig. 9 Dimensions and boundary conditions for tensile creep

prediction

Fig. 10 Experimental and

predicted tensile creep

results including elastic

deformation under

(a) r/ft = 30% and

(b) r/ft = 50%

Fig. 11 Experimental and predicted tensile creep results

including elastic deformation under r/ft = 63% at 72 h
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– The studied UHPFRC exhibits viscoplastic

behaviour when loaded under high stress/strength

level (50% and 63%).

– A linear increasing correlation was found

between shrinkage and specific tensile creep.

– The Maxwell chains and Kelvin chains models

are valid to predict the UHPFRC viscoelstic

behaviour as long as the tensile stress remains

inferior to creep linearity threshold.

– Under high stress/strength levels, the experimental

creep is higher than that predicted by the Maxwell

model, which is valid only in the linear domain.

Although, there is a large number of creep

functions and models, more investigation are

needed to adapt the existing models or to develop

new one capable to reproduce the effect of the

stress/strength level on the cementitious materials

creep, that only few existing models allow to

describe, for instance Bazant and Prasannan

model. Besides, in the composite structures, the

non linearity due to the high induced tensile

stresses susceptible to develop at the young age

under restrained conditions is a relevant problem.
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