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A B S T R A C T

This paper addresses the uniaxial tensile response of Strain Hardening Ultra High-Performance Fiber Reinforced
Concretes (SH-UHPFRC) subjected to very low strain rates and low temperatures. The influence of four different
strain rates; 1 × 10−5, 1 × 10−7, 1 × 10−8 and 5 × 10−9 1/s on the tensile properties like elastic limit, elastic
modulus, tensile strength and the strain at tensile strength, was studied for two types of SH-UHPFRC mixes; Mix I
with type I cement and silica fume, and Mix II with silica fume and 50% mass replacement of type I cement with
limestone filler, at three curing temperatures; 20 °C, 10 °C and 5 °C. The tests at strain rates lesser than 1 × 10−6

1/s are the first of their kind for UHPFRC materials and the results show a considerable impact on the elastic
limit of the mixes. Acoustic Emission tests were also carried out for validation of test results of the elastic limit.

1. Introduction

Ultra High-Performance Fiber Reinforced Concretes (UHPFRC) are
special types of cementitious materials reinforced with short dis-
continuous steel fibers, which exhibit a high tensile strength (over
12 MPa) and a significant strain hardening (1–5‰) for the best mixes,
depending on the different fiber orientation situations encountered in
practice. They also have a very low permeability and outstanding
durability, making them very good materials for rehabilitation or re-
inforcement applications (combined with rebars), for the improvement
of load carrying capacity and protective functions of existing
structures [1].

This paper addresses the strain rate sensitivity of the tensile me-
chanical properties of UHPFRC and the associated literature. It is well
known that the tensile properties like the elastic limit, fUte (also often
referred to as first cracking stress, pre cracking strength), strain at the
elastic limit εUte, elastic modulus Emod, tensile strength fUtu and the
strain at the tensile strength εUtu are all sensitive to the rate of appli-
cation of load. In literature, the effect of strain rates is usually described
using the Dynamic Increase Factor (DIF), which is the ratio of value of
the property of the material at a dynamic strain rate with respect to that
at a quasi-static strain rate. The CEB model code [2] recommends a
reference quasi-static strain rate of 3 × 10−6 s−1 for the calculation of
the DIF.

A schematic diagram showing the tensile response of SH-UHPFRC is
shown in Fig. 1, which can be divided into three main domains;

1. Elastic domain: the region from the beginning until the elastic limit.
2. Hardening domain: the region from the elastic limit until the tensile

strength.
3. Softening domain: the region from the tensile strength until full

separation of the specimen.

The focus of the present study, was on the elastic and hardening
domains and the effect of very low strain rates on the mechanical
properties in these domains were investigated. In the elastic region, the
elastic limit (fUte) as well as the elastic modulus in tension (Emod) were
studied whereas in the hardening domain, the tensile strength (fUtu) and
the strain at tensile strength (εUtu) were investigated. The fUte is the
stress level until which the tensile stresses are proportional to the
strains, with the corresponding strain given by εUte. The slope of the
stress strain curve in the elastic domain is given by the elastic modulus
Emod. The fUtu and εUtu correspond to the coordinates of the peak stress
in the tensile response.

The kinetics of various mechanisms influence the tensile response of
UHPFRC as shown in Fig. 2, which include ageing of the material
(hydration of binders), early age volume changes like autogenous
shrinkage, drying shrinkage and thermal deformations, viscoelastic
phenomena like creep and relaxation, and damage phenomena in-
cluding microcrack onset and growth. There is a complex interaction of
these phenomena especially under very low strain rates making it
challenging to separate the contributions of the individual mechanisms.
The phenomenon of ageing is prevalent mainly in the younger material
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(upto 3–5 days after addition of water), whereas in the long term, the
influence of viscoelasticity and damage become dominant. These two
phenomena, which produce similar effects (increased deformations and
loss of stiffness), interact with each other depending on the stress level.
On the one hand, for low strain rate, viscoelasticity plays an important
role in the development of microcracks and crack propagation; whereas
on the other hand, at high stress levels, the presence of microcracks lead
to the development of non-linear viscoelasticity.

Rusch [3] was the first to highlight the effect of time dependent
phenomenon on the strength of concrete under compression (static fa-
tigue). Similar effects were shown for concrete under bending and ten-
sion by [4–7]. Many authors have shown the effect of monotonic strain
rate on the tensile properties of normal concrete, both at high strain rates

(1/s to 200 s−1) [8–11] and at low strain rates (1 × 10−7 s−1 to 1/s)
[12–15]. All the studies showed that the tensile strength of normal
concrete increases with an increase in the applied strain rate. [16]
showed that direct tensile tests on concrete done by [17] at a strain rate
of 3 × 10−7 s−1 showed a significant decrease in the tensile strength
when compared to the quasi static strain rate of 3 × 10−6 s−1 as re-
commended by the CEB model code formulation for concrete in tension
[2]. Similar trends were also shown for concrete in compression by [18]
for very low monotonic strain rates<1 × 10−6 s−1.

Recent studies suggest that the DIF for UHPFRC differ from that of
normal concrete [19]. Because of the very high strength and specific
fracture energy of these materials, they are very suitable to resist im-
pact loading caused by explosions, vehicle crashes and falling rocks

Fig. 1. Schematic tensile response of SH-UHPFRC.

Fig. 2. Evolutionary mechanisms affecting the tensile response of UHPFRC.
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[20]. As such, majority of the studies on the effect of strain rate on the
tensile mechanical properties of UHPFRC are concentrated to the dy-
namic domain (1 × 10−4 s−1 to 1 × 102 s−1) [20–36]. All of these
works discuss the strain rate effect using the direct tension test except
[21,30] who had conducted flexural bending tests and [27–29] who
had used splitting tension tests to study the strain rate effects in the
dynamic domain.

The main fields of application of SH-UHPFRC are the design of new
structures and rehabilitation works, for the improvement of load car-
rying capacity and protective functions of existing structures. In the
latter case, when a new layer of UHPFRC is applied on an existing
structure, it is subjected to early age volume deformations such as au-
togenous shrinkage, thermal deformations and drying shrinkage in
certain situations. These deformations are restrained to different ex-
tents, depending on the relative stiffness of the new layer and the ex-
isting substrate and depending on the boundary conditions of the sup-
port, leading to the development of tensile eigenstresses in the material.
Furthermore, these restrained deformations take place at very low
strain rates (1 × 10−8 1/s – 1 × 10−11 1/s). It is therefore essential to
investigate the tensile response of UHPFRC materials at these very low
strain rates. To the best of authors' knowledge, the smallest tensile
strain rate that was studied for UHPFRC was 1 × 10−6 s−1 [20], and no
works have been done until now to understand the effect of very low
strain rates (< 1 × 10−6 s−1) on the tensile behavior of UHPFRC.

At very low strain rates, the couplings between hydration, creep and
damage become more dominant. Bazant et al. [37,38] showed the in-
fluence of ageing and hydration on the creep phenomenon. Rossi et al.
[39] showed that the basic creep of concrete is highly correlated to the
acoustic emission and propagation of microcracks, indicating that mi-
crocracks play a major role in the creep of concrete at high stress levels.
The influence of stress level and microcracking on the relaxation re-
sponse of concrete was also studied in [5,40,41], which showed a
higher relaxation response along the failure envelope (non-linear) when
compared to that at lower stress levels, confirming the interaction of
damage and non-linear viscoelasticity at higher stress levels. More re-
cently, for UHPFRC, [42–44] studied the interaction of ageing, early
age volume changes, stress level and loading history. [45] showed that
at an age of 46 h (13 h after setting), UHPFRC exhibited non-linear
creep under a stress level of 30% whereas at an age of 72 h (39 h after
setting) it exhibited linear creep at a stress level of 32%. Using incre-
mental relaxation tests in a TSTM, [42] showed that at high stress levels
of 60% and 90%, higher relative relaxations were observed indicating a
non-linear viscoelastic response.

Furthermore, temperature influences the kinetics of hydration,
ageing and viscoelastic behavior. There is a complex interaction be-
tween the effect of temperature on the ageing and creep response of
cementitious materials. On the one hand, a higher temperature leads to
a higher creep response; whereas on the other hand, a higher curing
temperature would lead to a higher apparent age (maturity) of the
material and consequently a lower creep response [46]. The effect of
thermal curing and temperature on the development of autogenous
shrinkage and creep deformations were shown in [47–52], while the
effect of the same on the mechanical properties were shown in
[45,51,53–55]. However, contrary to prefabrication, for cast on site
applications of UHPFRC, the local climatological conditions govern. In
addition, in winter conditions, the cast on site UHPFRC layers will be
subjected to very low temperatures. It is very well known that at low
temperatures, the development of hydration is much slower than at
ordinary temperatures, and only a few works have been carried out to
study the influence of low curing temperatures on the development of
hydration and autogenous shrinkage in UHPFRC [44,46]. Therefore,
fundamental knowledge regarding the tensile behavior of UHPFRC
subjected to low curing temperatures is needed for their successful
applications for repair and rehabilitation.

Finally, increasing focus is now being given to the use of
Supplementary Cementitious Materials (SCM) in UHPFRC mixes in view

of sustainability, to reduce the environmental impact of cement pro-
duction. Because of the very low water/cement ratio in UHPFRC mixes
with pure cement, a significant portion of the cement remain un-
hydrated and it could advantageously be replaced by inert fillers like
limestone filler, fly ash etc. [46,53,56]. Depending on the water/ce-
ment ratio, many studies have shown that the degree of hydration of
cement in UHPFRC mixes with pure cement is as low as 30% after
28 days [44,46,51]. The unhydrated cement and silica fume simply act
as fillers (physical effect), and improve the compactness of the matrix at
the micro level and thereby lead to the increase of the mechanical
properties at the macro level. However, from a sustainability point of
view, cement is a very costly material to be used as a filler; not only in
terms of monetary cost but also in terms of the environmental impact.
Cement industry accounts for around 5% of the global carbon dioxide
(CO2) emissions. The CO2 emission is directly proportional to the ce-
ment content in the concrete mix; 900 kg of CO2 are emitted during the
manufacture of every ton of cement [57,58]. As such, lesser the cement
content in the UHPFRC, lesser will be the impact on the environment.
However, not many works have been carried out to investigate the
tensile behavior of these type of low clinker UHPFRC mixes, especially
under very low strain rates.

In this paper, the effect of very low strains on the tensile response of
two types of UHPFRC was investigated; Mix I with pure type I cement,
silica fume and steel fibers and Mix II with 50% replacement of cement
with limestone filler and a similar steel fibrous mix. Uniaxial direct
tensile tests were conducted at four different strain rates; 1 × 10−5 s−1,
1 × 10−7 s−1, 1 × 10−8 s−1 and 5 × 10−9 s−1, and at three different
curing temperatures; 20 °C, 10 °C and 5 °C.

2. Experimental

2.1. Material

Two types of SH-UHPFRC mixes were studied in this paper, both
from the CEMTECmultiscale© family. The CEMTECmultiscale© mixes were
initially developed at Laboratoire Central des Ponts et Chaussées
(LCPC), France [59]. This material was optimized and modified in the
framework of the research works held in MCS/EPFL for rehabilitation
and strengthening of existing structures [60,61] to produce Mix I,
which is a SH-UHPFRC of type CM22_TKK_b. The ultra-compact ce-
mentitious matrix is composed of cement (type CEM I 52.5 HTS from Le
Teil, Lafarge), white microsilica (SEPR, BET = 14 m2/g), super-
plasticizer (Cementol Zeta Super S from TKK, Slovenia) and water. The
material has a very high content of paste to accommodate all the fibers
and therefore exhibits excellent rheological properties in the fresh state
even though the water/binder ratio is very low, 0.129.

Because of the very low degree of hydration of Mix I (30% after
28 days [62], 50% of the cement in Mix I could be replaced by two
types of inert limestone fillers; Betoflow D® and Betocarb SL® (OMYA).
Using the concepts of packing density optimization, the composition of
the different components like the cement, limestone fillers and the silica
fume was designed. The new mix, CM22_TKK_b_LF, will be designated
as Mix II from here on in the paper. More details on the mix design of
the Mix II could be found in [62].

Both mixes had a fibrous mix containing two types of steel fibers;
microfibers and macrofibers, with a total dosage of 9% by volume. The
microfibers (steel wool, from Gervois, France) had a semi-circular
section with an average diameter of 0.04 mm and a length of 2–3 mm,
and an irregular aspect ratio allowing a high adhesion with a ce-
mentitious matrix. The macrofibers were straight, with lf = 10 mm,
df = 0.2 mm, from Bekaert, Belgium. The materials exhibit a significant
strain hardening behavior under tension (1–2‰) [63,64]. The detailed
compositions of Mix I and II are given in Table 1 and the properties in
the fresh state are given in Table 2. More details regarding the prop-
erties of the mixes in the hardened state, as well as the chemical
compositions of the powders in the mixes could be found in [62].
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2.2. Uniaxial tensile test

The uniaxial tensile test is a difficult test to perform for cementitious
materials, both with and without fibers. However, the results obtained
from the test give a direct and reliable estimate of the tensile me-
chanical properties and do not need any complex inverse analyses to
obtain the same, as is the case with flexural tests. One of the main
difficulties in performing the tensile test is the misalignment of the
specimen in the test setup and the eccentricity that arises from it. Even
if the alignment is perfect before the test, because of the micro and
macro crack formations during the test, the eccentricities may arise
again. In the present experimental campaign, the eccentricity was
constantly monitored with the help of four LVDTs in two perpendicular
planes as shown in Fig. 3. Special care was taken to see that the spe-
cimens were aligned in such a way that the bending stress due to
possible eccentricity was<0.6 MPa, at least in the elastic domain of

the tensile response.
Another major difficulty is the controlling of the gauge length. For

strain controlled tests, if the fracture process zone occurs outside of the
gauge length, it may not be possible to control the test anymore. This
was minimized by selecting a gauge length of 385 mm, which even
included the transition zone in the specimen, where there is a higher
probability for crack formation. The boundary conditions of the test
setup also play an important role in performing the tests. [65] has
shown that fixed boundary conditions are less favorable for slight ec-
centricities compared to pinned end conditions, but lead to the only
reliable estimation of the tensile response after the onset of cracking. As
such, fixed boundary conditions were used for the tests in the present
study.

2.3. Specimen shape and preparation

Specimens with dumbbell geometry were used for the study, the
transition zone of which was designed using the Neuber's solution [66],
which helped to minimize the stress concentrations around the necking.
The geometry of the dumbbell specimen is shown in Fig. 3. The cross
section in the middle straight portion of the specimen was
30 mm× 50 mm. Four LVDTs were placed on the specimen, with LVDT
A and B in the XY plane and LVDT C and D in the XZ plane.

After the preparation of the UHPFRC mix, special attention was
taken to cast the different specimens in a way as similar as possible
from one specimen to the next, in order to avoid the scatter in the
tensile responses due to the scatter in the fiber orientations between the
individual specimens. The UHPFRC was guided into the molds with a
half pipe, from one end and was slowly moved to the other end, so that
the fibers follow the direction of flow of the mix and align themselves in
the molds. Deformable tape was applied on the molds in the transition
zones, to prevent the buildup of eigenstresses due to restrained
shrinkage before demolding. Directly after casting, the specimens were
kept in a climate chamber set at the required temperature of 20 °C,
10 °C or 5 °C. They were demolded two days later, but were con-
tinuously cured at the respective temperatures. Four circular aluminum
discs of 100 mm diameter and 1.5 mm thickness were glued on the ends
of the specimens for proper transfer of the loads through the grips. A
system was developed to keep the circular plates on either side of the
specimen parallel to each other and also to have the same thickness of
glue between the four different circular plates and the specimen,
thereby removing one possible cause for eccentricity while loading. The
specimen was coated with a layer of paraffin wax to prevent drying
shrinkage while curing.

2.4. Test setup and loading

The tests were carried out in an electromechanical testing machine,
KAPPA 250 DS from ZWICK/ROELL with a capacity of 250 kN, with the
test setup shown in Fig. 4. The testing machine was specially designed
to carry out controlled tests at very low strain rates, as low as
1 × 10−9 s−1. The boundary conditions were fixed at both ends of the
specimen, without hinges before the grips. A cooling chamber was also
attached along with the test setup to test the specimens under different
curing temperatures; 20 °C, 10 °C and 5 °C. The tests were carried out at
four different strain rates; 1 × 10−5 s−1 (quasi static strain rate),
1 × 10−7 s−1 (low strain rate), 1 × 10−8 s−1 and 5 × 10−9 s−1 (very
low strain rates) for the two types of UHPFRC mixes; Mix I and Mix II, at
an age of 14 days. The average of the displacements of LVDTs A and B
was used to control the test and the strain rates were calculated using a
gauge length of 385 mm.

2.5. Acoustic emission tests

An AMSY-6 acoustic emission system from Vallen Systeme was used
for detecting the acoustic emission events. Preliminary tests were done

Table 1
Compositions of Mix I and II.

Material Mix I Mix II

[kg/m3] [kg/m3]

Cement 1467.0 733.7
Silica fume 381.4 293.5
Limestone filler 1 (Betocarb SL®) – 223.0
Limestone filler 2 (Betoflow D®) – 510.6
Steel fibers (straight macro fibers; lf = 10 mm,

df = 0.2 mm and microfibers/steel wool)
706.5 706.5

Total water 225.8 217.9
Superplasticizer from TKK, Slovenia; Zementol zeta super

S; polycarboxylate; 25% solid content; (total amount)
20.5 14.7

Table 2
Properties of Mix I and II in the fresh state (average value from 4 tests).

Property Units Mix I Mix II

Workability (ASTM - spread after 25 blows) mm 179 146
Specific weight kg/m3 2834 2695
Air content % 3.2 4.7

Fig. 3. Geometry of the dumbbell specimens, along with the positions of the
LVDTs and the Acoustic Emission sensors S1, S2, S3 and S4 (all measurements
are in mm).
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on an aluminum plate of the same geometry as that of the dumbbell
specimens, for finding out the threshold of noise for the AE events,
which were coming from the environment inside the lab as well as from
the testing machine. After these tests, a threshold of 40 dB was set in the
system as the noise threshold. The software VisualAE was used for the
analysis of the obtained data and for the localization of the acoustic
events in the specimen. The position of the sensors on the specimen is
shown in Fig. 3.

3. Results and discussions

3.1. Overview of the tests

Table 3 shows the overview of the uniaxial tensile tests that were
conducted under different configurations, with 90 tests in total. Fig. 5
shows the overall stress-displacement (average of LVDT A and B) curves
from 3 different tests including the elastic, strain hardening and soft-
ening domains. Since the focus of the study was on the tensile para-
meters in the elastic and strain hardening domain, Fig. 6 shows the
stress-displacement curves from all the tests under different

configurations mainly in these two domains. The effect of the very low
strain rates and low temperatures on the relevant mechanical properties
will be discussed in detail in the coming sections.

3.2. Effect of very low strain rates

3.2.1. Elastic limit
The elastic limit or the first cracking strength, fUte corresponds to

the transition from the elastic behavior to the strain hardening beha-
vior. It roughly corresponds to the strength of the matrix, even though
some authors have shown that the fiber geometry or the fiber volume
would affect the same [32,67]. For normal concrete without fibers, the
elastic limit can be considered as the same as the tensile strength. For
strain hardening cementitious materials, the accurate determination of
the elastic limit is a very challenging problem. Different authors discuss
different methods for obtaining the elastic limit of UHPFRC materials.
In the present paper, the inverse analysis procedure described in SIA
2052 standard for UHPFRC [68,69] was followed for the determination
of the elastic limit.

The procedure is graphically explained in Fig. 7 for a specimen
MixI-SR12-S1 at a strain rate of 1 × 10−5 1/s at 20 °C. From point 1
very close to the beginning on the stress-strain curve, the secant mod-
ulus of elasticity at point 2 corresponding to a stress level of 2 MPa was
calculated. The calculated secant modulus is shown as point 3 in the
Fig. 7. The secant modulus from the same point 1, along the stress-
strain curve was then followed until there is a 10% drop from the same
at point 2, and the corresponding point is marked as point 4. The stress
level on the stress-strain curve corresponding to the point 4 is chosen as
the elastic limit of the material [69].

Fig. 8 shows the average elastic limit calculated using the above
procedure, for all the tests, along with the value of one standard de-
viation. The figure clearly shows that the elastic limit for both mixes
decrease with the decrease in the strain rate. The trend is similar to
what has been reported by many authors for quasi static to dynamic
domain for concrete [8–11,13,14,17,70], for UHPFRC [20,32,35,36]
and for similar materials like HPFRCC [71] and HSHDC [33]. In the
present study, at the respective very low strain rates, the drop in the
elastic limit from that at quasi-static strain rate was found to be 22%,
19%, 28%, 22% and 22% respectively for M1–20C, M1–5C, M2–20C,
M2–10C and M2–5C. It can be clearly seen that the drop is significant,

Fig. 4. a) Electromechanical KAPPA 250 DS test setup from ZWICK/ROELL with the dumbbell specimen for uniaxial tensile test, b) grips for fixed boundary
conditions.

Table 3
Overview of the uniaxial tensile tests.

UHPFRC Mix Curing
temperature (°C)

Name of
the series

Strain rate
(s−1)

Number of
specimens tested

Mix I 20 M1 – 20C 1 × 10−5 8
1 × 10−7 8
1 × 10−8 7

5 M1 – 5C 1 × 10−5 5
1 × 10−7 5
5 × 10−9 5

Mix II 20 M2 – 20C 1 × 10−5 13
1 × 10−7 6
1 × 10−8 3
5 × 10−9 3

10 M2 – 10C 1 × 10−5 4
1 × 10−7 4
5 × 10−9 4

5 M2 – 5C 1 × 10−5 4
1 × 10−7 5
5 × 10−9 6
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with its value being consistent between 19%–28%.

3.2.2. Elastic limit detection using acoustic emission measurements
One of the main aims of the acoustic emission technique in this

study was to validate the procedure adopted for finding the elastic
limit. Fig. 9a shows the cumulative AE events in a specimen Mix I-20C-
SR13-S1 loaded at a strain rate of 1 × 10−5 s−1 and Fig. 9b shows the
same in a specimen Mix I-20C-SR13-S2 loaded at a strain rate of
1 × 10−7 s−1. In both figures, corresponding to the elastic limit which
has been determined using the procedure described in Section 3.2.1
[68,69], there is a sudden change in the rate of development of AE
events. This clearly indicates that an objective threshold has been
reached that can be characterized as elastic limit, and that micro-
cracking is occurring at a faster rate from this point.

However, it should be noted that there are some acoustic events
even before this point, thereby indicating that slight microcracking may
occur even before the elastic limit. However, these microcracks were
rather isolated as shown in Fig. 10 and therefore the specimen can still
be considered to behave as an elastic material. Another important ob-
servation is that the AE events started appearing at a stress level of
about 74% of the elastic limit in the specimen loaded at a strain rate of
1 × 10−5 s−1 whereas it appeared at a stress level of about 69% of the
elastic limit for a strain rate of 1 × 10−7 s−1.

Fig. 10 shows the development of the acoustic events in the tensile
test of dumbbell specimen Mix I-20C-SR15-S1. Using the procedure
described in Section 3.2.1, the elastic limit was found out and is marked
as point 3, while the tensile strength is shown by the point 6. The lo-
calization of the acoustic events at 6 different stress levels in the tensile
response of the UHPFRC is shown and it can be seen that at point 2 just
before the elastic limit, the acoustic events are very negligible and
isolated. However, after the elastic limit at point 4, there is a sudden
increase in the AE activity, therefore indicating the progression of da-
mage at a much faster rate. Fig. 10 also shows a uniform distribution of
the acoustic events throughout the gauge length of the specimen, before
crack localization at the tensile strength.

3.2.3. Elastic modulus
Fig. 11 shows the effect of low strain rates on the elastic modulus in

tension of the UHPFRC Mix I and Mix II. It can be seen that no proper
conclusion could be drawn from the trend of elastic modulus under the
different strain rates. Even though except for Mix I at 20 °C, all the other
series show a trend wherein the elastic modulus decrease as the strain

rate decrease from 1 × 10−5 s−1 to 1 × 10−7 s−1, and then increase
again as the strain rate decrease further, the scatter of results, especially
for the strain rate of 5 × 10−9 s−1, is huge. It therefore makes it dif-
ficult to comment on the effect of strain rate on the elastic modulus of
these mixes. However, Fig. 12 showing the DIF of elastic moduli, shows
that except for a few erroneous values at a strain rate of 5 × 10−9 s−1,
the other DIF values are very close to 1. This indicates that the elastic
modulus of UHPFRC does not appear to be significantly influenced by
strain rates for the investigated range.

However, this trend is in contrast to the findings of [72–75] for
conventional concrete in the dynamic domain, who found out that the
elastic modulus increased with increasing strain rate due to the visc-
osity of pore water. Even then, [74,75] found that the DIF of elastic
modulus showed a very small increase when compared to that of the
tensile strength of the concrete. They discussed that the aggregates,
which play the major role in the Young's modulus of concrete, were not
sensitive to the viscous effects. Therefore the strain rate sensitivity was
much less for elastic modulus when compared to that of the tensile
strength. Furthermore, for UHPFRC materials in the dynamic domain,
[19,20,36] reported no strain rate sensitivity for the elastic modulus
while [32] was not able to reach a conclusion on the same because of
the huge scatter in the results. These findings were similar to that of the
present study. Following the same discussion as in [74,75] regarding
the negligible viscous response of aggregates in conventional concrete,
it can be argued that the steel fibers are even less sensitive to the vis-
cous effects, thereby completely removing the effect of strain rate.
Moreover, [36] also attributes the unclear strain rate sensitivity of
elastic modulus to the insignificant effect of pore water viscosity at very
low w/c ratio and to the homogeneity of the UHPC matrix. Never-
theless, it could also be argued that the strain rates investigated in the
present study were still not low enough to exhibit a considerable de-
crease in the elastic modulus, and that specimens if tested even below a
strain rat of 1 × 10−9 1/s, may exhibit a much more pronounced in-
fluence of viscosity and therefore a lesser elastic modulus.

3.2.4. Tensile strength
Fig. 13 summarizes the effect of strain rates on the fUtu of the two

mixes for various curing temperatures. There was no unique trend in
the tensile strength as the strain rate decreased. Mix I at 20 °C showed a
decrease in the tensile strength with a decrease in the strain rate
whereas, Mix II at 10 °C and Mix II at 5 °C exhibited an increase in the
tensile strength. A third trend was shown by Mix I at 5 °C and Mix II at

Fig. 5. Overall tensile response of three different tensile specimens at three different strain rates (1 × 10−5 1/s, 1 × 10−7 1/s and 1 × 10−8 1/s) including the
elastic, strain hardening and strain softening domain.
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20 °C, with an initial increase and then a decrease in the tensile strength
as the strain rates decreased. As such, no proper trend was seen for the
effect of strain rate on the tensile strength of the mixes investigated.
This is in contrast to the findings of the studies in the dynamic domain
[20,22,23,31–33,35,36] where a clear dependence of tensile strength

on the strain rate is reported with the tensile strength increasing with
increase in the strain rate. On the other hand, as noted in [23,35], the
increase in the DIF is quite steep in the dynamic domain (> 1/s),
whereas it was much milder in the quasi-static domain. However, the
lack of test data for strain rates lower than 1 × 10−6 s−1 for UHPFRC

Fig. 6. Stress displacement curves for; a) M1-20C at 1 × 10−5 1/s, b) M1-20C at 1 × 10−7 1/s, c) M1-20C at 1 × 10−8 1/s, d) M1-5C at 1 × 10−5 1/s, e) M1-5C at
1 × 10−7 1/s, f) M1-5C at 5 × 10−9 1/s, g) M2-20C at 1 × 10−5 1/s, h) M2-20C at 1 × 10−7 1/s, i) M2-20C at 1 × 10−8 1/s (dashed lines) and M2-20C at
5 × 10−9 1/s (solid lines), j) M2-10C at 1 × 10−5 1/s, k) M2-10C at 1 × 10−7 1/s, l) M2-10C at 5 × 10−9 1/s, m) M2-5C at 1 × 10−5 1/s, n) M2-5C at 1 × 10−7 1/
s and o) M2-5C at 5 × 10−9 1/s.
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materials, makes the comparison difficult and as a result, no trend in
the tensile strength could be established. It could be assumed that the
strain rate sensitivity becomes milder and milder as the strain rates
decrease and ultimately reaches a state where the tensile strength is no
more sensitive to the strain rate.

According to Naaman [76], the tensile strength of discontinuous
fiber reinforced cementitious composites is given by Eq. (1), where λ is
a factor which accounts for the average pullout length, fiber orientation
effects and group reduction effects, τ is the bond strength of the fiber
matrix interface, Vf is the fiber volume fraction and lf/df is the aspect
ratio of the fibers.

=f V
l
dUtu f

f

f (1)

In Eq. (1), the only factor that is rate sensitive is the equivalent bond

strength τ. As such, the strain rate sensitivity of the tensile strength very
much depends on that of the pullout of fibers from the matrix. However,
all studies on the effect of loading rates on the pullout behavior of high
strength steel fibers embedded in UHPC matrix has been conducted for
the dynamic domain [77–80]. [77] reported a comparatively smaller
strain rate dependence of pullout load for straight smooth fibers when
compared to that of hooked fibers. It could be argued that the effect
becomes even smaller or negligible under very low loading rates,
thereby making the bond strength and consequently the tensile strength
rate insensitive. Moreover, [71,78] showed that the strain rate sensi-
tivity of single fiber pullout decreased as the compressive strength of
the matrix increased beyond 55 MPa. The very high compressive
strength of the matrices in the present study could therefore make the
pullout response strain insensitive for the range of strain rate in-
vestigated.

Fig. 7. graphical representation of the procedure for determining the elastic limit using the inverse analysis method (specimen MixI-SR12-S1, strain rate 1 × 10−5 1/
s at 20 °C).

Fig. 8. Effect of strain rate on the elastic limit of Mix I and II.

M.A. Hafiz and E. Denarié Cement and Concrete Research 133 (2020) 106067

8



If however, at very slow loading rates, the pullout of the single
straight smooth fibers in the present study shows a strain rate sensi-
tivity, it could be argued that the factor λ, including the effect of
grouping of fibers or fiber orientation, counters the fiber pullout strain
rate sensitivity, thereby making the overall composite action, strain rate
insensitive. The results in [23,71] indicated a higher rate sensitivity of
fiber pullout for mixes with lower fiber volume fraction, and the au-
thors attributed this behavior to the group effect, wherein, the strain
rate sensitivity is eliminated when a group of fibers interact together
during pullout. The same effect may be present for the mixes in the
present study as the fiber volume dosage is 9%. The scatter in the fiber
orientation between individual specimens may also contribute to the
scatter in the tensile strength [22], which can be another possible ex-
planation for the strain rate insensitivity of the tensile strength, as seen
in the present study. As such, it could be argued either that the strain
rate insensitivity of tensile strength at very low strain rates, could be
because of the strain rate insensitivity of the fiber pullout at these
loading rates, or that the factors like fiber grouping and fiber orienta-
tion make the overall composite response strain rate insensitive.

3.2.5. Strain at tensile strength
Fig. 14 shows the trend of εUtu under varying strain rates for two

mixes and three curing temperatures. Except for M1-20C at
1 × 10−8 s−1 and M2–20C at 5 × 10−9 s−1, one can notice an increase
in εUtu with a decrease in the loading rates.

The trend is different from what many authors have reported for
UHPFRC in the dynamic domain [23,24,31,32,35,36], wherein an in-
crease in εUtu is reported with an increase in the strain rate of loading.
The increase in εUtu was attributed mainly to the increase in the number
of cracks within the gauge length as the strain rate increased [23,31].
However, [33] reported a decrease in the εUtu with an increase in the

strain rate, similar to the findings in the present study. They showed
that the average crack width decreased from 160 μm at 0.0001/s to
120 μm at 0.1/s, and attributed the same to the trend observed. Similar
trend of decrease in εUtu with increasing strain rates were also observed
by [81,82], who described it as the effect of fiber breakage at higher
strains. In the present study, at very low strain rates, it could be argued
that the observed trend is also dependent on the trends of fUte and fUtu
as discussed in Sections 3.2.1 and 3.2.4. Even though the fUte decreases
with decrease in strain rate, the fibrous mix remains the same and
therefore becomes more efficient in achieving strain hardening. Due to
the lower fUte at very low strain rates, microcracks would have started
to appear much earlier and as a result, the number of cracks until fUtu
could be much larger. Moreover, as shown by [33], the crack width
would be larger at lower strain rates. These trends could therefore ex-
plain the trend of εUtu under very low strain rates in the present study.

3.3. Effect of low temperatures

3.3.1. Age vs maturity
Lower temperatures slow down the hydration reaction and ageing of

the material. The Arrhenius equation and the apparent activation en-
ergy could be used to find out the maturity of the mixes to indicate the
extent of hydration processes and its sensitivity to temperature. [46]
found out the apparent activation energy for a UHPFRC mix CM22_TKK
which was the predecessor of the Mix I in the present study. The value

Fig. 9. Determination of the elastic limit using the 10% secant modulus drop
method, along with the development of cumulative Acoustic Emission events at
20 °C, for a) specimen Mix I-20C-SR13-S1, strain rate of 1 × 10−5 s−1, and b)
specimen Mix I-20C-SR13-S2, strain rate of 1 × 10−5 s−1.

Fig. 10. Development of Acoustic Emission events at various stress levels
during a uniaxial tensile test in a dumbbell specimen Mix I-20C-SR15-S1 at a
strain rate of 1 × 10−5 1/s at 20 °C.
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of Ea/R = 3300 K from that study [46], where Ea is the apparent ac-
tivation energy in J/mol·K and R is the ideal gas constant, with a value
of 8.314 J/mol·K, was assumed for the Mix I in the present case. For Mix
II, a value of 4000 K was found out after conducting isothermal ca-
lorimetry tests at three different temperatures (not shown here). The
maturity of the mixes corresponding to an age of 14 days is shown in
Table 4.

3.3.2. Elastic limit
Fig. 15 shows the effect of temperature on the elastic limit for both

the mixes under different strain rates. Mix I shows higher elastic limits
at a temperature of 5 °C than at 20 °C, even though the maturity of the
former is lesser than that of the latter. One possible explanation for this
trend could be the denser microstructure under low temperatures, with
significantly decreased quantity and size of capillary pores as indicated

in [83]. Another possible explanation could be the crisscross effect seen
in cumulative heat developed in isothermal calorimetry tests for similar
UHPFRC mix under different temperatures as shown by [46]. It was
seen that the cumulative heat developed at a temperature of 5 °C
crossed that at 10 °C, at an age of approximately 10 days, but didn't
cross that at 20 °C. It could be argued that at a later age for Mix I, the
cumulative heat and consequently the hydration can be higher for a
curing temperature of 5 °C, following similar discussion.

However for Mix II, the trend was slightly different as can be seen in
Fig. 15, with a higher elastic limit at 10 °C, except at a strain rate of
1 × 10−7 1/s. Nevertheless, this could be also be explained with the
microstructure and crisscross effect, along with the development of
hydration in Mix II. It was shown in [62] that the development of elastic
modulus and hydration at 20 °C in Mix II was much slower than that of
Mix I, and it took more time for Mix II to reach the final asymptotic

Fig. 11. Effect of strain rate on the elastic modulus in tension, of Mix I and II.

Fig. 12. DIF for elastic modulus in tension, of Mix I and II at very low loading rates.
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value of elastic modulus or degree of hydration. As such, it may need
more time to form the microstructure especially under lower tem-
peratures, thereby delaying the two effects previously discussed. In
Fig. 15, it could be argued that at 10 °C, the two effects have already
occurred, thereby showing a higher elastic limit (except for strain rate
of 1 × 10−7 1/s), whereas it needs more time for the effects to be seen
at 5 °C.

3.3.3. Tensile strength
Fig. 16 shows the effect of temperature on the tensile strength for

both the mixes under different strain rates. It can be seen that the trend
is very similar to that of the elastic limit. The behavior could therefore

be attributed to the same effects as described in the case of fUte. A si-
milar trend of higher tensile strength at lower temperatures was re-
ported by [7] for steel fiber concrete. [84] showed that the pullout of
single fibers from cement pastes with and without microsilica showed a
higher bond stress at a temperature of 38 °C compared to that at 2 °C at
7 days, whereas the trend was inverted when tested at 90 days. The
higher bond stress at lower temperatures can also be attributed to the
better microstructure under these conditions.

3.3.4. Strain at tensile strength
Fig. 17 shows the effect of temperature on εUtu for the different

configurations tested, in which no particular trends were seen. The

Fig. 13. Effect of strain rate on the tensile strength of Mix I and II.

Fig. 14. Effect of strain rate on the strain at tensile strength of Mix I and II.
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complex interaction of creep and temperature as indicated earlier could
be the reason for the observed independence. Moreover, the effects of
fiber orientation and fiber grouping add to the complexity of the re-
sponse making it apparently temperature independent in the present
case.

4. Analytical models

4.1. Overview

The CEB model code [2] recommends a quasi-static strain rate of
3 × 10−6 s−1 for the calculation of the DIF. However, not every studies
on the effect of strain rate on the tensile response of UHPFRC or similar
materials consider this as a quasi-static strain rate, but instead considers
1 × 10−5 s−1 or 1 × 10−6 s−1. This is not ideal for comparative and
modelling purposes, but as pointed out in [19], the dynamic strength
increase is minimal in this range of strain rates and therefore the DIF
from different studies could be compared. As such, for the experimental
tests in the present study, the DIF was calculated using a quasi-static
strain rate of 1 × 10−5 1/s. The DIF for the different tensile properties
were compared with analytical models in the literature, the general
format of which is shown in Eq. (2) [85].

=
>

DIFproperty
t s

t s

,

,

s

A

s

B

1

1

(2)

where property refers to the relevant tensile property studied; A, B, β, δ
are the parameters of the model and t refers to the strain rate in s−1 at

which the transition occurs. In the following sections, existing analy-
tical models along with new best fitting models will be used to analyze
the DIF for fUte and εUtu. No models were developed for Emod or fUtu as
these properties did not exhibit a clear strain rate sensitivity in the
present study.

4.2. Effect of strain rate on fUte

The CEB model code parameters for fUte are given in Table 5, where
f'c is the quasi-static compressive strength and f'c,0 = 10 MPa. For the
ease of comparison, it could be assumed that the elastic limit of fiber
reinforced cementitious materials is the same as the tensile strength of
the matrix, and therefore the CEB model could be used to compare the
fUte of these materials. Malvar and Ross [16] compiled fifteen studies on
the effect of strain rate on the tensile strength of conventional concrete
at strain rates in the range of 1 × 10−6 s−1 to 1 × 102 s−1 and for-
mulated the model as shown in Table 5 for the prediction of the DIF.
They used the same quasi-static strain rate as that of the CEB for-
mulation.

Both the models were used to predict the DIF only until the quasi-
static strain rate of 3 × 10−6 s−1, at which the DIF value is 1. The tests
in the present study are done at strain rates lower than this quasi-static
strain rate. Using regression analysis, a new best fitting model similar to
that of Eq. (2) has been proposed for the DIF of fUte. The model was
developed only for strain rates< 1 × 10−5 s−1, and therefore includes
only the first part of Eq. (2), the parameters of which are shown in
Table 5. The quasi-static strain rate for the new model was chosen as
the same as that of the other models for better comparison. It should be
noted that the terminology of Dynamic Increase Factor is maintained,
even though the factor is< 1 for lower strain rates.

Fig. 18 shows the predictions of the three models and the values of
the calculated DIF for fUte from the five series of tensile tests in the
present study. It can be seen that the CEB model as well as the Malvar
and Ross model predict the response at low strain rates reasonably well,
but a much higher drop in the elastic limit was seen in the tests as
shown by the new best fitting model.

4.3. Effect of strain rate on εUtu

Many authors have reported the effect of strain rates in the dynamic

Table 4
Maturity at the time of testing under different temperatures.

Temperature Age at the
time of testing

Maturity at the time
of testing for Mix I

Maturity at the time of
testing for Mix II

°C Hours (days) Hours (days) Hours (days)

20 336 (14) 336 (14) 336 (14)
10 336 (14) 226 (9.4) 207 (8.6)
5 336 (14) 183 (7.6) 161 (6.7)

Fig. 15. Effect of temperature on the elastic limit for different mix type and loading rates [X-axis - “Mix type-strain rate (1/s)”].
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Fig. 16. Effect of temperature on the tensile strength for different mix type and loading rates [X-axis - “Mix type -strain rate (1/s)”].

Fig. 17. Effect of temperature on the strain at tensile strength for different mix type and loading rates [X-axis - “Mix type-strain rate (1/s)”].

Table 5
Parameters of the analytical models for the prediction of effect of strain rate on the DIF for fUte.

Property Model s (s−1) A (–) B (–) β (–) δ (–) t (s−1)

DIFfUte CEB [2] 3 × 10−6 1.016 0.333 logβ = 7.11δ − 2.33 =
+

fc
fc

1

10 6
,0

30

Malvar and Ross [16] 3 × 10−6 1.016 0.333 logβ = 6δ − 2 =
+

fc
fc

1

1 8
,0

1

New best fitting model 3 × 10−6 5.535 – – =
+

fc
fc

1

1 8
,0

1 × 10−5
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domain on εUtu for UHPFRC [23–25,31–33,35]. All these studies were
compiled by Thomas et al. [19] and a model for DIF was proposed si-
milar to Eq. (2). A similar model was also proposed by Park et al. [23]
for the trend of εUtu. The parameters of both models are shown in
Table 6.

Fig. 19 shows the predictions of the Thomas model and the Park
model at very low strain rates, along with the test results in the present

study. It can be seen that the general predictions of the models, is a
decrease in εUtu with a decrease in the strain rate, which is in contrast to
the findings of the present study. As such, a new best fitting model for
the test results was proposed, as seen in Table 6, which is also shown in
Fig. 19 for strain rates< 1 × 10−5 s−1. However, more test results are
needed at very low strain rates to confirm the validity of this model.

Fig. 18. DIF for elastic limit of Mix I and II at very low loading rates, along with the predictions of analytical models (M&R - Malvar and Ross).

Table 6
Parameters of the analytical models for the prediction of effect of strain rate on the DIF for εUtu.

Property Model ε̇s (s−1) A (–) B (–) β (–) δ (–) t (s−1)

DIFεUtu Thomas et al. [19] 3 × 10−6 1 1.5 1.2847 × 1011 8.26 × 10−3 20
Park et al. [23] 3 × 10−6 1 0.3286 0.003998 0.01465 25
New best fitting model 3 × 10−6 −9.925 – – =

+
fc

fc

1

1 8
,0

1 × 10−5

Fig. 19. DIF for strain at tensile strength of Mix I and II at very low loading rates, along with the predictions of analytical models.
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5. Conclusions

• Uniaxial tensile tests were performed at different loading rates from
quasi-static to very low, for two types of mixes; Mix I with pure type
I cement and silica fume and Mix II with silica fume and 50% re-
placement of type I cement with limestone filler, under three dif-
ferent curing temperatures; 20 °C, 10 °C and 5 °C. The tests at strain
rates< 1 × 10−6 s−1 were the first of their kind for UHPFRC ma-
terials.

• Effect of strain rate
o The elastic limit was found to decrease considerably with the
decrease in the strain rate. At very low loading rates, the elastic
limit showed a drop of 19%–28% when compared to that at quasi-
static strain rates. The results are even more interesting for soft-
ening UHPFRC or less robust SH-UHPFRC.

o Acoustic emission measurements on uniaxial tensile tests con-
firmed the validity of the inverse analysis procedure used for the
determination of the elastic limit in tension.

o The elastic modulus in tension was found to be insensitive to the
varying strain rates.

o The tensile strength was also found to be insensitive to the strain
rates at strain rates< 1 × 10−6 s−1. It was concluded that the
strain rate insensitivity of tensile strength at very low strain rates,
could be either because of the strain rate insensitivity of the fiber
pullout at these loading rates, or because of the factors like fiber
grouping and fiber orientation which offset the intrinsic rate
sensitivity.

o The strain at tensile strength increased as the strain rate de-
creased. It was attributed to the fact that even at lower strain
rates, when the fUte is lower, the fibrous mix remains the same and
therefore becomes more efficient in achieving strain hardening.

• Effect of temperature
o The elastic limit and tensile strength were both found to increase
with a decrease in curing temperature, which was attributed to
the formation of denser microstructure with lesser quantities and
sizes of capillary pores, and a better fiber matrix bond at lower
temperatures.

o The strain at tensile strength was found to be insensitive to the
curing temperature.

• Analytical modelling
o Existing DIF models for fUte in the dynamic domain of strain rate
were extended to the very low strain rate domain and the pre-
dictions were compared. A new best fitting model for strain
rates< 1 × 10−5 s−1 was proposed. The results could be used for
the development of new guidelines for serviceability for UHPFRC
materials.

o A new best fitting model was developed to predict the trend of
εUtu, which requires further validation using test results.
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