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A B S T R A C T

This paper addresses the tensile response of Strain Hardening Ultra High Performance Fiber Reinforced
Concretes (SH-UHPFRC) subjected to restrained autogenous shrinkage deformations under full and partial re-
straint conditions, right after casting and until one month. The development of autogenous shrinkage and
corresponding eigenstresses under various degrees of restraint were studied for two types of 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. The tests under 100% restraint conditions are the first of their kind on SH-UHPFRC and the
results show that under these conditions, the material enters into the strain-hardening domain of the tensile
response. The development of eigenstresses was much slower in the Mix II when compared to that of Mix I. The
development of the dynamic elastic modulus and heat of hydration were also studied and put into perspective.

1. Introduction

Ultra High Performance Fiber Reinforced Concretes (UHPFRC) are
cementitious materials with very low permeability, outstanding dur-
ability and excellent mechanical properties. They have high tensile
strength and exhibit significant strain hardening behavior (1–5‰) with
a suitable fibrous mix. Because of these outstanding properties, they are
very well adapted for the improvement of load carrying capacity and
protective functions of existing structures [1].

In composite UHPFRC-concrete structures, a UHPFRC reinforcing
and/or protective layer is applied on an existing structure. The UHPFRC
layer undergoes intensive early age volume changes due to hydration
reactions; thermal effects (more or less pronounced depending on the
UHPFRC layer thickness), autogenous shrinkage and to some extent
drying shrinkage if the UHPFRC layer remains exposed to the outside. It
should also be noted that these deformations, especially the drying
shrinkage, not only act in the early age, but can also occur over longer
spans of time. These deformations are restrained by the existing
structure as well as the reinforcement bars in the UHPFRC layer, if any,
which will lead to the development of tensile eigenstresses in the
UHPFRC layer [2–4]. The stiffness of the existing structure will affect
the degree of restraint imposed by the structure, which in turn affects
the value of the eigenstresses developed. Denarié et al. [5] showed that
depending on the stiffness of the structure, even >90% of the free
deformations can be restrained, leading to conditions which are close to

full restraint.
Only a few works have been carried out to study restrained

shrinkage and the associated eigenstresses development in UHPC [6,7]
and in UHPFRC [2,3,8–11]. The effect of shrinkage reducing ad-
mixtures and superabsorbent polymers on the early age shrinkage of
UHPC was investigated in [12,13]. The effect of specimen thickness on
the restrained shrinkage behavior of UHPFRC was studied in [10,11]
and it was shown that the cracking risk is reduced as the thickness of
the specimen increase. However, to the best of the authors' knowledge,
no extensive research has been reported in open literature on the in-
fluence of full restraint conditions on the development of the eigens-
tresses in UHPFRC.

The strain hardening capacity of UHPFRC helps to mitigate the
detrimental effects of the eigenstresses, except in very special cases of
unfavorable fiber orientations, in which case the strain hardening re-
sponse is limited or lost and the eigenstresses may lead to premature
localized cracking, with reduced protective performance. The viscoe-
lastic potential in tension of the UHPFRC also helps to relax the de-
veloped eigenstresses, thereby reducing their adverse effects. However,
depending on the stress level, the relaxation may be associated to linear
viscoelastic or non-linear viscoelastic. Kamen et al. [14] showed that
UHPFRC viscous response at early age (3 days) deviates considerably
from a linear response when the tensile stress level changes from 32%
to 63% of the tensile strength. Because of the interaction of various
complex effects like the hydration and ageing, stress level, loading
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history and their couplings, the time dependent behavior of UHPFRC at
early age under high sustained loads is not fully understood.

Only a few studies have been carried out to understand the vis-
coelastic behavior of UHPFRC in compression [3,15–20] and in tension
[8,19,21–23]. It was shown that the compressive creep response of
UHPFRC is significantly lower than that of ordinary concretes at a si-
milar loading age and load level [24]. The basic compressive creep
coefficient of UHPFRC without thermal treatment, at a loading age of
28 days, for a load level below 40% of the compressive strength, is
typically 0.8–1, instead of 2–4 for normal concretes [24]. [25–27]
studied the early age tensile creep behavior of concrete and [28]
showed that the viscous properties of concrete help to reduce the
cracking tendency by reducing the early age eigenstresses by about
50%. [2,8] showed that the response was similar in UHPFRC. Very few
studies have been conducted to understand the early age tensile creep
of UHPFRC [4,14,29,30]. The TSTM setup developed at MCS-EPFL by
Kamen et al. [2,8] was used extensively to investigate the early age
tensile response of Strain hardening UHPFRC under various tempera-
tures and loading conditions, which confirmed a significant creep po-
tential for the material due to its high paste volume [9,21].

In these mixes, because of the low w/c ratio, the overall degree of
hydration is much less (about 30% to 40% at 28 days) than that of
normal concretes [9]. Because of this, it is advantageous to replace a
part of the unhydrated clinker with Supplementary Cementitious Ma-
terials (SCMs) like limestone filler. No work has been carried out until
now to study the development of autogenous deformations and ei-
genstresses under restraint for UHPFRC mixes with massive replace-
ment of clinker with limestone fillers. Powers et al. [31] showed that
complete hydration of cement can occur only for water/binder ratios of
0.42 in the long term. Waller [32] and Jensen [33] extended this model
to systems with silica fume. Using these models, [8,9,34] predicted the
maximum degree of hydration of cement in different types of UHPFRC
and showed that it is low, around 30% to 50%. Thus if cement (clinker)
is progressively replaced by inert particles in a UHPC matrix, such that
the overall amount of hydrates stays the same, no detrimental con-
sequences on the mechanical performance of the material should be
observed. This effect was shown by many researchers for normal and
high strength concrete [6,35,36]. [37] studied combinations of lime-
stone filler, cement and silica fume in high performance mortars with
cement replacement by filler up to 25% mass. [38–43] showed that it is
possible to replace significant amounts of cement in UHPC mixes with
low w/b ratios (0.19–0.25) with fillers like fly ash, limestone filler,
GGBS and metakaolin, keeping the w/b ratio constant, without sig-
nificantly decreasing the compressive strength. The same trend was
observed by [44,45] with clinker replacement by limestone filler in SH-
UHPFRC mixes. Ghafari et al. [46] discusses the effect of SCMs such as
FA and GGBS on the porosity and autogenous shrinkage of UHPC. They
show that the full or partial replacement of SF by the SCMs lead to a
considerable decrease in the finer pores and thereby lead to lower au-
togenous shrinkage, without much loss in the compressive strength.
Schachinger et al. [7] showed that the autogenous deformations in blast
furnace cement concretes were lower than that with normal OPC; with
values of 0.6‰ and 1.3‰ respectively after 1 day and 1.3‰ and 1.7‰
respectively after 56 days. [47] showed that the autogenous shrinkage
of RPC can be effectively mitigated by addition of SCMs like GGBS
along with internal curing by means of super absorbent polymers. Even
though many reporters report a decrease in the autogenous shrinkage
with the replacement of fillers in UHPC (w/b=0.19–0.25) [46–49],
some reporters indicate an increase in the autogenous shrinkage with
the addition of GGBS as a filler [48]. [42] showed that the shrinkage of
HPC with FA or GGBS reduced by 14.28% and 27.95% respectively at
180 days and that the creep at 180 days reduced by 36.71% and 56.11%
respectively, when compared to standard mix with only cement. The
knowledge on the shrinkage and creep of UHPFRC with SCMs, along
with the development of eigenstresses under restrained shrinkage is
scarce in literature. Moreover, according to the best of the authors'

knowledge, very few studies have been made to understand the tensile
properties of UHPFRC with SCMs like limestone filler, fly ash or GGBS
[50].

In the present paper, the eigenstresses development in UHPFRC
under full and partial restraint conditions will be investigated for two
types of UHPFRC mixes; Mix I with type I cement and silica fume, and
Mix II with 50% mass replacement of type I cement with limestone
filler. The development of autogenous deformations in these mixes will
be studied from the time of casting until one month or more. Vibration
Resonance Frequency Tests (VRFT) will be carried out to study the
development of dynamic elastic modulus of the two mixes. Isothermal
calorimetry tests will also be conducted to understand the kinetics of
overall hydration of the mixes.

2. Experimental

2.1. Materials and preparation

Two mixes were used for the present study, both from the
CEMTECmultiscale© family. The CEMTECmultiscale© mixes were initially
developed at Laboratoire Central des Ponts et Chaussées (LCPC), France
[51]. This mix was optimized and modified in the framework of the
research works held in MCS/EPFL for rehabilitation and strengthening
of existing structures [44,52] to produce Mix I, which is a UHPFRC type
CM22_TKK_b. The matrix is composed of cement (CEM I 52.5 HTS from
Le Teil, Lafarge), white microsilica (SEPR, BET=14m2/g), super-
plasticizer (Cementol Zeta Super S from TKK, Slovenia) and water. The
matrix is a pure cement paste with no fine sand, 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.

Since the degree of hydration of cement in Mix I is only 30% after
28 days [9], it was decided to replace 50% of the cement with inert
limestone filler. The mix, which will be designated as Mix II from here
on, contains two types of limestone fillers: Betoflow D® and Betocarb
SL® (OMYA), of different gradings. Both mixes were developed based on
the concept of packing density, which is the key for obtaining Ultra
high-performance cementitious composites. The total water added to
the system is divided into two main parts; the void water which is the
amount of water needed to fill the voids and the excess water which is
the rest of the water that gives workability to the mix. Optimizing the
packing density with the help of different grain size classes, reduces the
voids in the matrix and therefore the void water, thereby improving the
overall workability-strength performance of the cementitious material.
In this study, the generalized CIPM model [53,54] was implemented to
optimize the packing density of the mixes. The water film thickness,
which is the amount of excess water divided by the surface area of the
particle system, was kept similar in both mixes, in order to have two
comparable mixes with similar workability. Fig. 1 shows the particle
size distribution (PSD) of the individual components used in the for-
mulation of the matrix together with that of the final mixes. The overall
PSD of the final mixes were obtained from the mix-design and the PSD
of the individual components, which were determined using laser dif-
fraction. More details regarding the procedure adopted for optimizing
the packing density could be found in [54].

Both mixes had a fibrous mix containing two types of steel fibers;
microfibers and macrofibers, with a total dosage of 9% by volume after
the concepts developed by Rossi et al. [51]. The microfibers (steel wool,
from Gervois, France) had a semi-circular section with variable di-
mensions and an irregular aspect ratio. The macrofibers were straight
with lf= 10mm, df= 0.2mm and turned out to be slightly torqued
after the cutting process of the original wires, produced by Redaelli
TECNA, Italy. Both mixes exhibit a significant strain hardening beha-
vior under tension (1–2‰) [21,55,56]. The detailed compositions of
Mix I and II along with those of the corresponding UHPC matrices
(without fibers, designated as Mix Im and Mix IIm) are given in Table 1.
The chemical and physical properties of the cement and silica fume
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used are given in Table 2.
The procedure for mixing the components was the same for both

mixes. Initially the powders (cement, silica fume, limestone fillers) and
the microfibers were mixed for 3min. Water was then added to the mix,
while the superplasticizer was added 1min after. The entire composi-
tion was mixed for 7–8min after which 50% of the total steel fibers
were added and mixed for 45 s. The remaining 50% of the fibers were
then added and the whole mix was mixed for another 2min. At the end
of mixing, the workability of the mixes was tested following
ASTMC1437 [57]. The air content as well as the specific gravity of the
mixes were also measured using an air content meter after EN 459-2.
The properties of both mixes in the fresh state are shown in Table 3 and
that in the hardened state are shown in Table 4.

The compressive strength and modulus of elasticity were de-
termined on 70mm×140mm cylinders, whereas the tensile properties
were obtained from uniaxial tensile tests at a strain rate of 10−5 1/s, on
dumbbell specimens with a center cross section of 50mm×30mm,
following [58]. The sorptivity was also measured for both mixes at an
age of 28 days following EN 1925: 99-07.

2.2. Vibration Resonance Frequency Test (VRFT)

The development of the dynamic moduli of elasticity of the two
mixes was studied using the Vibration Resonance Frequency Test
method. The automatic test setup for two specimens in parallel was
developed by [59] in EPFL following the works of Kazemi Kamyab [9],
after [60]. The tests were carried out on two cylindrical specimens
140mm in length and 70mm in diameter, inside a climate room
maintained at 20 °C± 1 °C. The specimens were weighed and the

Fig. 1. Particle size distribution of the mixes along with that of the individual components.

Table 1
Compositions of Mix I and II.

Material Units Mix I Mix II Mix Im⁎ Mix IIm⁎

[kg/m3] [kg/m3] [kg/m3] [kg/m3]

Cement, CEM I 52.5 le Teil [kg/m3] 1467.0 733.7 1616.2 809.6
Silica fume, SEPR [kg/m3] 381.4 293.5 420.2 323.8
Limestone filler 1 (Betocarb SL®) [kg/m3] – 223.0 – 246.1
Limestone filler 2 (Betoflow D®) [kg/m3] – 510.6 – 563.4
Steel fibers (straight macro fibers; lf = 10 mm, df =0.2 mm and microfibers/steel wool) [kg/m3] 706.5 706.5 – –
Total water [kg/m3] 225.8 217.9 248.7 240.4
Superplasticizer from TKK, Slovenia; Zementol zeta super S; polycarboxylate; 25% solid content; (total amount) [kg/m3] 20.5 14.7 22.6 16.2
Packing density [–] 0.815 0.793 – –

⁎ Compositions of the UHPC matrix without fibers.

Table 2
Chemical compositions of cement and SFSEPR.

Components Chemical composition (%)

Cement SFSEPR

SiO2 22.75 94
TiO2 - < 500 ppm
Al2O3 2.7 3
Fe2O3 1.9 0.15
CaO 67.1 0.02
Na2O 0.15 0.10
K2O 0.2 0.06
MgO 0.75 -
SO3 2.1 60 ppm
ZrO2 - 2.4
P2O5 0.2 -
Cl < 0.1 -
C - 40 ppm
CO2 1.3 -

Table 3
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
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surfaces were sealed with two layers of aluminum tape in order to
prevent the drying and moisture loss. The cylinders were then kept on a
support in front of a system consisting of a steel ball suspended using a
steel thread. The specimens were hit at their centers, at one end, with
the steel ball, that produced longitudinal vibrations in the specimens,
which were measured using an accelerometer fixed on the other end of
the cylinder. The data acquisition was done at a rate of one measure-
ment per minute.

Using an analytical procedure developed by [60], the dynamic
elastic modulus was determined at different ages. The proposed ana-
lytical procedure was based on a three-dimensional analysis of the vi-
bration of the cylinder. The two first longitudinal resonance frequencies
were determined, from which the elastic modulus and Poisson's ratio
were calculated at the different ages investigated.

2.3. Isothermal calorimetry tests

Isothermal calorimetry tests were done in a TAM AIR calorimeter
from TA instruments, and the heat flow in the mixes was continuously
measured from the time of casting, to follow the kinetics of hydration.
The thermostat in the TAM AIR can maintain the temperature in the
samples and the surrounding environment within ±0.02 °C of the
chosen isothermal temperature. The mixes used for the isothermal ca-
lorimetry tests did not have the micro or macro fibers. Four samples
were tested for each of Mix Im and Mix IIm at 20 °C. Immediately after
mixing, about 10 g of the sample was placed into a 20mL glass ampoule
and kept in the calorimeter, along with a reference sample of water in
another ampoule, which acted as an inert sample to improve the signal
to noise ratio and identify the temperature artefacts and fluctuations.
More detailed information regarding the test procedure and sample
preparation could be found in [61,62].

2.4. Temperature Stress Testing Machine (TSTM)

The Temperature Stress Testing Machine was developed at MCS/
EPFL during the doctoral thesis of Kamen [8] following the works of
[63–65]. It is a thermo-mechanical testing setup situated inside a
temperature controlled room and used to conduct mechanical mea-
surements and tests on cementitious specimens, from a very early age
directly after casting, at different temperatures. Quasi–isotherm tem-
perature conditions were ensured in the specimen with the help of a
cooling circuit surrounding the molds. A schematic diagram of the
TSTM setup is shown in Fig. 2.

The setup consists of two devices; the Free Setup (FS) helps to
measure the free autogenous deformations. The Restrained Setup (RS)
helps in measuring the eigenstresses developing under various restraint
conditions with the help of a load cell and controlling their develop-
ment with an electromechanical actuator linked to a closed loop control
system. The associated free deformations in the restrained specimen as
well as the free deformations in the free system were measured by
means of two LVDT in each specimen, attached to a rod inserted in the
material, immediately after casting. In the RS setup, two LVDT namely
LVDT A and LVDT B with an accuracy range of ±0.5mm were placed

750mm apart, whereas in the FS setup, two LVDT namely LVDT C and
LVDT D with an accuracy range of ±2.5mm were installed 750mm
apart from each other, as shown in Fig. 2. The eigenstresses were cal-
culated by dividing the force measured by the load cell of the RS setup
with the cross sectional area of the specimen. In both devices, fully
sealed specimens of cross sectional dimensions 50mm×100mm were
used. Further details regarding the TSTM setup can be found in
[8,9,21,55].

2.5. Loading programs for the TSTM tests

Two types of tests were conducted in the TSTM; full restraint tests
and partial restraint tests, both at a quasi-isothermal temperature of
20 °C. All measurements were started immediately after casting.

Table 4
Properties of Mix I and II in the hardened state.

Property Units Mix I Mix II Age (days)

Tensile first crack strength⁎ (average of 8 tests) MPa 12.3 ± 1.7 11.1 ± 1.9 14
Uniaxial tensile strength (average of 8 tests) MPa 18.0 ± 3.1 15.1 ± 2.7 14
Modulus of elasticity in tension (average of 8 tests) GPa 51.0 ± 2.3 46.3 ± 1.3 14
End of tensile hardening (average of 10 tests) ‰ 1.6 ± 0.4 1.3 ± 0.5 14
Compressive strength (average of 3 tests) MPa 230.5 ± 0.9 169.7 ± 0.5 28
Modulus of elasticity in compression (average of 3 tests) GPa 48.3 ± 0.8 46.3 ± 0.8 28
Sorptivity (average of 2 tests) gr/m2√h 45.0 ± 5.2 32.5 ± 9.5 28

⁎ Transition from the elastic behavior to the strain hardening behavior.

Fig. 2. Schematic representation of the TSTM setup.
(Adapted after [8,21].)
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In the full restraint test, the specimen was subjected to fully re-
strained conditions against any autogenous or thermal deformations,
from the time of casting, until a month or more. In order to carry this
out, an active control was required to keep at zero the relative dis-
placement between two points A and B 750mm apart. However, at
fresh state and in the very early age close to setting time, the material
stiffness was too low to impose a closed loop force or deformation
control. As such, the tests were started under stroke control (passive
control) with the stroke remaining at the same position as the start of
the test. The monitored development of eigenstresses under passive
stroke control was used to determine a trigger value to activate the
deformation control leading to full restraint condition. A value of
0.2MPa (corresponding to a force of 100 kg carried by the specimen)
was chosen as the trigger value, to be low enough to minimize the
discrepancies of the control mode and the impacts on the viscous effects
of the loading history, while being high enough to reach a sufficient
stiffness of the specimen to respond to a closed loop deformation con-
trol without yielding out of control.

After the setting of the UHPFRC, when the stress in the material
reached 0.2MPa, the control was automatically switched to deforma-
tion control, wherein the relative displacement between the points A
and B was kept zero. The control was therefore an active control as the
deformations were controlled actively depending on the autogenous
deformations occurring in the material, thereby ensuring full restraint
conditions in the material.

In the partial restraint test, the entire test was controlled using
stroke control and the stroke was kept in the same relative position
without any movement, from the beginning of the test until the end.
Because of the finite stiffness of the machine parts, due to which there
were slight displacements of the machine parts, the specimen was not
fully restrained in this case. The partial restraint imposed by the ma-
chine in these tests were calculated to be 54% in the Mix I-20C-PR1 test
and 60% in the Mix I-20C-PR2, by comparing the free deformations in
the restrained system and the free deformations in the free system. It
can then be assumed that the stroke controlled test impose a restraint of
about 50–60%.

The temperature evolution in the restrained and free specimens was
monitored using thermocouples inserted into the specimens right after
casting. No active temperature control was used. The temperature of
the samples increased slightly (1 °C–2.2 °C) due to the heat of hydration,
even though the molds contained cooling circuits to maintain the
temperature. As such, the tests could not be considered to be fully under
isothermal conditions but were under quasi-isothermal conditions.

It was assumed that the autogenous deformation varies linearly
from one end to the other in the FS setup. The autogenous shrinkage
was calculated by dividing the difference of displacements shown by
LVDT C and D by the distance between them, that is, 750mm. It was
assumed that for each test, the restrained specimens exhibited similar
autogenous shrinkage as that in the free specimens. For the Mix I, two
full restraint tests (Mix I-20C-FR1, Mix I-20C-FR2) and two partial re-
straint tests (Mix I-20C-PR1, Mix I-20C-PR2) were carried out, whereas
for the Mix II, only two full restraint tests were conducted (Mix II-20C-
FR1, Mix II-20C-FR2).

3. Results and discussion

3.1. Development of dynamic elastic modulus

The development of the dynamic modulus of elasticity is shown in
Fig. 3 on a semi-log scale. The static elastic moduli determined from
compression test, after SIA 262/1-Annex G, on 70mm×140mm cy-
linders are also shown in Fig. 3 for Mix 1 (7 days) and Mix II (7, 14,
28 days). As expected, the dynamic elastic moduli of the mixes are
slightly higher than the static ones. The dynamic elastic modulus of Mix
I stabilized around 52 GPa for specimen C1 and about 50 GPa for spe-
cimen C2, whereas that of Mix II reached about 50 GPa after 200 h.

The main difference in the development of the dynamic modulus in
the mixes occurs around 20 h as can be seen from Fig. 3. At this time,
the rate of development of the dynamic elastic modulus becomes much
lower in the case of Mix II when compared to that of Mix I. However, at
a later age, the trend inverts and the rate of development of the dy-
namic elastic modulus of Mix I becomes lower than that of Mix II.
Eventually the dynamic elastic moduli reach similar values at an age of
about 200 h.

This trend could be explained by the difference in the two main
parameters; the silica fume/cement (SF/C) ratio and the water/cement
(W/C) ratio. Mix I has a SF/C ratio of 0.26 and Mix II has a SF/C ratio of
0.4, whereas the W/C ratio of Mix I is 0.163 and that of Mix II is 0.310.
Jensen [33] has shown the influence of SF/C ratio and the W/C ratio on
the rate of drop of relative humidity in cement paste specimens. The
kinetics of the changes in the relative humidity is closely related to the
kinetics of the rate of hydration in different mixes. As such, even though
the relative humidity changes with age were not studied for the mixes
in the present study, the expected trends of the same might indicate
possible explanations for the kinetics of rate of development of dynamic
elastic modulus. According to Jensen [33], as shown in Fig. 4, an in-
crease in the SF/C ratio leads to an increase in the rate of drop of re-
lative humidity in cement paste specimens in the early age and conse-
quently an increase in the rate of overall hydration in the specimens.
However, [32] has shown that only 20% mass of the silica fume con-
tributes to the pozzolanic reaction, as all the Ca(OH)2 will be consumed
and the pozzolanic reaction gets saturated. Since the SF/C ratio for both
mixes is higher than 0.2, it can be assumed that it has minimal effect on
the trend of hydration. On the other hand, Fig. 4 also shows a similar
trend of increase in the rate of drop of relative humidity with a decrease
in the W/C ratio [33]. Hence, the reduced rate of development of dy-
namic elastic modulus for Mix II in the early age can be attributed
predominantly to the dilution effect (effect of higher W/C ratio). Fig. 4
shows that the relative humidity drop is much faster as the W/C ratio
decreases, but ultimately becomes similar for W/C ratio less than or
equal to 0.3. The trend is similar to that of the dynamic elastic modulus
in Fig. 3, in which the development is faster in Mix I with lower W/C
ratio, but ultimately becomes similar in both mixes at a later age. Si-
milar trends were also observed in [66,67] in ternary cement binders
with SCM.

3.2. Heat of hydration

The heat of hydration of both the matrices (without fibers) was
obtained from the isothermal calorimetry tests. Fig. 5 shows the heat
flow per unit volume of both mixes. Four measurements are shown for

Fig. 3. Development of dynamic elastic moduli of Mix I and II obtained from
the VRF tests. The static modulus of elasticity of both the mixes is also shown at
7, 14 and 28 days.
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each mix. However, the scatter between the four tests was very low and
therefore the curves were almost superimposed on each other. The
volume of the 10 g of paste put in the ampoule was calculated using the
specific weight of both the mixes (2295.9 kg/m3 for Mix Im and
2199.6 kg/m3 for Mix IIm). Fig. 5 shows a higher dormant period for
Mix Im, which is due to the higher amount of superplasticizer needed to
reach the minimum workability. Fig. 6a shows that the cumulative heat
per unit volume of the Mix IIm is lower than that of Mix Im, which could
be explained by the limited reactivity of the limestone filler particles in
Mix IIm and also due to the dilution effect in the same. Even though the
limestone filler acts as nucleation sites for the hydration of more ce-
ment, the dilution effect dominates the nucleation effect and thereby
releases less heat in the early age. Similar trends were seen in the case
of blended cements in [66,68,69]. In the case of UHPC mixes, it was
shown in [70] that the cumulative heat per unit volume of binder were
almost similar up to 54% replacement of cement with limestone filler,

whereas it was much lesser when the limestone filler replacement
reached 74%.

The cumulative heat released can be used to calculate the degree of
hydration of the mixes. Table 5 shows the hypothetical value of the
total potential heat release for both the mixes, at full hydration, as-
suming that only cement and silica fume contributes to the release of
heat. Based on literature data [9,32], it was also assumed that only 20%
mass of the silica fume will contribute to the heat of hydration, as all
the Ca(OH)2 will be consumed by then and there will not be any more
pozzolanic reaction, that is, maximum mass of silica fume reacting is
equal to 20% of the mass of the cement. Fig. 6b shows the degree of
hydration curves for both the mixes, which was obtained by dividing
the cumulative heat per unit volume of the mixes (obtained from the
isothermal calorimetry tests) by the total potential heat of the re-
spective mix, Ht100% at full hydration, as seen in Table 5. Fig. 6b shows
that the degree of hydration of Mix IIm at 650 h is about 49.5% whereas
that of Mix Im at 650 h is only 28.7%.

3.3. Temperature evolution in the TSTM

Fig. 7 shows the evolution of the temperature in the restrained
specimens in the TSTM. The main observations in the evolution of the
temperature are summarized in Table 6, which shows that the rise in
the temperature in Mix I is higher (1.8 °C–2.2 °C) than in Mix II (1.0 °C).
Since the rise in the temperature in the specimens is small (max of only
2.2 °C), the test can be considered as a quasi-isothermal test.

As discussed later in Section 3.4, the eigenstresses start developing
at the end of the apparent swelling and therefore the end of apparent
swelling could be considered as an apparent setting time. Fig. 7 shows
the corresponding points on the temperature curves, which is also
summarized in the Table 6. It can be seen that the apparent setting time
occurs when the rise in temperature is approximately 27%–41.5% of
the total rise in temperature in the specimen. The corresponding ei-
genstresses at these points are also less than or equal to 0.06MPa, ex-
cept for Mix I-20C-PR1 where the stress was 0.12MPa. These values of
eigenstresses are very low and therefore the end of apparent swelling

Fig. 4. Figure showing the effect of silica fume content and the water/cement ratio on the relative humidity within various cement paste and mortar specimens.
(Taken from [33].)

Fig. 5. Heat flow per unit volume of Mix Im and Mix IIm, from isothermal ca-
lorimetry tests at 20 °C.
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can be considered as the apparent setting time in the mixes.

3.4. Development of autogenous deformations

The free autogenous deformations εfreefree were measured using the
FS setup of the TSTM and the autogenous shrinkage was calculated as
explained in Section 2.5. Figs. 8, 9 and 10 show the development of
εfreefree corresponding to the different tests. Fig. 8 shows the develop-
ment of autogenous deformations as measured, whereas Fig. 9 shows
the evolution of autogenous deformations zeroed at the end of swelling.
Fig. 10 compares the kinetics of the autogenous deformation curves for
each mix and defines the different phases in their evolution.

In Fig. 10, Point A is the time of contact of water with the binders
and it is considered as the “zero age” of the material. Point B is the point
where the test measurements start. The phase AB is the phase in which
the mixing procedure as well as the casting of the mix into the molds
take place. It can be seen that there is a swelling phase in all the mixes
(phase BC). The point C is the end of the apparent swelling phase of the
material, after which the actual shrinkage deformations begin, which
lead to the development of eigenstresses in the material. The point C is
in the range of 16.5–19.5 h in the case of Mix I whereas it is in the range
of 14.5–15.5 h for Mix II.

Point D is the point that shows a major difference in the two mixes.
While for Mix I, even though there is a reduction in the rate of
shrinkage deformations beyond the point D, the shrinkage deformations
are still increasing and there is no reduction (or swelling) in the value of
the same; whereas for Mix II, a clear reduction in the autogenous de-
formations (shoulder effect) can be observed at the point D. Jensen [33]
showed a similar trend in the reduction of the relative humidity in
cementitious materials with silica fume. Kazemi Kamyab [9] also
showed a similar trend using Proton NMR (1H NMR). It is assumed that
it is around the point D, that the silica fume starts to react which could
lead to a change in the rate of hydration, which in turn leads to a
change in the rate of autogenous shrinkage occurring in the material.
Point E is the point where the temporary swelling ends for the Mix II
whereas for Mix I, it is the point where the rate of development of
autogenous deformations changes slightly. The phase EF is similar in
both the mixes, even though there may be slight differences in the rate
of development of the autogenous deformations.

Fig. 6. a) Cumulative heat per unit volume of Mix Im and Mix IIm, from isothermal calorimetry tests at 20 °C, b) overall degree of hydration of Mix Im and Mix IIm at
20 °C.

Table 5
Total potential heat release of Mix I and II at full hydration, Ht100%.

Mix Cement reacted
(kg/m3)

Heat release of cement
(kJ/kg)

Silica fume reacted
(kg/m3)

Heat release of silica fume
(kJ/kg)[32]

Total potential heat at full hydration, Ht100%
(kJ/m3)

Mix I 1607.9 452.3 321.6 780 978,085
Mix II 809.6 452.3 161.9 780 492,480

Fig. 7. Evolution of temperature in the restrained test specimens in the TSTM
setup (focusing near the peak of the temperature curves).

Table 6
Trends of temperature evolution in the TSTM experiments.

Experiment ΔTtot⁎

(0C)

tpeak⁎

(hours)

tas⁎

(hours)

ΔTas⁎

(0C)

ΔTas/ ΔTtot⁎

(%)

σas⁎

(MPa)

Mix I–20C-FR1 2.2 20.9 16.6 0.66 30.0 0.06
Mix I-20C-FR2 2.0 21.3 16.8 0.54 27.0 0.04
Mix I-20C-PR1 2.0 23.2 19.9 0.83 41.5 0.12
Mix I-20C-PR2 1.8 22.2 17.9 0.55 30.6 0.04
Mix II-20C-FR1 1.0 18.3 14.2 0.28 28.0 0.01
Mix II-20C-FR2 1.0 18.9 15.2 0.41 41.0 0.06

⁎ ΔTtot: total rise in temperature, tpeak: time to peak of the temperature curve,
tas: time to the end of apparent swelling of autogenous deformations (apparent
setting time), ΔTas: rise in temperature up to the end of apparent setting time,
σas: eigenstress value at the apparent setting time.
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Another interesting observation, as shown in Figs. 11 and 12, is the
comparison of the average autogenous shrinkage curves for the two
mixes along with their corresponding development of dynamic elastic
modulus. The autogenous shrinkage of Mix II shows a reduction around
20–22 h and it is approximately around this time that the rate of de-
velopment of dynamic elastic modulus of Mix II deviates from that of
Mix I, marked as zone II in Fig. 12. It can also be seen that the

autogenous shrinkage curves of both mixes become almost similar ap-
proximately at the same time when the average dynamic elastic mod-
ulus of both mixes become similar (zone III in Fig. 12).

This trend can be explained using the capillary pressure hypothesis
[16,71–73], which states that the capillary tension (or depression) in
the liquid phase in the pores, exerts a pressure on the solid skeleton
(hydrates) formed, which then undergoes a compression and therefore
a shrinkage (autogenous). However, the elastic stiffness and the viscous

Fig. 8. Evolution of free autogenous deformations (increasing deformation represents shrinkage) in the FS setup of the TSTM; a) overall trend, b) early age.

Fig. 9. Evolution of autogenous deformations zeroed at the end of the swelling
phase.

Fig. 10. The different phases in the evolution of the autogenous deformations
of Mix I and II, in the FS setup of the TSTM.

Fig. 11. Average shrinkage curves of Mix I and Mix II from the FS setup of the
TSTM.

Fig. 12. Comparison of the evolution of the autogenous shrinkage in Mix I and
II with the corresponding development of elastic modulus.
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response of the solid skeleton of the matrix help in mitigating the effect
of the capillary tension. As the hydration progresses, the pore structure
becomes finer, which in turn leads to a higher capillary tension and
thereby a higher autogenous shrinkage. The hydration also leads to the
consumption of the water in the pores, which is another reason for the
increase in the capillary tension in the liquid phase. In zone II in Fig. 12,
the dynamic elastic modulus of Mix II is slightly lesser than that of Mix
I. It can then reasonably be assumed that the pore structure in Mix II
will be coarser than the same for Mix I in this zone. As a coarser pore
structure leads to a lesser value of capillary stress, the autogenous
shrinkage produced will also be lesser. This might be the possible ex-
planation for the slightly lower autogenous shrinkage for Mix II in zone
II when compared to Mix I. It also explains why the average autogenous
shrinkage values of both mixes become similar when the average dy-
namic elastic moduli become similar in the zone III.

Fig. 8a shows that the long term autogenous shrinkage varies be-
tween 376 μm/m and 514 μm/m at 720 h (one month) for Mix I
whereas that for Mix II varies between 405 μm/m and 477 μm/m. At an
age of 7 days at 20 °C, Kamen [8] reported an autogenous shrinkage,
which varied between 105 μm/m and 140 μm/m for a UHPFRC mix
similar to Mix I, whereas Switek [21] reported an autogenous shrinkage
of 168 μm/m at 7 days. The results in the present study exhibit slightly
higher values for the autogenous shrinkage at 7 days with Mix I
showing a value ranging from 202 μm/m to 225 μm/m and Mix II from
193 μm/m to 222 μm/m. The slightly higher values can be explained by
the changes in the dormant period of the mixes in the present study
when compared to that of [8,21]. The Mix I in the present study have an
approximate dormant period of 11 h whereas the dormant period of the
mixes used in [8,21] varied between 32 and 33 and 22 and 24 h re-
spectively. This is mainly because of the variation in the amount of
superplasticizer used in the mixes. The Mix I in the present study has a
superplasticizer dosage of 1.4% whereas that in [21] was 2.3% and in
[8] was 3.3%. As such, the present mixes have slightly higher auto-
genous shrinkage at 7 days.

3.5. Development of eigenstresses

Fig. 13a shows the displacements of LVDT A and B from the Mix I-
20C-FR1 test. It can be seen that both are exact mirror images of each
other, ensuring zero relative displacement between the two, thereby
ensuring full restrained conditions. Fig. 13b shows the displacements of
LVDT A and B from the Mix I-20C-PR1 test and unlike that in the full
restraint test, the displacements are not mirror images of each other and
thereby the relative displacement between them is non zero and
therefore the restraint imposed is only partial.

At this point, it is interesting to compare the procedure for full re-
straint adopted in the present study, with another commonly used

procedure in literature. Following the procedure developed by [74],
[2,34,75] had conducted full restraint tests on UHPFRC mixes similar to
Mix I in the present study in similar TSTM setups, to study the devel-
opment of eigenstresses. The procedure was to allow the specimen to
shrink from its initial position up to 5-6 μm and then to bring the spe-
cimen back to its initial zero position, which induced stresses in the
material. The cycle was then repeated again for every 5–6 μm incre-
ments. Fig. 14a compares the development of eigenstresses using this
procedure with that adopted in the present study using deformation
control and it can be seen that the stresses at any given age are slightly
lesser in the case of the incremental procedure, when compared to that
of Mix I. Fig. 14b depicts the development of eigenstresses with the age
axis of the mixes in [2,34] adjusted in such a way so that the stresses
start to develop at the same age as that of the Mix I. But even then it can
be seen that the stresses are developing much faster in the experiments
in the present study, which shows that the incremental procedure
adopted in [2,34] does not guarantee full restraint. However, it should
be noted that the difference in the values of eigenstresses between the
different procedures is not that large and may be even attributed to the
slight difference in the composition of the mixes tested. Nevertheless,
the procedure developed in the present study is much easier to carry out
and also easier to model. On the other hand, the incremental procedure
helps in the determination of local estimate of the elastic modulus
during the incremental loading steps as the elastic strain and stress
could be measured at these loading steps.

Fig. 15 shows the development of eigenstresses in the two mixes
under the different restraint conditions. As expected, the eigenstresses
developed in the case of full restraint tests were much higher than that
in the partial restraint tests for Mix I. The stresses reached a value of
12.2MPa and 11.7MPa at an age of one month (720 h) in the two full
restraint tests for Mix I, whereas the stresses were only about 5.3MPa in
the partial restraint tests for the same age. The rate of development of
eigenstresses under full restraint were much slower for Mix II, with the
values being only 6.9MPa and 5.4MPa for Mix II-20C-FR1 and Mix II-
20C-FR2 respectively, at an age of one month. However, the eigens-
tresses kept on developing even beyond one month, with Mix I-20C-FR2
reaching a stress value above 14MPa (in the strain hardening domain)
at around 1900 h (2.6months) and Mix II-20C-FR2 reaching a stress
value of 12.3MPa (just below the strain hardening domain) at around
2400 h (3.3months). It indicates that even though the rate of eigens-
tresses development is slower for Mix II, the eigenstresses can still reach
values close to the strain hardening domain at a later age.

The lower value of eigenstresses might be explained by a higher
viscoelastic response of Mix II, and consequently a higher relaxation
potential, which will help in relaxing the developed eigenstresses. This
was confirmed by conducting tensile creep tests for both mixes on
prismatic specimens of dimensions 1000mm×70mm×40mm, at

Fig. 13. Comparison of LVDTs A and B in the; a) Mix I-20C-FR1 full restraint test, b) Mix I-20C-PR1 partial restraint test.
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different stress levels. The details regarding the tensile creep rigs and
the test setup can be found in [21,30]. Fig. 16 shows the average nor-
malized specific creep curves for both mixes under tension, loaded at an
age of 14 days, at different stress levels. Mix II exhibits a higher creep
response throughout the period of loading, thereby confirming a much
higher viscous response, and consequently a higher relaxation poten-
tial.

The reduced eigenstresses in Mix II may also be due to slower rate of
development of elastic modulus in Mix II, as discussed in Section 3.1. A
combination of slightly lower elastic modulus as well as lower auto-
genous shrinkage may have led to a slower development of eigens-
tresses. The drop in the autogenous shrinkage (point D in Fig. 10) has
also led to a decrease in the eigenstresses in Mix II, as can be seen
clearly from Fig. 15b, whereas a similar drop in autogenous shrinkage
and a consequent reduction in eigenstresses were not present in the case
of Mix I. Bouasker et al. [66] and Mehdipour et al. [67] observed si-
milar trends in ternary cement binders with limestone filler and re-
ported that the time to cracking was much higher in the case of ternary
binders with limestone fillers, when compared to cement binders
without limestone filler. As such, the tests show that it is advantageous
to use the mix with limestone filler, as the adverse effects of the ei-
genstresses as well as the cracking risk are considerably reduced.

Fracture tests were later conducted on all the specimens and the
tensile strengths are summarized in Table 7. The tensile strength results
were consistent with the values shown in [21], who obtained an
average tensile strength of 15.5MPa for specimens of similar dimen-
sions loaded at 10 days for a similar mix. Uniaxial tensile tests were also
conducted on dumbbell specimens of Mix I and Mix II, with cross

sections of 50mm×30mm, in an electromechanical test setup at very
low strain rates of 10−8 1/s. The tests showed average elastic limits of
9.60MPa and 10.19MPa and average tensile strengths of 15.79MPa
and 17.17MPa respectively for Mix I and Mix II at an age of 14 days
age.

Table 7 shows that the eigenstresses at 720 h in the full restraint
tests on Mix I, were much higher than the other tests and even higher
than the elastic limit of the material. As such, the stress levels had

Fig. 14. Comparison of the development of eigenstresses in the full restraint tests in the present study and tests using the incremental procedure of [2,3]; a) time scale
as measured, b) time scale adjusted.

Fig. 15. Development of eigenstresses in the full and partial restraint tests in the RS setup of the TSTM; a) overall trend, b) early age behavior.

Fig. 16. Average normalized specific creep of Mix I and II under tension, loaded
at an age of 14 days.
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clearly reached the strain hardening domain of the tensile response of
the material. On the other hand, the eigenstresses development was
much slower in the Mix II, with the values of the eigenstresses after
720 h being only about 33–40% of the tensile strength of the mix and
also below the elastic limit. This clearly confirms the advantage of the
limestone filler mix in terms of the cracking risk and serviceability.

4. Conclusions

• Tests on UHPFRC under full restraint conditions were done for the
first time and they showed that the eigenstresses could reach values
higher than the elastic limit and even close to the ultimate strength
of the material.
• A new closed loop deformation controlled method was proposed to
carry out tests under full restraint conditions. A value of 0.2MPa
was chosen as the trigger value to activate the closed loop of de-
formation control, to be low enough to minimize the discrepancies
of the control mode and the impacts on the viscous effects of the
loading history, while being high enough to demonstrate a sufficient
stiffness of the specimen to respond to a closed loop deformation
control without yielding out of control.
• Two mixes were investigated; Mix I with pure type I cement and
silica fume and Mix II with silica fume and 50% replacement of type
I cement with limestone filler.
• The development of the elastic modulus and autogenous shrinkage
were almost similar in both Mix I and Mix II, except for changes in
the kinetics at certain ages.
• Isothermal calorimetry tests were conducted which showed that the
degree of hydration of Mix II at 650 h is about 49.5% whereas that of
Mix I at 650 h is only 28.7%.
• The rate of development of eigenstresses under full restraint con-
ditions were much slower in Mix II when compared to Mix I, with
Mix I reaching the strain hardening domain at around 720 h (one
month), whereas for Mix II the eigenstresses were only approaching
the strain hardening domain, even after 3months. However, the
results indicated that even for Mix II, the eigenstresses might reach
the strain hardening domain at a later age beyond 3months.
• This study highlighted the necessity of using a strain hardening
material for casting UHPFRC on an existing substrate, in order to
avoid localized macrocracking and meet the serviceability criteria
associated to the protective function.
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