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Abstract Proton NMR 7, relaxometry has been applied to
investigate phenomena involved in wood—cement compos-
ites during hydration. The transformation of capillary pore
water into hydrates and gel pore water, as well as the
microstructural changes occurring in the cement matrix, was
continuously monitored during the first 28 days of hydration.
Water in wood and its transfer into the matrix as cement
hardens were also evidenced with the method. It has been
found, for example, that some of the water in the mixture is
retained in wood in the form of bound or free water,
depending on the initial water content. By measuring the area
under the different peaks, the consumption of water during
hydration can be measured and the advancement of the
hydration process can be evaluated via the hydration advance-
ment coefficient «. The cement hardening within the com-
posite has been also studied in the presence of calcium
chloride, an accelerating agent. The acceleration was clearly
evidenced at the early stage of the hydration process. The
influence of extractives has been evaluated by comparing the
hydration behaviour of composites prepared from Eucalyptus
saligna (low extractives content) and Afzelia bipendensis
(high extractives content), and a new compatibility index
based on NMR relaxometry measurements has been
proposed.
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Introduction

Wood—cement composites are a class of construction
materials made by binding together wood particles or fibres
with cement paste or mortar. These include composites
prepared from non-wood agricultural fibres (e.g. sisal,
bamboo, kenaf and flax) and other lignocellulosic wastes
(e.g. bagasse, wheat straw, paper mill sludge, newspa-
per...) [1, 2]. These materials possess interesting properties
such as thermal and acoustical insulation properties, fire
resistance, fungi and termite resistance [3-5]. Numerous
products are already on the market, but the industry is
expected to grow further since the raw materials are
available locally in many countries, and there is an
increasing need for low-cost, durable and reduced envi-
ronmental impact building materials [6, 7].

To improve further the performances of these materials,
several scientific challenges have still to be addressed. One
problem concerns the lack of compatibility between the
cement and many wood species. The cement paste sets and
hardens through a series of physico-chemical processes in
contact of water [8—10]. These processes are sometimes
inhibited when wood is added, depending on the species.
This phenomenon is generally assigned to the diffusion
of wood extractives or other substances resulting from
the alkaline degradation of the lignocellulosic polymers
(e.g. sugars, phenolic compounds, fatty acids...) [11-13].
Another problem is related to the hygroscopic character of
wood. The absorption/desorption of water by wood com-
ponents causes dimensional variations that limit the spec-
trum of application of this type of material [14-17].
The third problem concerns the weakening of wood fibres
by alkaline attack and by fibre mineralization, which leads
to the reduction of mechanical strength and toughness in
the long term [18, 19].
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A lot of efforts have been made in recent years to
improve the material performances [20, 21], but the
mechanisms involved during the cement hydration are still
not totally understood, due to a lack of adequate methods
of characterization. The classification of wood species
according to their compatibility with cement is generally
based on the measurement of the heat released during
cement hydration [22-25]. This method gives only infor-
mation on global cement hydration advancement, and
the classification depends on the assessment scheme pro-
cedure applied (Inhibition index I, C, factor...) [25, 26].
Mechanical testing can also help in estimating the level of
compatibility between wood and cement, but it informs
mostly on the global cohesion of the material [27, 28].
Other techniques have occasionally been used to charac-
terize the wood/cement system: electrical conductivity
measurements [29], X-ray diffraction [30], thermogravi-
metric analysis [30, 31], scanning electron microscopy
[32, 33] and mercury intrusion porosimetry [34, 35], but all
these techniques have also their own limitations (special
sample preparation procedure, long implementation, only
partial information...).

In this context, a new characterization method based on
proton low-field NMR relaxometry has been developed.
NMR relaxometry is a powerful non-destructive technique
that can provide information about the evolution of the
wood/cement system during hydration, through the analy-
sis of water transformation and transfers within the com-
posite. The technique can be also used to measure the
interactions between the hardened material and the water
found in its environment.

Proton NMR relaxometry or time-domain NMR has
already been used by many authors to study the evolution of
water in cementitious materials [36—42] or in wood [43—48].
Measurements of the signal amplitude and spin—lattice T}
relaxation time, or spin—spin 7, relaxation time, can be
related to different material parameters such as moisture
content and distribution [36—48], surface area [36, 47, 49]
and pore-size distribution [50, 51]. In wood, the '"H NMR
signal from water can be separated on the basis of spin—spin
T, relaxation times into cell-wall bound water (low T5) and
free water in the lumens (high 73) [43—47]. The intensity of
each signal is proportional to the number of protons at the
corresponding 7T, relaxation time. In the cement, it is also
possible to differentiate the water chemically bound into the
hydrates structures from the free water filling the pores (gel
pores and capillary pores, respectively) [36—42]. By using
the fast exchange model, the relaxation times 77 or 7, of the
water filling a pore can be also related to the pore dimensions
[45, 50, 51].

In this article, we report a comprehensive method for the
investigation of wood—cement systems during hydration,
based on the measurement of the proton spin—spin T,
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relaxation time of water. The effectiveness of this approach
to investigate the wood—cement compatibility and also the
water transfers in the material during setting and hardening
is clearly demonstrated.

Materials and methods
Raw materials

The cement used in this study was a commercial white
Portland cement CEMI 52.5N (by European standard EN
197-1) supplied by Calcia cements. The low paramagnetic
content of white cement makes it ideal for NMR experi-
ments. Deionized water obtained from a Millipore® SWRE
Mill-Q water purification system was used for all experi-
ments. Two wood species were used: Eucalyptus saligna
and Afzelia bipendensis (Doussie). Wood slices were cut
into small chips and then ground in a Retsch SM 100 mill.
The fraction of ground wood retained between 0.40- and
1.00-mm standard AFNOR sieves was used. Extracted
wood was obtained via Soxhlet-extraction, first with tolu-
ene-ethanol (2:1 v/v) then with water. Each extraction
lasted 8 h at the rate of six syphons an hour. After
extraction, wood was air-dried and then oven-dried at
105 °C to constant weight. Dry wood samples were stored
in a chamber conditioned at 25 °C and 75% relative
humidity until use. Their equilibrium moisture content was
then approximately 11-12%. In this study, each experiment
was conducted in three replicates.

Low-field NMR relaxometry
Equipment

A Bruker Minispec NMS120 analyser operating at 20 MHz
proton resonant frequency was used with a 10 VTS-GRA
NMR probe. The typical dead time was set at 7 ps. This
probe uses a 10-mm outer diameter NMR tube. The sen-
sitive region in the RF coil is at 15-20 mm height. The
maximum height of the sample in the tube was then
adjusted to approximately 15 mm; the entire sample could
thus be investigated. The temperature in the probe was
maintained at 20 °C by a water circuit.

Sample preparation

Cement paste was prepared by thoroughly mixing 10 g of
cement powder with water in a polyethylene bag for about
3 min. The amount of mixing water is given by a water-to-
cement mass ratio (w/c). Part of the cement slurry obtained
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was poured into the NMR tube. The tube was conditioned
in a water bath at 20 °C before and after the analysis.

To study wood—water interactions, wood powders were
conditioned at 25 °C in a chamber containing a saturated
aqueous NaCl salt solution (75% RH) or simply water
(100% RH) to obtain wood samples with 12% or 28% of
water, respectively (i.e. below the FSP). To obtain moisture
contents above the FSP, water was directly mixed with
wood, which was previously conditioned at 100% RH.

Wood—cement composites were prepared by first mixing
wood sawdust with the dry cement. Water was then added
and the system was homogenized manually. The wood-to-
cement mass ratio (wo/c) was fixed at 0.2 (on oven dry
basis). A part of the composite obtained was directly
poured into the NMR tube and conditioned at 20 °C. All
the samples were capped to avoid any exchange with their
environment.

Measurements

Spin—spin 7, relaxation experiments were performed using
the Carr—Purcell-Meiboom-Gill (CPMG) pulse sequence:

90;—(1—180;—1) —RD with 7 = 600 and an echo time

2t = 200 ps. This echo time is long enough to permit only

the detection of liquid-phase protons in cement and wood.
The solid-phase protons indeed relax at 7, relaxation times
(=20 ps) too short to be detected in this case. A minimum
of 256 scans were used with a recycle delay of 3 s. The T,
distribution was obtained by resolving the magnetization
signal decay using the CONTIN program by Provencher.

Calorimetry
Equipment

We used a 1-L Dewar flask, a Type J thermocouple and a
Testo 177-T4 data collector. The collector was pro-
grammed to record temperature at 15-min intervals.

Sample preparation

The measurements were conducted on samples containing
100 g of cement, 20 g of wood and 50 g of water (wy/
c=0.2 and w/c = 0.5). After mixing wood with the
cement in a polyethylene bag, water was added and the
system was homogenized manually. A thermocouple was
introduced in the middle of sample and connected to the
data collector. The sample bag was then placed in Dewar
flask and the flask was sealed. The entire operations were
rapidly executed, so as to get the first measurement as soon
as possible. The ambient temperature was averagely
22 + 2 °C.

Results and discussion
Hydration of the neat cement

The proton spin—spin 7, relaxation measurements were
performed using the Carr—Purcell-Meiboom-Gill (CPMG)
spin echo sequence, which allows, when applied with an
echo time sufficiently long, the observation of the mobile
water in the material. The recorded magnetization signals
were analysed with an inverse Laplace transformation
performed numerically with the CONTIN program. Previ-
ous study showed that this program is more stable for the
analysis of multi-exponentials decay signals containing up
to five components [52, 53].

Before analysing the wood—cement system, preliminary
experiments were conducted with the neat cement matrix.
The cement paste P1 was prepared with a water-to-cement
weight ratio (w/c) of 0.5, and the evolution of the spin—spin
T, relaxation time of the system was recorded during
hydration (Fig. 1). White cement was used to limit the
impact of the paramagnetic oxides found in the commercial
ordinary Portland cements (e.g. ferric oxides, responsible
for the grey colour). These oxides can accelerate the spin—
spin relaxation, leading to very short relaxation times dif-
ficult to analyse. At the beginning of the hydration process
(0.5 h after mixing), only one intense signal is observed at
about 1543 ms and is assigned to the water in the larger
pores of the cement, i.e. the capillary pores [36, 41]. As the
hydration proceeds, this peak is shifted towards lower
relaxation times (its intensity decreases also), and a new
peak assigned to the water in the gel pores (smallest pores
of the cement) emerges at about 0.1-0.8 ms. Since the peak
position depends on the water molecules mobility, a high
mobility causes low spin—spin interaction and high T,
values. It has been shown, using the fast exchange model,
that the T, of the water filling a pore can be related to the
pore dimensions according to the following expression
(Eq. 1) [50, 51]:
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Fig. 1 Distribution and evolution of the spin—spin T, relaxation times
during hydration of the neat cement paste P1 (w/c = 0.5). A.U.
arbitrary units
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where T ppes 1S the T , measured; T o 1S the T 5 at the
pore surface; 4 is the thickness of the protons surface layer;
S is the pore surface and V is the pore volume.
Therefore, when the pore size decreases, T, decreases.
The decrease in the size of capillary pores is very fast
between 2 and 8 h, as illustrated by the fast downshift of
the T, signal during this period (Fig. 2). This decrease
coincides with the high increase in temperature inside the
cement, which is maximal after 8 h (Fig. 2). During this
process, capillary pores are progressively filled by the
hydration products (i.e. calcium silicate hydrates, portlan-
dite and ettringite), leading to a progressive decrease in the
pore sizes. This so-called ‘acceleration period’ (setting
period) is in fact a period where bridges are built between
cement grains, leading to a reduction of water mobility via
the compartmentalization of the capillary spaces. Between
8 and 24 h, the size of capillary pores continues to
decrease, but much more slowly. After 24 h, the modifi-
cation of the pores size is only marginal, the T, of capillary
pores stabilizing at a constant value of about 0.8-2.4 ms.
The peak of gel water on the other hand (~0.1-0.8 ms) is
not significantly displaced during the whole hydration
process (but its intensity increases with time). The peak
amplitude being proportional to the water population at the
T, considered, the peak area gives an estimation of the
water content in the capillary pores (W,,) and gel pores
(Wge) at each stage of the hydration process (Fig. 3).
By summing the areas under the different peaks, the total
water content (W) can be also calculated (Fig. 3). The
kinetics of the hydrates formation can then be estimated
from the consumption of the W, water during hardening.
In Fig. 3, nothing happens during the first 2 h after mixing,
i.e. during the so-called ‘dormant period’ characterized by
a near or total absence of chemical processes [54, 55].
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Fig. 2 Evolution of the capillary water T, (Ta,p) during the first 3

days of hydration for the paste P1 (w/c = 0.5; left y-axis). The
evolution of cement temperature (Tepp) is also reported (right y-axis)
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Fig. 3 Evolution of the different water contents measured by
relaxometry, during the first 28 days of hydration for the paste P1
(wlc = 0.5). Weyp: capillary water; Wy : water in the gel pores; Wiy
total water content; o: hydration advancement

After 2 h, the capillary water content (W.,,) starts to
decrease as the water content in the gel pores (Wge) con-
comitantly increases. Accordingly, part of the capillary
water is progressively converted into gel water, but also
into hydration products since the total water content
decreases with time (W, in Fig. 3). The hydration
advancement o(t), defined as the fraction of cement that is
fully hydrated, can be deduced from the evolution of Wi,
using Eq. 2 [40]:

) = <(»vvv//c6>)o

where (w/c) is the water-to-cement weight ratio, (w/c), the
amount of water chemically bonded per gram of cement at
full hydration and Wy,(#) the total water content at the
hydration time t. In the literature, the (w/c)y, value is
estimated at 0.23 [56, 57]. The evolution of « during the
hydration of the cement paste P1 is reported in Fig. 3.
Hence, approximately 70% of the cement is hydrated in P1
after 28 days. We should mention that full cement
hydration (i.e. « = 100%) can take years.

(100 — Wi (1)) (2)

Distribution of water in wood

In preliminary experiments, E. saligna was chosen as the
wood species to study the wood—cement system by 'H
NMR relaxometry. Wood particles (0.4—1 mm) were first
analysed without the cement: wood was conditioned in
varied humid environments and the spin—spin 75 relaxation
times of the samples were recorded. Results obtained with
extracted E. saligna are shown in Fig. 4 (similar spectra
were obtained with unextracted samples).

In wood, the water NMR signal can be separated into
bound water (7, ~ 1 ms; water adsorbed in the cell-wall
by hydrogen bonding) and free water (7> ~ 10-100 ms;
water in the cell-wall lumen) [43—47]. The intensity of each
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Fig. 4 T, distribution of water in extracted Eucaltyptus saligna
wood samples of different water contents (w/w %): a Below FSP;
b above FSP

signal is proportional to the number of protons at the cor-
responding 7, relaxation time. Below the fibre saturation
point (FSP), only the 7, component corresponding to
bound water is observed, at about 0.8-1.4 ms (Fig. 4a).
Above the FSP, three or four 7, components are observed,
depending on the moisture content (Fig. 4b). The first
component (75 ~ 0.8-2.4 ms) corresponds to bound water
and the others to free water. According to the fast exchange
model, there is a correlation between the T, of water and
the pores size in wood [45]. Therefore, we can deduce from
Fig. 4b that E. saligna contains three types of pores, the
larger pores being filled only when the water content in
wood is sufficiently high (i.e. 150% in Fig. 4b). The T, at
4.1-6.9 ms has been assigned to the small pores found in
the cell-wall [58, 59], the T, at 19.9-43.7 ms to the wood
cell lumens (i.e. fibres, parenchyma or rays) and at
164-279 ms to the wood vessels.

Hydration of the wood—cement composites
Analysis of composite C1 (w/c = 0.5; wy/c = 0.2)

The first wood—cement composite studied (composite C1)
was prepared with extracted E. saligna sawdust, using a

water-to-cement weight ratio (w/c) of 0.5 and a wood-to-
cement weight ratio (wy/c) of 0.2.

Figure 5 shows the evolution of the different 7, during
hydration of the composite C1. After 0.5 h, two peaks
assigned to bound water in wood (T, ~ 0.8-4.1 ms; large
signal) and capillary water in cement (7, ~ 4.1-25.9 ms)
are observed. As in neat cement, the temperature of the
system increases rapidly as the T, of capillary water shifts
towards lower relaxation times, the capillary pores being
progressively filled by the hydration products. Concomi-
tantly, the 7, corresponding to the water in the gel pores
emerges and starts to be clearly visible after 8 h
(T, ~ 0.1-0.8 ms; its intensity increases with time). After
4 h, the capillary water signal shifted below 10 ms and the
free water present in the wood lumens can now be
observed, at about 11.7-25.9 ms. The intensity of this peak
starts to decrease after 8 h, indicating that this water is
progressively transferred into the cement matrix during
hydration. After 3 days, the wood lumens are quasi-empty
and we only observe a small signal corresponding to the
free water of the cell-wall pores at about 5.3 ms. After
28 days, the spectrum is similar to what was observed with
neat cement (Fig. 1) except that the peak intensity at
1.1-2.4 ms is more important, due to the contribution of
the bound water in wood expected in the same area (the
peaks of capillary water in cement and bound water in
wood overlap).

The evolution of Wy, Wee and W,, during the hydra-
tion of Cl is given in Fig. 6. After 28 days, W, is higher
in C1 than in P1 (7% in P1 and 29% in C1), but the total
water content is similar in both materials (~70% of the
water introduced initially). The water content in the cap-
illary pores of the cement in C1 is probably overestimated
since the bound water in wood contributes to this signal
(the peaks overlap). Wy on the other hand is lower in the
composite (63% in P1 and 43% in C1), probably because

Temperature [°C]

Intensity [A.U.]

Hydration time
[h = hour; d = day]

Fig. 5 Distribution and evolution of the different 7, during hydration
of the composite C1 (w/c = 0.5 and wo/c = 0.2). The inset gives the
evolution of the capillary water T, (T5c,p) and cement temperature
(Temp) during the first 3 days of hydration
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Fig. 6 Evolution of the different water contents measured by
relaxometry, during the first 28 days of hydration for the composite
C1 (w/c =0.5 and wo/c = 0.2). W,p: capillary water; Wy water in the
gel pores; W, total water content

wood retains water and modifies the microstructure of
hydrates.

Impact of initial water content

The evolution of the wood—cement system during hydration
was studied as a function of w/c (initial mixing water con-
tent), the wood-to-cement weight ratio wy/c being main-
tained at 0.2. The evolution of T, relaxation time of the
capillary water in the composites prepared with different
initial water content is presented in Fig. 7 (w/c = 0.3, 0.5
and 0.8 in composites C2, C1 and C3, respectively). The
evolution of « is also reported.

Compared with CI1, the T, of capillary water at the
beginning of the hydration process is higher in C3 and
lower in C2 (Fig. 7a). Indeed, as w/c decreases, the spaces
between cement grains also decreases, which restricts the
mobility of water (75 is smaller). In all the composites, T,
shifts towards lower values as the cement hardens, and
stabilizes at about 1-3 ms (after 8 h in the case of C1 and
C2, after 72 h in the case of C3). After 28 days of hydra-
tion, o is about two times lower in C2 than in C1 or in C3,
indicating that the initial water content has a strong impact
on the hydration rate. When the initial water content is too
low, the hydration is slow and stops prematurely
(¢ ~ 30% after 28 days in the case of C2). The wood
pores in such composites remain empty after 28 days since
only bound water is detected (Fig. 8a). Conversely, when
the initial water content is high, free water is observed in
the wood lumens and cell-wall pores inside the composite
(Fig. 8b).

Impact of CaCl, as accelerating agent

Wood—cement composites were prepared in the same
conditions than with C1, but in the presence of calcium
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Fig. 7 Evolution during hydration of a 7, relaxation time of capillary
water and b hydration advancement coefficient o, for the composites
prepared with different initial water contents (w/c = 0.3, 0.5 or 0.8)

chloride, an accelerating agent commonly added in the
formulations to reduce the setting time and improve the
mechanical performance [20, 60]. Figure 9 shows the
evolution of « during hydration of the composite C4 pre-
pared with a water-to-cement weight ratio (w/c) of 0.5, a
wood-to-cement weight ratio (wy/c) of 0.2 and a CaCl,-to-
cement weight ratio (CaCly/c) of 0.04. The relaxometry
results show clearly that CaCl, accelerates the hydration
process as soon as water is added in the system since the
‘dormant period’ (¢ = 0 during the first 4 h with C1) is no
longer observed with C4. We also observed an acceleration
of the water transfer from the wood particles to the cement
matrix during hydration, the intensity of the peak associ-
ated to the free water in wood decreasing faster in the
presence of CaCl, (results not shown). The gel water
content was also slightly lower in C4 than in CI1 after
28 days, maybe because of some microstructural changes
induced by the presence of CaCls,.

Impact of extractives

It has been shown that the extractives compounds (such as
sugars or tannins) present in wood can inhibit the hydration
process. They migrate in alkaline cement medium and
block hydrates nucleation and growth by adsorption on the
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Fig. 9 Influence of CaCl, on the hydration of wood-cement com-
posites (w/c = 0.5 and wg/c = 0.2) (¢ = hydration advancement
coefficient determined by NMR)

surface of the cement grains or by complexation of the
ionic metallic species found in the cement. The removal of
extractives could solve this problem but the operation is
expensive, so unextracted wood is generally preferred.
Some species being more compatible than others,
depending on the extractives nature and content, it is
necessary to classify wood according to their compatibility
with cement. This classification is generally based on the
measurement of the heat released during cement hydration

[23-26], but the 'H NMR relaxometry could serve as
an alternative method. Therefore, the compatibilities of
E. saligna and A. bipendensis with cement were compared
by NMR relaxometry. These two Cameroonian wood
species having very different extractives content, different
behaviour should be observed. After extraction with tolu-
ene/ethanol (2/1 v/v) and then with water, the extractives
content was found to be 2.8% for E. saligna and 20.5% for
A. bipendensis. Figure 10 shows the evolution of « during
the first 3 days of hydration for the composites prepared
form E. saligna (C5) and A. bipendensis (C6), with a water-
to-cement weight ratio (w/c) of 0.5 and a wood-to-cement
weight ratio (wy/c) of 0.2. The evolution of the cement
temperature (7cmp) is also reported (right y-axis).

As expected, the extractives of E. saligna have no
notable impact on the evolution of o during hydration, at
least during the first 3 days of hydration (comparison with
o in Fig. 3). With A. bipendensis on the other hand, the
high extractives content led to total inhibition of the
cement hydration (o ~ O after 3 days). The relaxometry
results are in good agreement with the temperature profiles
measured by calorimetry since no exothermic peak was
measured in the case of C6, confirming the absence of
hydration reactions in that composite (Fig. 10, right axis).

The relaxometry method can therefore be used to clas-
sify wood species according to their compatibility with the
cement. Based on the hypothesis that, for wood—cement
samples prepared in the same conditions, the most com-
patible wood species is the one that leads to the highest
hydration advancement at a given hydration time t, a new
compatibility index Igwvr is proposed (Eq. 3):

composite (/
hor(%) = api‘() % 100 (3)

acemenl paste (t)

The Inmr after one day of hydration is for example 93%
and 0% for E. saligna and A. bipendensis, respectively.

100 80

- 70

- 60

- 50

o[%]

F 40

Temperature [°C]

F 30

20
0 10 20 30 40 50 60 70 80

Hydration time [h]

Fig. 10 Evolution of the hydration advancement coefficient o and
temperature 7 for the composites prepared form Eucalyptus saligna
(C5) and Afzelia bipendensis (C6), with w/c = 0.5 and wy/c = 0.2
(unextracted sawdust)
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Conclusion

Proton NMR relaxometry has been used to investigate
phenomena involved in wood—cement composites during
setting and hardening. The spectra of neat cement paste
show the presence of two 7, components corresponding to
two different water populations within the material: gel and
capillary water. The evolution of relaxation time 7, and the
intensity of each type of water give information about the
water consumption and microstructural changes during
hydration. Four types of water have been identified in wood
depending on its moisture content: bound water, free water
present in the cell-wall pores, the lumen and the vessels.
In wood—cement composites, it was observed that, in addi-
tion to phenomena associated to cement hydration, there is
migration of water, especially free water, from wood to the
cement matrix. At the end of the process, some of the water
is retained in wood, in the form of bound or free water,
depending on the initial water content. By measuring the
area under the different peaks, it was possible to calculate
the hydration advancement coefficient o at each stage of the
process, which can be used to assess the compatibility of the
wood species with cement. The difference in the behaviour
of cement in the presence of E. saligna (compatible wood)
and A. bipendensis (incompatible wood) has been clearly
observed, and a new compatibility index based on NMR
relaxometry measurements has been proposed. The tech-
nique proved also to be effective at evaluating the impact of
admixture (such as accelerating agents) or extractives on the
hydration process. In conclusion, the NMR relaxometry
technique is a powerful tool to monitor the hardening pro-
cess during the elaboration of wood—cement composites or
the optimization of the systems.
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