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A B S T R A C T

The hydration of an ultra-high performance fibre reinforced concrete (UHPFRC) paste with a water to cement
ratio of 0.18 was followed by proton nuclear magnetic resonance (1H NMR) alongside more classical techniques
for hydration kinetics, and microstructural analysis. The states of water were quantified at different times by
following the repartition of the “mixing water” after casting into “capillary water, gel water, CSH interlayer
water and solid water” as hydration takes place. It was found that the capillary water is quickly depleted, and
subsequently hydration continues with the consumption of the gel water. Overall the material becomes ex-
tremely self-desiccated with all water, bound in crystalline hydrates and the interlayer of C-S-H.

1. Introduction

Ultra-high performance fibre reinforced cementitious composites
have become known as efficient materials in the novel design of new
structures and enhancement of existing structures [1] because of their
distinct material behavior. On one hand, the matrix of UHPFRC has
exceptional durability properties due to its very low permeability, and
on the other hand, the use of a fibrous mix (dosage and aspect ratio)
adapted to the matrix can provide high tensile strength (typically>
10MPa) with significant strain hardening response [2,3].

The very low permeability to gases and liquids ([4,5]) and high
compressive strength (fc higher than 150MPa) of UHPFRC stems from
its very high packing density, extremely low water/binder ratio (typical
UHPFRC mix has w/fines < 0.2, high content of cement (typically>
800 kg/m3), 18% to 26% of silica fume by mass, and significant
amount of superplasticizer which results in very low porosity. The
physical and chemical contributions of the mix design to the pore
structure come from:

(a) The geometrical optimization of the particle size distribution [6]
down to the sub mm range, and the high amount of ultrafine par-
ticles such as silica fume which contribute to increase of the
packing density through micro- and nano-filling of the solid matrix
[7,8].

(b) The very low water to binder ratio (w/b < 0.2). This means that
there are only small distances between the solid particles, which
can quickly be bridged by the hydration products.

(c) Furthermore, the pozzolanic reaction [9–11], and the filler effect
[12–15] from the supplementary cementitious materials (SCMs)
such as silica fume will form more C-S-H, further infilling the pore
structure.

Various attempts have been made to quantify the evolution of the
porous network and the microstructural development in UHPFRCs.
However, most reports have been on the characterization of porosity in
matured samples. Few researchers have tried investigating the evolu-
tion of the pores in UHPFRC as hydration takes place [16–18]. Morin
et al. [17] reported that there are two main pore size ranges observed as
hydration takes place in a UHPFRC paste with w/c=0.21 and 25%
silica fume content by mass. At the beginning of the hydration (39 to
40 h after water addition), most pores are in the range 10–20 nm. As the
hydration continues, these pores are filled with hydration products and
subsequently, most of the porosity lies in the range 1–2 nm (70 h on-
ward). This characterization was based on a model from ultrasonic
velocity and autogenous shrinkage measurements. Touse et al. [18]
investigated the pore structure of UHPFRC paste with water/powder
ratio of 0.18 and various amount of silica fume: 0%, 6%, 18% and 24%
using mercury intrusion porosimetry (MIP) at various hydration times.
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The threshold radius was lower as the percentage of silica fume in-
creased; furthermore the shape of the cumulative pore volume curves
changed as the amount of silica fume was increased in the mix. Despite
these earlier studies, there is still limited insight about the processes
involved in the development of porosity and microstructure of
UHPFRC, especially regarding the development of the pore network at
early age.

Hydrogen proton nuclear magnetic resonance (1H NMR) re-
laxometry provides the means to directly probe the states of water in
evolving pore structures of cementitious materials [19,20]. It is non-
invasive and non-destructive so the same sample can be measured over
the course of hydration. The first study of a UHPFRC matrix (w/
c=0.15) by 1H NMR was by [19]. The experiment was carried out on a
heat treated sample at 90 °C for 48 h. By interpreting the spin lattice
relaxation times (T1), two pore size ranges were identified: 9.6–11.6 nm
and 1.4–1.7 nm. In another study Porteneuve et al. [10] used 1H NMR
and 29Si solid NMR to investigate how the pore size distribution was
affected by 1) the specific surface area of the silica fume used, and 2)
the filling ratio which was defined as the ratio of the volume of fine
particles between the cement grains over the volume of voids between
the cement grains. Three different UHPFRC mixes were considered.
However, the samples were heat cured and that experiments were
carried out on one-month-old samples. Consequently, information is
still missing about the hydration development of UHPFRC cured at
room temperature.

Recently Muller et al. [21] showed that 1H NMR relaxometry can
quantify all the water in hydrating cement samples and that water can
be unambiguously assigned to (1) water bound in “solid” calcium hy-
droxide and alumina containing hydrates (AFt, AFm), (2) C-S-H inter-
layer water, (3) water in the C-S-H “gel pores” and (4) capillary water.
With 1H NMR, quantitative information could be obtained about the
hydration mechanisms from the perspective of the water.

In this paper 1H NMR was used to study the repartition of the
mixing-water as hydration takes place in a UHPFRC paste. Other
methods were used to complement the 1H NMR results and understand
how the repartition of water affects the hydration and microstructural
evolution. Isothermal calorimetry was used to follow the heat of hy-
dration, X-ray diffraction (XRD) with Rietveld refinement and thermo-
gravimetry (TG) were used to follow the development of phases. The
microstructural evolution was studied by scanning electron microscopy
(SEM) and MIP was used to investigate the development of the pore
network. The relation between the hydration and the evolution of the
porous network and the compressive strength is discussed.

2. Materials and methods

2.1. Materials

The formulation of the UHPFRC studied is given in Table 1. Fibres
were omitted from the mix. First because 1H NMR measurements
cannot be conducted with steel fibres due to paramagnetic suscept-
ibility; and second because the small amount of material required for

the experiments makes the use of fibres impractical. It can be assumed
that the removal of the fibres does not significantly influence the ki-
netics of hydration. The mix design given in Table 1 was used for the
compressive strength testing. The microstructural studies were carried
out on pastes without sand.

The binder is defined as cement plus silica fume (SF). The total
water content takes into account the water in the superplasticizer. The
chemical composition of the cement, silica fume, and sand were de-
termined by X-ray fluorescence (XRF) and are shown in Table 2. The
Brunauer-Emmet-Teller (BET) specific surface areas of the cement and
silica fume given in Table 2 were obtained by nitrogen gas at liquid
nitrogen temperature using Micromeritics Gemin 2375 V4 instrument;
Note that degassing conditions of 40 °C under N2 for 16 h were used
[22]. Table 3 shows the phase composition of the cement based on
Bogue calculation and by Rietveld analysis. The particle size distribu-
tion of the cement, silica fume, and sand were measured using Malvern
Mastersizer type S laser beam granulometer, and are shown in Fig. 1.

For all experiments, a 5 l, 0.35 kW, Type 32 Perrier paddle mixer
was used for mixing. The volume of fabricated UHPFRC matrix was 1 l.
All the solid components (cement, silica fume, and sand) were first
added to the bowl, and then mixed dry for 2.5min at 60 rpm; while the
mixer was running, deionized water and the superplasticizer were
added and all the materials were mixed together for 4min at 60 rpm.
The mixer was stopped and the materials scrapped down into the bowl.
Then the material was mixed for 4min with the speed of 123 rpm. All
samples were sealed cured at 20 °C.

2.2. Methods

1H NMR experiments were carried out at intervals throughout hy-
dration to monitor the state of water in the developing microstructure
of the UHPFRC pastes. The 1H NMR measurements were carried out
using Bruker Minispec NMR spectrometer operating at 7.5MHz. The

Table 1
Mix of UHPFRC paste with description of the components used. This mix design was used for the compressive strength testing. The microstructural studies were
carried out on pastes without sand.

Components Description UHPFRC paste (kg/m3)

Cement CEM I 52.5 N CE PM-ES-CP2 NF from Lafarge (Le Teil) 1142
Sand Fontainebleau type MN30 Quartz; Dmax < 0.5mm 663
Silica fume Zirconium silica fume from SEPR 297
Superplasticizer Superplasticizer from TKK (SL); Zementol zeta super S.; polycarboxylate; 25% solids content 10
Total water 206
Total 2317
Water/cement 0.180
Water/binder 0.143

Table 2
Physicochemical properties of the raw materials used.

Oxide comp. (wt%) Cement Silica fume Sand

SiO2 22.44 92.51 98.41
Al2O3 2.76 2.89 0.46
Fe2O3 2.24 0.18 0.06
CaO 68.05 0.04 0.03
MgO 0.91 0.04 0.05
SO3 2.25 0.00 0.00
Na2O 0.19 0.24 0.12
K2O 0.11 0.13 0.47
TiO2 0.14 0.03 0.06
P2O5 0.09 0.03 0.07
Mn2O3 0.03 0.01 0.00
ZrO2 0.10 2.76 0.16
Cr2O3 0.01 0.00 0.00
LOI (950 °C) 1.28 0.61 0.08
Specific surface area m2/g (BET) 0.94 12.00 –
Density (g/cm3) 3.15 2.2 2.7
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90° pulse was 2.92 μs. Quadrature (or solid) echo measurements [23]
and CPMG (spin) echo measurements [24] were made. Immediately
after mixing, approximately 1 g of paste sample was placed into the
NMR glass tube. A glass rod with approximately the same diameter as
the inner diameter of the tube was inserted in the tube just up to the top
of the fresh sample to ensure the sample is well sealed. The opening of
the tube was tightly sealed with Parafilm®. Samples were measured at
intervals from mixing up to 7 days of sealed hydration at 20 °C.

In the case of the quadrature echo (QE), signals were recorded as a
function of pulse gap in the range of τ=15–45 μs. The output signals
were deconvoluted into a Gaussian and an exponential decay part [25].
The Gaussian part of the signal with a very short time constant of ap-
proximately 10 μs was assigned to water in crystalline solid phases
Portlandite and ettringite. The exponential part of the signal was at-
tributed to liquid water within pores. Following the work of Muller
et al. [21], the mass fraction of solid-like hydrogen within the sample
was back extrapolated to zero pulse gap using Gaussian extrapolation.
In parallel, the different populations of liquid water were separately
resolved into different T2 components using the CPMG pulse sequence.
The signal was inverted using the Laplace inverse transform (ILT) al-
gorithm developed by Venkataramanan et al. [26].

The kinetics of hydration were followed using Isothermal calori-
metry. A TAM AIR isothermal calorimeter from TA Instruments was
used to measure the heat flux released from the sample at 20 °C.
Immediately after the mixing, approximately 12 g of paste was placed
into a 20ml glass ampoule. The ampoule was sealed and then inserted
in the calorimetry. Measurements were made over 28 days.

The internal relative humidity evolution due to hydration was fol-
lowed using a HC2-AW water activity probe by Rotronics. The global
accuracy of the sensor was± 0.8% RH and±0.1 °C. After

approximately 27 h, when the UHPFRC paste has passed setting time, a
sample cured under sealed conditions at 20 °C was broken into pieces of
5–10mm and placed in a small plastic dish which goes into the com-
partment of the RH instrument. The sensor is inserted into the com-
partment, and placed just above the dish. The sensor is then locked in
position and the compartment sealed. The pieces from the paste sample
remain at 20 °C, as the casing is equipped with cooling circuits attached
to a water bath at 20 °C. In addition, the whole system is isolated by a
polystyrene foam box to have better thermal-hygral insulation.
Measurements were carried out at 1min intervals over 28 days. Note
that before and after the experiment, various saturated salt solutions
between 98% to 60% relative humidity were used to verify that the
sensor was well calibrated.

For the microstructural characterization techniques: (TG, MIP, SEM,
and XRD), paste, after mixing, was poured into cylindrical molds with
Ø35 mm and 50mm height, and kept under sealed condition. At the
required age of hydration, the samples were demolded. Using a dia-
mond saw, 4mm from the top and bottom of the samples were removed
and thrown away. Deionized water was used while cutting the sample
to prevent friction and heat. Then three discs with thickness of ap-
proximately 2mm were cut, one disc was prepared immediately for
XRD measurements; the other two were placed in a plastic container
and submerged into isopropanol to stop the hydration by solvent ex-
change. The isopropanol was replaced after one and three days. At
7 days, the two discs were removed and vacuum dried for at least 3 days
before further preparation for the different techniques.

The development of the phase composition and the degree of hy-
dration was followed by X-ray diffraction and Rietveld refinement. At
the required hydration age, the fresh cut disc from the sample was
immediately lightly polished with a 1200 μm paper, rinsed with deio-
nized water, put in the XRD for measurement (ex-situ measurements).
For in-situ measurements the freshly mixed paste was poured in a
special sample holder, the top of the sample covered with a Kapton foil
(polyamide film with a thickness of about 7 μm) and well-fasten with a
steel ring around the sample holder. The sample holder was then placed
in the XRD unit, on a heat-sink plate maintained at 20 °C. Scans were
made at intervals over 2.5 days (longer term in-situ measurements are
not accurate due to the slow drying that can take place through the
Kapton® film and the preferred orientation of phases precipitating at
the interface between the paste and Kapton® film. Both in-situ and ex-
situ measurements were carried out with a PANalytical X'Pert Pro dif-
fractometer with CuKα1,2 radiation in θ-θ reflection configuration be-
tween 7 and 70° 2θ with step size 0.017° 2θ and 29.8 s of accumulated
time per step. The X-ray tube was at 45 kV and 40mA, and the incident
divergence slit was fixed at 0.5°. The total measurement time per scan
was approximately 15min. The scans were analysed using X'Pert High
Score Plus v3.0e software package by PANalytical; phase identification
and Rietveld refinement [27–29] were carried out on each scan; the
external standard method [30] was used for quantification.

Thermogravimetry (TG) (10 °C/min from 30 °C to 950 °C in a 30ml/
min flow of nitrogen) was used to follow the development of bound
water and calcium hydroxide (Mettler Toledo TGA/SDTA 851).
Portions of the solvent exchanged and dried discs were crushed, ground
into fine powder and immediately 50mg was placed in the TG alumina
crucibles. The crucibles were covered by an aluminium lid to minimize
carbonation prior to measurement.

For mercury intrusion porosimetry (Thermo Scientific™ 140/440
Pascal) approximately 10 pieces, 5–10mm of UHPFRC paste weighing
1.5 g were taken from the discs stopped by solvent exchange, and in-
serted in the dilatometer. The maximum MIP pressure was 400MPa.
The Washburn equation was used to calculate the equivalent pore radii;
the mercury contact angle was taken as 140o and the surface tension as
0.48 N/m. More information about the method can be found [31,32].

Compressive strength tests were carried out according to EN 196–1
on 40mm cube samples cut from 40mm×40mm×160mm prisms.
The mix design proportion is given in Table 1. Four samples were tested

Table 3
Cement phases using Bogue calculation & Rietveld analysis.

Phase Bogue (mass %) Rietveld (mass %)

C3S 60.6 62.3
C2S 19.5 20.2
C3A 3.9 1.4
C4AF 5.7 5.8
Lime (CaO) – 0.6
Calcite – 2.6
Quartz – 0.1
Gypsum – 0.8
Bassanite – 2.1
Anhydrite – 1

Fig. 1. Particle size distribution of the raw materials measured by laser gran-
ulometry.
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Fig. 2. a) Compressive strength development of the UHPFRC
paste along with heat flow from isothermal calorimetry (age
axis is in logarithmic scale); b) development of bound water of
the UHPFRC paste evaluated from the differential thermal
gravimetric (DTG) curves of thermogravimetric (TG) experi-
ments, degree of cement hydration from XRD Rietveld ana-
lysis, heat flow and cumulative heat from isothermal calori-
metry, and silica fume degree of reaction estimated using the
method described in Kazemi Kamyab [33]; c) Portlandite and
ettringite contents evaluated from XRD Rietveld. In-situ
measurements were made up to the age of 30 h, after which
ex-situ point measurements were made. The Portlandite con-
tent is also shown as calculated by DTG and the silica fume
degree of reaction using the method described in Kazemi
Kamyab [33]. For visual guide of their development, heat
flow development from isothermal calorimetry has also been
shown (the x-axis is in log scale); d) internal relative humidity
evolution due to hydration in the UHPFRC paste.
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at each age. The prisms were demolded after 2 days and kept under
sealed conditions. The loading rate was 1.50 KN/s.

3. Results

The temporal development of all the main results is summarized in
Fig. 2 to allow easier comparison between different measurements.

3.1. Strength and heat development

Fig. 2a shows the development of the strength and heat flow as
function of age on a log scale. It can be seen that the induction period in
this UHPFRC is long, due to the high dosage of superplasticizer. The
induction period ends around 20 h after which the main heat release
due to calcium silicate reaction starts. The setting time measured by the
Vicat test was approximately 28 h. The main peak of hydration is lo-
cated at approximately 32 h after mixing. Due to the low C3A content of
the cement used, there was no 2nd shoulder peak evident associated
with the aluminate reaction. From Fig. 2a, it can be seen that the
strength development was delayed due to the retarding effect of su-
perplasticizer. At the peak of the heat flow of the isothermal calori-
metry (1.3 days), the compressive strength was 41MPa. Thereafter the
strength continues to increase rapidly, reaching 115MPa at 2 days.
After the end of the main hydration heat peak, the rate of strength
increase slows down. The UHPFRC reached 162MPa at 7 days, 195MPa
at 28 days and 208MPa at 90 days. These very high strengths were
obtained under sealed conditions and curing at 20 °C.

3.2. Phase assemblage

The thermogravimetric (TG) and differential thermogravimetric
(DTG) curves obtained at various ages of hydration were used to
evaluate the development of bound water in C-S-H and in aluminate
phases, as well as in calcium hydroxide. The water loss up to 400 °C was
taken as the dehydration of C-S-H, AFt and AFm phases, and hereafter is
referred to as “bound water”. The mass loss between 400 °C and 500 °C
was attributed to the dehydroxylation of calcium hydroxide (CH). The
content of bound water and calcium hydroxide in the sample are shown
in Fig. 2c and d, as normalized to the anhydrous cement mass.

Rietveld refinement was carried out on the X-ray diffraction profiles
to quantify the phase development of calcium hydroxide and ettringite
and to calculate the cement degree of hydration using Eq. (1). The
degree of reaction of silica fume was estimated based on calorimetry
and XRD results using the method described in Kazemi Kamyab [33].
All results are shown in Fig. 2.

= −
+ + +

+ + + =

t t
t

DOH( ) 1 (C S) C S C A C AF) ( )
(C S) C S C A C AF) ( 0)

3 2 3 4

3 2 3 4 (1)

From the end of the induction period (around 20 h), the degree of
cement hydration increases rapidly within the next 24 h (Fig. 2b).
During the same period (1–2 days), there is a rapid increase in bound
water, in Portlandite content and in ettringite content, following the
trend of heat and compressive strength developments. The ettringite
content reaches a maximum of 4 g of ettringite/100 g of cement at
2 days of hydration, after which it remains stable.

From 2 to 7 days, the degree of cement hydration increases slowly to
reach 0.32 at 7 days. The same trend can be observed for the Portlandite
content. During this time period, the silica fume also starts to react,
reaching a degree of reaction estimated at 0.23 by the age of 7 days
(Fig. 2b).

From 7 days on, the degree of cement hydration does not seem to
increase significantly while the bound water content, the cumulative
heat and the compressive strength continue to increase. This is due to
the reaction of silica fume. As a result, the Portlandite content goes
down from 6.6 to 5.4 g of Portlandite/100 g of cement from 7 to
250 days.

From the following observations (Fig. 2b and c), two main regimes
can be identified. In the first 7 days, the hydration is dominated by the
clinker hydration. After 7 days, the increase in bound water and
strength comes from the reaction of the silica fume.

3.3. Relative humidity

The internal relative humidity (RH) of the UHPFRC paste was fol-
lowed continuously up to 30 days, and then punctual measurements
were made at 3months, 4months and 8months (Fig. 2d). Three re-
gimes can be identified. First there is a fast decrease of RH corre-
sponding to the main peak of hydration up to 3 days followed by a
plateau from 3 to 7 days at 90% to 87% RH. After about 7 days the RH
starts to decrease again, although fairly slowly (considering the RH is
against log time). At the age of 30 days, the RH reaches a value of
78.5% and 8months, 62%.

Note that the measured RH is a combination of the decrease of the
RH due to the consumption of the water by the reaction of cement and
silica fume and the depression of the water activity due to the ionic
concentration. This later effect accounts for an RH decrease of about 2%
[34]. The RH reaches approximately 78% by 28 days and continues to
decrease down to 62% at 250 days. After 7 days it is clear that the de-
crease in RH is mainly due to the reaction of silica fume.

3.4. Pore structure analysis by MIP

The pore network evolution was characterized using MIP (Fig. 3).
The two main parameters extracted from MIP analysis (Fig. 3b) were
total pore volume intruded by the mercury at the maximum applied
pressure, expressed in % of the bulk volume of the sample, and critical
pore radius, which is the pore size where the steepest slope of the cu-
mulative intrusion curve is recorded. The critical pore radius is a good
indicator of the transport properties of the material.

The total porosity decreases continuously as a function of hydration
age (Fig. 3). At the setting time of 28 h, the total porosity is 24%.
Thereafter, the total porosity rapidly decreases up to the age of 3 days
as hydration products are formed, consuming the water and filling the
space. There is a continuous but small decrease in total porosity from 3
to 7 days of age, after which the decrease accelerates again, when the
reaction of silica fume dominates. The total mercury penetrable por-
osity is 6.5% at 35 days and 2.85% at 115 days, which is extremely low
compared to conventional cement pastes (12.3% at 28 days for water to
cement ratio of 0.4 [35]).

The critical pore radius goes quickly down to 8 nm and remains
between 5 and 6 nm up to 28 days. A steep decrease of the critical pore
radius is recorded further between 28 and 35 days. The critical pore
radius is 1.5 nm at 115 days.

3.5. 1H NMR relaxometry

Fig. 4 shows the 1H NMR results and the evolution of the CPMG T2
populations corresponding to different liquid water components as a
function of hydration time. The signal assignment was done according
to the work of [21] whose data is shown for comparison in the figure. It
is assumed that the ferrite content of the cement does not influence
significantly the relaxation phenomena, as confirmed by other NMR
studies of grey cement [36]. The spectra are mainly composed of peaks
corresponding to the water in the C-S-H interlayer space (T2= 100 μs)
and to water in the C-S-H gel pore spaces T2≈ 300μs
(T2= 250–800 μs). Already at 31 h (3 h after setting by Vicat needle),
there are only very small peaks corresponding to water in large capil-
lary pores (T2 > 1ms).

Fig. 5a shows the evolution of the integrated peak areas of the NMR
T2 peak distribution shown in Fig. 4 for the different water populations
as a function of time for the UHPFRC paste. At the top, the solid signal
from QE experiments corresponding to water bound in crystalline
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phases Portlandite and ettringite is shown. These are NMR signal
fractions of the total NMR response registered at time of mixing. The
different calculated signal fractions can therefore be considered as ab-
solute water mass fractions [21]. The evolution for the white cement
paste prepared with w/c=0.4 from [21] is also shown for comparison.
Fig. 6 shows the NMR signal evolution from 0 to 3 days on a linear
scale.

• Induction period

During the induction period, there is a small increase of signal as-
sociated with C-S-H interlayer water and water in crystalline solid
phases. This is associated with the precipitation of ettringite [37] and
the nucleation of small amounts of CH and C-S-H hydrates [38] as seen
by other methods such as SEM imaging [12]. The results from XRD
confirm that ettringite is formed from the very early ages reaching 50%
of its final content already before the measured setting time. The same

can be observed in the case of Portlandite where there is already 1.2 g
of Portlandite/100 g of cement formed during the induction period
(Fig. 2c). This supports the fact that there is some solid and C-S-H in-
terlayer water present from soon after the mixing so that the capillary
water does not start from 100% in 1H NMR results.

• Acceleration period (1d–31 h)

At the end of the induction period the capillary water starts to be
rapidly consumed decreasing from 85% at 23 h to 3.7 ± 2% at 31 h,
which corresponds to the main hydration peak and to the end of the
acceleration period seen by isothermal calorimetry. During the accel-
eration period, signals from both solid water and from the C-S-H in-
terlayer water increase. Over the same period of time the signal cor-
responding to the C-S-H gel water goes rapidly from a negligible signal
at the end of the induction period to 57% ± 5% of the mixing water at
the end of the acceleration period. The rate of increase of the C-S-H gel

Fig. 3. Evolution of the UHPFRC paste pore structure as function of age measured by MIP. a) Cumulative pore volume. Measurement error is± 2%; b) evolution of
the total porosity and critical pore radius in the UHPFRC paste as function of hydration age.

Fig. 4. CPMG T2 distribution map at different hydration times: w/c=0.18 UHPFRC paste (top black curves) versus w/c=0.4 white cement paste (below grey
curves).
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water is much faster than the rate of increase of the C-S-H interlayer
water and of the water in crystalline phases (Portlandite and ettringite).

• Deceleration period (31 h–3d)

At the peak of hydration (31 h), the capillary water has nearly been
entirely consumed and remains constant at a few % afterwards. After
having reached a maximum of 57% ± 5% at the end of the accelera-
tion period, the content of C-S-H gel water sharply decreases until the
end of the deceleration period (3 days), after which it decreases much
more slowly. During the deceleration period the signal from solid water
and C-S-H interlayer water continue to increase.

• Long term (3d–1y)

Beyond 3 days, the hydration evolves much more slowly using up
the gel water. The signal from the C-S-H interlayer water remains flat
while the NMR solid signal continues to slowly increase. This will be
further discussed in the Discussion section. At about 1 year, the solid
water signal accounts for 40% ± 5% of the mixing water while the C-S-
H gel water has decreased down to 7% ± 5% at 1 year.

Fig. 5c shows the associated T2 relaxation times for the different
liquid water populations: C-S-H interlayer water, C-S-H gel water and
the capillary pore water for the UHPFRC paste. Fig. 5d shows the results
for the white cement paste prepared with w/c=0.4 from MULLER
et al. For the UHPFRC paste, the signal is initially dominated by the free
water with long T2 at around 3.5ms. At the end of the induction period
and along with the consumption of capillary water, this rapidly falls
and the associated T2 of the capillary water reaches a value of 1.3ms
before becoming very small at the end of the acceleration period. This
reflects the refinement of the capillary porosity as hydration takes
place. As there is little capillary water at later ages (< 4% of the total
water), it is difficult to accurately measure the corresponding T2.

Fig. 5. Evolution of the NMR signal amplitudes for the different water populations as a function of hydration time for a) the UHPFRC paste prepared with w/c=0.18
and b) for the white cement paste prepared with w/c=0.4 [21]. Solid signal (orange diamonds), C-S-H interlayer water (red squares), C-S-H gel water (green
triangles), capillary water (blue circles). c) Associated T2 relaxation times for liquid water in pores for the UHPFRC paste and d) for the white cement paste prepared
with w/c=0.4 [21]. Symbols are the same as signal amplitude. (For interpretation of the references to colour in this figure legend, the reader is referred to the web
version of this article.)

Fig. 6. Evolution of the signal amplitudes for the different water populations as
a function of hydration time (linear scale) for the UHPFRC paste up to 3 days of
hydration. The absolute error for the capillary and solid signal fraction is± 2%
while that of C-S-H signals are± 5%.
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Therefore no further T2 for the capillary water beyond 1.3 days is re-
ported.

The T2 associated with the C-S-H gel water exhibits a progressive
decrease from 800 ± 50 μs at the time it first appears down to a value
of 250 ± 50 μs at 7 days of hydration. This indicates a decrease in size
of the water filled CSH gel pores with time, which was also observed for
the white cement paste prepared with w/c=0.40, even though on a
much longer timescale.

The T2 of the C-S-H interlayer water goes slightly down with hy-
dration time from T2= 100 μs between 1 and 3 days to around
70 ± 20 μs after 28 days of hydration. The order of magnitude is si-
milar to what was observed for T2 of the interlayer water in the white
cement paste prepared with w/c=0.40, even though no decrease was
reported for the conventional paste.

Muller et al. [39] used the fast exchange model [40] to relate the T2
relaxation times to pore sizes. As the same NMR spectrometer and
parameters were used in this study, we believe that the same surface
relativity parameter can be applied to calculate pore sizes in UHPFRC
paste. It corresponds to λ=3.71×10−3 nm/μs. Using this value, the
capillary pore size at the time it last appears (1.3 days) is 9 nm. The
calculated size for the C-S-H gel pores that still contain water, goes
progressively down from initially 5 nm to 2.5 nm at 7 days of hydration.
For the C-S-H interlayer space, 100 μs corresponds to a size of 0.85 nm,
which is exactly what was reported for C-S-H in white cement pastes.

4. Discussion

In cement pastes at conventional water to cement ratios (~0.4)
several kinetic regimes are identified. First, there is the classical growth
of hydrates with consumption of water and reduction of porosity. After
a few days, there comes a point where the size of the capillary pores
does not decrease further (interhydrates), and there is no more increase
of the water in gel pores [39]. Then, there is a long period in which the
amount of water in gel pore remains more of less constant, but, as more
C-S-H is forming, the average density of the C-S-H increases. Finally,
after several months the amount of water in the gel pores starts to
decrease. Because of the low amount of water and space available for
hydration, the UHPFRC paste goes much more quickly through these
different phases. At the peak of the calorimetry curve, the capillary
pores have already decreased to the interhydrate size and the capillary
water is almost entirely consumed. Then, rather than stabilizing, the
amount of water in the gel pores decreases rapidly indicating that hy-
dration continues by using up the gel pore water. In parallel, we ob-
served that the compressive strength and the bound water go up as a
result of further cement and silica fume hydration. By the end of the
main hydration peak, the ratio of gel to interlayer water is only about
0.5 and drops to around 0.2 at 8months in contrast to around 1.5 to 2 in
conventional pastes during the first month or so. It is not clear whether
the water in the gel pores is just being consumed to form C-S-H else-
where or if the gel pores are actually being filled with C-S-H. The MIP
results suggest the former as the pore volume measured by MIP keeps
on decreasing up to the end of the measurements period. The porosity
measured by MIP at 115 days is 2.85% and the critical diameter is down
to 1.5 nm. This means that the capillary pores have been filled up to a
point where there are almost no capillary pores left that MIP can pe-
netrate.

One other important result of this paper is that in the long term the
NMR solid signal is clearly more than can be explained by the water
content of the crystalline phases. To demonstrate this, Fig. 7 shows the
calculated NMR solid signal based on XRD ettringite + Portlandite
water content as compared to the solid signal measured for the UHPFRC
paste. This unusual rise in NMR solid signal suggests that some of the
inter-layer water of (relatively) late forming C-S-H manifests as “solid
water” signal and not as “inter-layer water”. This was rarely observed
for conventional w/c pastes, only sometimes in the very long term [42].
It might also suggest that the water in C-S-H layers is becoming more

confined than in conventional cement paste where water is still avail-
able in capillary pores. The progressive decrease over time in T2 of the
interlayer water from 100 μs to 70 μs is another indication that C-S-H
interlayer water in UHPFRC paste is somehow more confined. At this
stage, it is impossible to tell if the inter-layer spacing of the lately
formed C-S-H is reduced, or if the measurement of shorter T2 is a
consequence of the strong desiccation so that the water cannot move
around (exchange) as freely as before. In either case it is indication of a
higher degree of water confinement within the sample studied.

The relative humidity results show that the UHPFRC paste under
investigation is quickly under extreme self-desiccation. Earlier studies
reported that the hydration of the clinker phases stops below 80% RH
[43–45]. The same can be observed in the present study where there is
very little clinker reaction after 7 days and none after 28 days when the
RH decreases below 80%. On the other hand, it is noticeable that silica
fume does continue to react in the low RH environment, enhancing the
strength. This is clearly an area where more study is needed.

5. Conclusions

The evolution of the state of water in a UHPFRC paste was followed
by 1H NMR leading to the following findings:

− The different water populations and pore size classes are similar to
conventional pastes but because of the low w/c, the UHPFRC paste
consumes very quickly the capillary water and the hydration con-
tinues using the gel water from as early as 8 h after the setting time.

− XRD, calorimetry and TGA measurements showed that the hydra-
tion is dominated by the hydration of the clinker up to around
7 days.

− Subsequently the reaction of the silica fume plays the major role by
further using the gel water to form more C-S-H. This leads to a
further increase in compressive strength, even with low internal RH.

− MIP showed a pore volume of 2.85% at 115 days.
− NMR result showed that some of the C-S-H formed in UHPFRC paste

have much more confined water than in conventional cement
pastes.
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Fig. 7. Comparison between the rise in solid signal from UHP paste and the
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