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ARTICLE INFO ABSTRACT

Keywords: Natural fibers such as coir fibers have been increasingly explored as reinforcement in the
Coir fibers cementitious composite to promote sustainable and economical construction. However, the in-
Hydration and drying situ application of this composite presents challenges due to the complex interplay of water be-
NMR haviors, involving the hydrophilicity of natural fibers, the hydration of cement and the evapo-

Water distribution

ration due to drying. Although these water-related processes play a crucial role in achieving the
T,/pore-size distribution

desired properties, they have been relatively underreported in the literature. This study aims to
investigate the role of coir fibers in the water distribution and pore size distribution during the
early age (initial 3 days) of cement paste hydration under drying conditions. Accordingly, Nuclear
Magnetic Resonance (NMR) methods involving the moisture profiling and transverse relaxation
are used to monitor the water distribution and pore size distribution in time but also in space. The
samples are made by adding water-saturated coir fibers to the cement paste at different dosages
(0, 1%, 2% and 4%). The effects of drying and coir fiber dosages on the samples are evaluated.
The results show that drying leads to a moisture gradient and a larger transverse relaxation time
To, i.e., a coarser pore structure near the drying surface. By adding the saturated coir fibers, the
moisture gradient caused by drying is decreased and spread out along the sample. As the coir fiber
content increases, the water content along the sample and the total water content of the sample
increase. As a result, the samples with coir fibers exhibit a lower Ty, i.e., a denser pore structure
near the drying surface. Coir fibers are shown to eliminate the adverse effect of drying on cement
hydration through three effects, including the internal curing, improved water transport and
crack control. The results from this study reveal the promising potential of coir fibers for in-situ
construction applications.

1. Introduction

Water plays a crucial role in cement reaction. It is consumed by cement hydration to form the microstructure and hence the strength
of a cement composite [1]. In in-situ practice, cement hydration is generally accompanied by a competing process, i.e., water evap-
oration caused by drying at the cement/air interface, resulting in the reduction of water for hydration [2]. This drying process becomes
more pronounced in some cases, such as mass concrete casting and 3D printing, leading to more evaporative water loss [3]. As less
water is available for the hydration of cement, coarser pores and more cracks can be introduced at the surface [4]. The resulting surface
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will make the cement composite more vulnerable to the ingress of hazardous ions. For example, sulfate ions can result in the
degradation of a cement matrix, and chloride ions can give rise to the corrosion of reinforcing steel bars [5]. As a result, drying during
hydration will compromise the mechanical properties and durability of the cement composite [6]. In order to maintain water near the
drying surface for cement hydration, one way is to apply water-entraining agents [7]. As a possible water-entraining agent, waste
natural fibers, namely coir fibers, have been recently introduced owing to their cost-effective and environment-friendly advantages
[8]. To facilitate the practical application of coir fibers and to achieve sustainable construction, it is of interest to explore the role of
coir fibers in the hydration of cement under dry conditions.

Previous studies regarding a fresh cement composite hydrating under drying conditions have primarily focused on understanding
the drying process by analyzing the resulting total water loss and evaporation rate due to drying [9-11]. The effect of factors such as
water/cement ratios (w/c) and environmental conditions on the drying process has been investigated. The results show that the w/c,
temperature, relative humidity and wind speed all play a role [2,10-12]. Based on the obtained evolution of total water loss and
evaporation rate, the drying process in the fresh cement composite has been divided into three different stages, i.e., a constant drying
rate stage, a falling drying rate stage and a low drying rate stage [11,12]. These stages are similar to those observed in the hardened
cement composite and are crucial to the resulting mechanical properties of the composite [10,13-15]. In all stages, drying is found to
drive water transport toward the evaporative surface of the hydrating cement composite. Since hydration occurs simultaneously, the
case becomes more complicated due to the interplay between drying and hydration. The water transport caused by drying may affect
the formation of the hydrate structure [9]. Meanwhile, the formed hydrate structure may influence the water transport due to drying
[9]. As a consequence, both the water distribution and pore size distribution will no longer be homogenous over the cement composite
but will exhibit temporal and spatial heterogeneity towards the surface. These distributions cannot be inferred by merely monitoring
the total water loss due to drying. However, studies considering the water distribution and pore size distribution over time and space in
the hydrating cement paste under drying conditions are relatively limited. In the presence of coir fibers, the cement reaction process
under the coupled effect of hydration and drying is further complicated, as coir fibers will also interact with the water present [8].
Additionally, the water content of coir fibers affects their properties due to the influence of their chemical compositions such as lignin,
hemicellulose and cellulose, and consequently, affects the interface structure between coir fibers and the cement paste [16,17].
However, to the best of the authors’ knowledge, no study has reported how coir fibers affect the water behavior and pore structure in
the hydrating cement paste under drying conditions.

Tracking the water distribution and pore size distribution of a hydrating fresh cement composite not only in time but also in space
reduces the choice of possible measurement techniques. Nuclear Magnetic Resonance (NMR) techniques have shown advantages in
delivering the relevant information with sufficient temporal and spatial resolutions in a non-destructive and non-invasive way [18]. By
NMR profiling, the spatial dependence of the water distribution as well as the global water content in the hydrating cement composite
can be monitored [19]. Moreover, the NMR relaxation provides additional information on the pore size distribution [20,21]. By
tracking the change of different relaxation components, the water transport within the cement composite can also be obtained [22].

In this study, NMR is used to investigate the role of coir fibers in the hydration and drying of the cement paste during early age up to
3 days. Specifically, the water distribution, total water content and pore size distribution in the hydrating cement paste samples under
drying conditions are measured in the absence or presence of coir fibers. The impact of drying and coir fiber contents is evaluated. To
this end, simultaneous measurements are carried out on a pure hydrating cement paste sample without drying and fibers for com-
parison. In the following, the principle and setup of NMR are described first, then materials and experimental procedures. Subse-
quently, the water distribution along the sample position is obtained by measuring the moisture profile. Next, the total water content is
determined from the measured moisture profile, and its loss rate is calculated to indicate the reaction kinetics in the sample. Afterward,
the transverse relaxation time, the so-called Ty, which refers to the time required for the decay of the transverse magnetization, is
measured at different positions in the samples. The transverse relaxation is related to the volume-to-surface ratio of water in a pore,
and therefore by measuring T, the pore size distribution can be determined in time and space. Based on these results, the influence of
drying and coir fibers on the water distribution within a hydrating cement paste and on how this water distribution affects the resulting
pore size distribution are discussed. Finally, conclusions are given.

2. Methodology and materials
2.1. NMR principle

When nuclei possessing a magnetic moment, such as 'H, are placed in a static external magnetic field B, their magnetic moments
precess at a certain resonance frequency. This resonance frequency is called the Larmor frequency (f) which is proportional to the
applied magnetic field [20]:

f=7Bo @

where v is the gyromagnetic ratio and is dependent on the type of nuclei (y = 42.58 MHz/T for 'H), and B, the magnitude of the static
magnetic field.

If an oscillating magnetic field is introduced by a Radio Frequent (RF) pulse at the Larmor frequency of hydrogen nuclei, their
magnetic moments can be manipulated. By using a Hahn RF pulse sequence, the so-called NMR spin-echo signals can be generated. The
intensity of spin-echo signals is proportional to the density of hydrogen nuclei excited and therefore to the amount of water present, as
given by Ref. [23]:
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where p is the density of hydrogen nuclei, TE the spin-echo time and TR the repetition time of the spin-echo experiment, Ty the
relaxation time of transverse or spin-spin relaxation, and T the relaxation time of longitudinal or spin-lattice relaxation. By combining
the measured spin-echo signals at different positions in a sample, a moisture profile can be obtained.

Moreover, the decay of spin-echo signals reflects the relaxation process. The transverse relaxation can be measured with a Carr-
Purcell-Meiboom-Gill (CPMG) RF pulse sequence. By analyzing with a Fast Laplace Inversion (FLI) algorithm, the spectrum of the
transverse relaxation time Ty can be recovered. It has been shown that the Ty of pore water can be linked to the pore size [24]:

1 [V
=5 5) @

where ps is the surface relaxivity of the transverse relaxation, V the pore volume and S the pore surface area. Hence the T of pore water
is linearly dependent on the volume-to-surface ratio (V/S) of the pore. When pores are assumed to be spherical, V/S is equal to r/3, and
T, is linearly dependent on the pore radius:

T

T, =—
? 3p,
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Therefore, the pore size distribution can be determined from the Ty spectrum [20]. This method has been well established in
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Fig. 1. A schematic representation of the NMR setup used for measuring the moisture profile and T, during cement hydration under drying conditions, i.e., an airflow
with 0% RH. With the help of a step motor, the sample holder can be moved through the setup to be measured at different positions.
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various porous materials such as cement-based materials and wood, see e.g., Refs. [20,21,25].

2.2. NMR setup

A home-built NMR setup is used in this study to measure the moisture profile and T, distribution. A schematic representation of the
NMR setup is given in Fig. 1. The static magnetic field By of 0.8 T in the horizontal direction is provided by an iron-cored electro-
magnet, corresponding to the resonance frequency for 'H of 34 MHz. A constant magnetic field gradient Bgradient of 0.3 T/m is supplied
by Anderson gradient coils. The oscillating field perpendicular to the orientated field By is generated by an RF coil that also receives the
induced NMR signals. To accomplish a quantitative measurement of water, a Faraday shield is placed to suppress the impact of the
dielectric permittivity change due to variable water contents. With a stepper motor, a sample placed in a sample holder can be moved

(a) The cross section (b) The longitudinal section (c) The longitudinal section after
the alkali treatment

(d) A schematic representation

Outer layer <
Lumen ]
Lamella
4
(e) An elementary fiber —’
Secondary wall S3 @ Lumen

Secondary wall S2

Cell wall Secondary wall S1

Primary wall

Fig. 2. The detailed microstructure of a coir fiber. (a) The cross section of a coir fiber, (b) the longitudinal section of a coir fiber and (c) the longitudinal section of an
alkali-treated coir fiber, as imaged by SEM, respectively. (d) A schematic representation of a coir fiber and (e) a schematic representation of the structure of an
elementary fiber of which a coir fiber is built up.
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along the NMR insert to be measured at different positions. Therefore, a moisture profile can be measured along the sample height and
T, can be measured at specific positions in the sample, i.e., the top, middle and bottom. The sample holder used is a cylindrical tube
with a diameter of 25 mm and a length of 90 mm which has an open side on the top for introducing drying resulting in a 1D experiment.
Drying itself is introduced by an airflow with a relative humidity (RH) of 0% and a flow rate of 1 L/min blown over the top surface of
the sample. In all measurements, the spin-echo time TE is 150 ps and the repetition time TR is 5 s.

2.3. Materials and experimental procedures

In this study, the cement used is an Ordinary Portland Cement (OPC) CEM I 42.5 N. The natural fibers applied are coir fibers,
provided by Wageningen Food & Biobased Research, the Netherlands. The structure of coir fibers is visualized by Scanning Electron
Microscopy (SEM) at an accelerating voltage of 15 kV and is given in Fig. 2. Fig. 2a and b presents the cross section and longitudinal
section, i.e., the surface morphology, of a coir fiber, respectively. The longitudinal surface of a coir fiber is covered with a layer
consisting of waxes and oils and embedded with globular protrusions termed phytoliths [8,26]. To observe the internal longitudinal
structure, the external layer of coir fibers is removed using an alkali treatment. In this alkali treatment, coir fibers are immersed in an
8% NaOH solution at a room temperature of 22 °C for 24 h. The alkali-treated coir fibers are obtained by filtering the solution and then
drying in an oven at 40 °C for 7 days. The surface morphology of the alkali-treated coir fiber is shown in Fig. 2c. For a better un-
derstanding, a schematic representation of the structure of a coir fiber based on the obtained SEM observations is given in Fig. 2d. As
can be seen, a coir fiber is made up of numerous elementary fibers [27]. Each elementary fiber is composed of various layers of cell
walls and a lumen in the middle as shown in Fig. 2e [27]. All hollow elementary fibers are cemented together by lamellas and are
aligned parallel in the longitudinal direction, which contributes to the porous structure of the coir fiber. The resulting structure of the
coir fiber enables water to be absorbed in the fiber and transported along the fiber via its lumen. The coir fibers used in this study have
an average length of 8 mm and a mean diameter in the range of 0.2-0.5 mm. More properties can be found in our previous study [19].
The coir fibers that have reached their maximum water absorption capability in the order of 130%, called saturated coir fibers, are used
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Fig. 3. The normalized moisture profile measured by NMR along the height of different samples. (a) The moisture profile measured in the reference sample. The
reference sample is a pure cement paste of a w/c of 0.3 without coir fibers and drying. The moisture profile is given for a total time of 72 h (3 days). The time interval
between subsequent profiles is 55 min. (b), (c) and (d) The normalized moisture profile measured in different samples at a hydration time of 24 h, 48 h and 72 h,
respectively. Ref indicates the reference sample. 0%CF, 1%CF, 2%CF and 4% CF indicate the samples with 0%, 1%, 2% and 4% saturated coir fibers measured under
drying conditions.



X. Zhang et al. Journal of Building Engineering 71 (2023) 106445

in this study to achieve the effect of internal curing.

A water/cement ratio (w/c) of 0.3 is used for all samples. Saturated coir fibers are added at 0%, 1%, 2%, and 4% by weight of
cement (recorded as 0%CF, 1%CF, 2%CF and 4%CF). It should be mentioned that the water contained in saturated coir fibers is not
taken into account in the w/c, as it is regarded as a part of fiber composition. In order to make a sample, first coir fibers are randomly
added to cement and mixed together for 1 min. Next, water is added, and the mixing process is carried out for another 2 min. After the
mixing process, the fresh cement composite is placed in the sample holder to obtain a sample with a diameter of 25 mm and a height of
90 mm. The sample holder filled with the cement sample is then immediately placed in the NMR setup for measuring under drying
conditions. In addition, as a reference sample (recorded as Ref), a pure cement paste without coir fibers is measured under sealed
conditions. The NMR measurement itself is started 10 min after the beginning of the mixing process. All NMR measurements are
performed continuously for 72 h, i.e., 3 days, at a room temperature of 22 °C.

3. Results and discussions

3.1. Water distribution

To track the water distribution in the sample, the moisture profile is measured along the sample position using NMR. For a better
comparison, the measured moisture profile is normalized with respect to the maximum moisture signal recorded. The normalized
moisture profile of different samples during the reaction for up to 72 h (3 days) is shown in Fig. 3. The horizontal axis of this figure,
labeled as position, corresponds to the vertical direction in Fig. 1. The three representative positions in the sample where the Ty is
measured, i.e., the top, middle and bottom, are indicated in this figure.

In Fig. 3a, the moisture profile of the reference sample, i.e., the pure cement paste without drying and fibers, is given. In total, 80
profiles have been measured continuously over the hydration time of 72 h (3 days). The time interval between subsequent profiles is in
the order of 55 min. As can be seen, the moisture profile shifts downward as water is continuously consumed by cement hydration and
transformed into chemical-bound water which cannot be detected by our NMR setup. It can also be seen that the moisture profile stays
essentially flat along the sample position, indicating that the water is homogeneously distributed throughout the sample during the
hydration.

After the introduction of drying and coir fibers, the moisture profile of different samples is plotted along with that of the reference
sample at specific hydration times for comparison. The moisture profile at a hydration time of 24 h, 48 h and 72 h is given in Fig. 3b, c,
and d, respectively. As can be seen, as the hydration time increases, the moisture profile goes down due to water being consumed due to
both drying and hydration. However, the moisture profile no longer remains flat, suggesting that the water distribution becomes
inhomogeneous.

When only drying is introduced, i.e., in the case of the 0%CF sample, the water distribution exhibits a moisture gradient near the
drying surface. During both drying and hydration, water will be consumed leading to the creation of menisci and thus capillary forces
in the cement paste [28]. With the continuous decrease of the water content, the capillary force acting on the cement pore structure
increases [11]. As drying causes water to evaporate from the drying surface, the resulting increased capillary force on the drying
surface will drive the internal water migration to the drying surface [29]. At the same time, hydration makes the cement pore structure
increasingly dense which prevents water migration from the inner part to the drying surface [30]. As a result of both drying and
hydration, water is not allowed to transport throughout the sample to supply the surface flux.

Once saturated coir fibers are induced, the water distribution remains inhomogeneous. Clear differences can be seen indicating the
significant influence of coir fibers on the drying behavior of the cement paste. In the samples with coir fibers, the moisture gradient is
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Fig. 4. The total water content in different samples as a function of the hydration time of 72 h (3 days) determined from the measured NMR moisture profile (see
Fig. 3). Ref indicates the sample without coir fibers and drying. 0%CF, 1%CF, 2%CF and 4%CF indicate the samples with 0%, 1%, 2% and 4% saturated coir fibers
measured under drying conditions.
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spread out more evenly over the sample. With an increase in the fiber content, the saturation along the sample position increases. This
observation can be attributed to the internal curing effect of saturated coir fibers as well as the enhanced internal curing effect of more
coir fibers [19]. Saturated coir fibers will introduce additional water which compensates for the moisture decrease caused by hydration
and drying.

3.2. Total water content and its loss rate

To get an insight into the overall water behavior, the total water content is calculated by integrating the moisture profile along the
sample position and then normalizing it with respect to the initial value. The obtained total water content in various samples is plotted
in Fig. 4 as a function of the hydration time.

It can be seen that in the reference sample, the total water content gradually decreases with time due to hydration. After 3 days, this
decrease corresponds to a loss of 80% of the initial water content, indicating the lowest water loss among different samples.

Under drying conditions, the 0%CF sample shows the total water content decreases over time due to the combined process of
hydration and drying, therefore showing a reduced water content in comparison to the reference sample. This reduction in total water
content is more dominant during the initial period of the reaction. For a better observation, the total water content for the first 12 h is
given in the inset of Fig. 4. As can be seen, the reduction in the total water content is much larger during the initial reaction of 8 h, i.e.,
the initial setting time [19]. Before the setting time, the cement paste maintains its plasticity, which allows free water to evaporate
more easily. Finally, the 0%CF sample shows the largest loss of water, exhibiting an additional 8% water loss due to drying in
comparison to the reference sample.

The addition of coir fibers increases the total water content of the samples during the reaction compared to the 0%CF sample. As the
coir fiber content increases, the total water content also increases. Coir fibers are demonstrated to exhibit a positive effect by inhibiting
the water loss in the sample caused by drying, and this effect is enhanced by a higher content of coir fibers. This phenomenon, on one
hand, can be due to the internal curing effect of coir fibers, as explained in Section 3.1. On the other hand, it can be due to the crack
control of coir fibers. Since coir fibers help reduce drying cracks, the water evaporation from the sample will be hindered [31].

For a better understanding of the overall water kinetics, the total water content is used to calculate the water loss rate. The water
loss rate is determined by taking the derivative of the total water content with respect to time. The determined water loss rate as a
function of the hydration time is given in Fig. 5.

As can be seen, the water loss rate of the reference sample reveals a four-stage reaction which is in a good agreement with the well-
known hydration stages of cement [1]. During the initial 2 h, the water loss rate slows down, which is known as the induction period.
After that, the water loss rate increases dramatically between 2 and 8 h, corresponding to the acceleration period. From 8 to 24 h, the
water loss rate gradually reduces, which is related to the deceleration period. Later on, the water loss rate becomes almost constant,
indicating the final stable period.

=2h8h 24 h

o Ref o 0%CF
0 1%CF o 2%CF o 4%CF

=2h 8h

()]

NN

Water loss rate (%/%)

N

Time (h)
Fig. 5. The water loss rate in different samples as a function of the hydration time of 72 h (3 days) determined from the total water content (see Fig. 4). The four stages

of the process are observed and indicated as S1 S2, S3 and S4, respectively. Ref indicates the sample without coir fibers and drying. 0%CF, 1%CF, 2%CF and 4%CF
indicate the samples with 0%, 1%, 2% and 4% saturated coir fibers measured under drying conditions.
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After the introduction of drying, the water loss rate of the 0%CF sample shows that still four stages of the reaction can be
distinguished. In stage 1, i.e., the first 2 h, the water loss rate of the 0%CF sample decreases as the reference sample but remains larger.
This observation suggests that drying accelerates the water loss of cement during the hydration induction period. During stage 2
between 2 and 8 h, the water loss rate of the 0%CF sample shows less variation than that of the reference sample. To better observe this
variation, the water loss rate for the first 12 h is given in the inset of Fig. 5. As can be seen, the water loss rate of the 0%CF sample
remains almost constant at a high rate. This observation indicates that the drying effect is significant in the hydration acceleration
period of cement. From 8 to 24 h, corresponding to stage 3, the water loss rate of the 0%CF sample is reduced and becomes similar to
that of the reference sample. As the cement paste changes its state from a suspension to a solid, the water transport through the sample
to the drying surface becomes hindered and therefore the water evaporation shows less influence [30]. After that, in stage 4, the water
loss rate of the 0%CF sample is almost stable at a low level as that of the reference sample. Drying shows a negligible influence on the
loss of water.

By adding coir fibers, the water loss rate of the samples shows a similar trend as that of the 0%CF sample, again revealing four
stages. With an increase in the coir fiber content, the water loss rate is slightly decreased during the first three stages. As indicated
before, this phenomenon can be attributed to the internal curing effect and crack control effect of coir fibers. In addition, the coir fiber
content shows a negligible influence on the water loss rate in the last stage. This change is a result of the complete depletion of the
internal curing water introduced by coir fibers in the preceding stages [19].

It can be concluded that an increase in the saturated coir fibers content leads to an increase in the measured saturation and the
resulting water content, therefore a decrease in the water loss rate. These changes diminish over time as water is gradually consumed
by hydration and drying. Nevertheless, a higher content of coir fibers is proven not only to introduce more internal water for cement
hydration but also to maintain the introduced water as well as hinder the water loss due to drying, as a result of their internal curing
effect and crack control effect.

3.3. Pore size distribution

To study the effect of the water distribution on the pore size distribution, the T9 is measured at different positions in the sample, i.e.,
the top, middle and bottom, as indicated in Fig. 3. Before discussing the T results, the evolution of the water content at these positions
is first considered, since it will directly influence the hydration reaction and the resulting pore structure, and hence the T, distribution.
The water content at these three positions in different samples is plotted in Fig. 6 as a function of the hydration time. Moreover, for
comparison, the total water content shown in Fig. 4 is also plotted in this figure.

As can be seen from Fig. 6a, in the reference sample, the water content at different positions overlaps. This observation again
demonstrates the uniform water distribution, as also observed in the moisture profile given in Fig. 3. The water content at different
positions also matches the total water content, indicating that no water loss due to drying is present in the reference sample.

Once drying is introduced, as shown in Fig. 6b, a clear difference can be observed in the water content of the 0%CF sample. The
water content at the top position is dramatically decreased by drying and is significantly lower than that of the inner positions, i.e., the
middle and bottom. The water content at the middle and bottom positions is similar, which is also similar to the total water content.
This observation again shows that drying mostly affects a small zone near the exposed surface.

When coir fibers are added at the dosage of 1%, 2% and 4%, the water content obtained at different positions of the samples is
shown in Fig. 6¢, d and e, respectively. It can be seen that the water content at the top position increases clearly due to the presence of
fibers. Moreover, the moisture gradient within the samples is reduced by adding fibers. The explanation can be that the improved water
transport is introduced by coir fibers [4,8]. Owing to the porous structure of coir fibers, their addition will result in a more connected
and open pore network in the hydrating cement sample. Water can be more easily transported through the sample, supplying the
necessary surface flux near the drying surface and therefore reducing the moisture gradient.

To get information on the pore size distribution, the T is measured at the same three positions. The Ty distribution measured at the
top position of each sample is shown in Fig. 7. In the T distribution, different peaks represent the water remaining in different pore
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Fig. 6. The water content as a function of the hydration time of 72 h (3 days) at three different positions, i.e., the top, middle and bottom, in (a) the reference sample
without coir fibers under sealed conditions, (b)-(e) the samples with 0%, 1%, 2% and 4% coir fibers under drying conditions, respectively. The total water content (see
Fig. 4) is also plotted. The vertical dashed lines indicate the observed four stages, i.e., S1 S2, S3 and S4 (see Fig. 5).
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sizes [20]. The amplitude of these peaks reveals the water content of the corresponding pores [19]. In addition, the measured T is used
to calculate the radius of pores by using Equation (4) with a surface relativity of 0.00373 nm/pus [32]. The calculated pore radius is
additionally given in Fig. 7.

Asseenin Fig. 7a, the To distribution of the reference sample shows two peaks. The first peak, with a short T, value and a large area,
can be associated with the water in gel pores [33]. The second peak is associated with the water located in small capillary pores whose
T is in the order of milliseconds [33]. These two peaks merge into one at early age and become well-resolved later on. With the
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increased hydration time, these peaks shift towards a lower T, value and smaller area. This observation indicates that the size and
water content of the corresponding pores are reduced during the hydration reaction. After 3 days of hydration, the second peak has
disappeared and only the first peak is observed, indicating that all water present in capillary pores has been consumed by hydration.

As soon as drying is introduced, the T, distribution at the top position of the 0%CF sample, as given in Fig. 7b, shows significant
differences. First of all, from left to right, the first two peaks, corresponding to those found in the reference sample, diminish more
quickly. After several hours, these peaks are almost undetectable. This observation suggests that water is rapidly consumed as a
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consequence of drying. Due to the absence of water in pores, further changes in the Ty cannot be observed by the NMR relaxation
measurement. However, since no water is available for the further reaction with cement, it can be inferred that cement hydration will
be delayed or even stopped [4]. The deterioration of cement hydration can deteriorate the pore development, leading to the formation
of coarser pores. In addition, the third peak with a large Ty value can be observed during the first 2 h, which is related to the water in
large capillary pores whose T value is in the order of hundreds of milliseconds [33]. The emergence of the third peak can be explained
by the bleeding of the cement paste near the exposed surface caused by external drying [34].

For the samples containing 1%, 2% and 4% coir fibers, the T, distribution at the top position is shown in Fig. 7c, d and e,
respectively. As can be seen, the T distribution exhibits three peaks regardless of the fiber content. Again, the first two peaks are
corresponding to those found in the 0%CF sample, referring to gel water and capillary water, respectively. However, these peaks are
recorded for a larger area and a longer period in the samples with coir fibers. This change in these peaks indicates that more water is
present at the top position of the sample for cement hydration, as also observed in the water content given in Fig. 6. This observation
can be explained by the aforementioned effects of coir fibers including the internal curing, improved water transfer and crack control.
Additionally, the third peak at a larger T value is observed which can be associated with the water in medium capillary pores whose T;
is in the order of tens of milliseconds [33]. This peak is introduced by the water contained in coir fibers. As the coir fiber content
increases, this peak becomes more pronounced, i.e., the area and duration of this peak are increased. This observation indicates that
more water for internal curing can be introduced by more coir fibers [8]. As hydration and drying are prolonged, all peaks gradually
migrate to a lower Ty value and a smaller area. In the end, only the first peak is observed in the samples with coir fibers. Although this
peak shows a low intensity, one can still see that its Ty covers a similar range as that of the reference sample, suggesting a similar pore
size distribution.

The T, distribution measured at the middle position of different samples is given in Fig. 8. In the reference sample, the Ty dis-
tribution at the middle position in Fig. 8a is almost identical to that at the top position in Fig. 7a, as a result of the uniform water
distribution. The T distribution of the 0%CF sample, given in Fig. 8b, exhibits a two-peak distribution that is similar to that of the
reference sample. In this regard, drying shows a negligible influence on the pore structure at the middle position of the sample. For the
samples with 1%, 2% and 4% coir fibers, the Ty distribution at the middle position is shown in Fig. 8c, d and e. The T distribution is
similar for all the samples regardless of the fiber content, showing three peaks. Again, the sample with more coir fibers shows more
pronounced Ty peaks, indicating more internal curing water therefore an enhanced internal curing effect. As a result, an improved
internal pore structure at the middle position of the sample can be expected by increasing the content of coir fibers.

At the bottom position, the Ty distribution in the corresponding sample is similar to that at the middle position. To compare the Ty
at different positions in each sample, instead of showing the T, distribution at the bottom position, the T, value obtained from the first
peak at three positions in each sample is plotted together in Fig. 9. As can be seen in Fig. 9a, the reference sample shows a uniform T,
distribution for three different positions and therefore a similar pore size distribution, due to the uniform water distribution. As a result
of drying, the inhomogeneous water distribution of the 0%CF sample is reflected in its T distribution in Fig. 9b. Finally, a larger T»
value in the order of 1.4 ms corresponding to a pore size in the order of 15 nm is obtained, suggesting coarser pores at the top position.
After the introduction of coir fibers, as shown in Fig. 9c—e, the T, distribution is also inhomogeneous in the samples, indicating an
inhomogeneous pore size distribution. As compared to the 0%CF sample, the samples with fibers have a lower T, value at the top
position and therefore smaller pores, showing a final T, value in the order of 0.3 ms and a corresponding pore size in the order of 3 nm.
This observation indicates that the addition of coir fibers can significantly improve the pore structure in the sample near the drying
surface.

3.4. Discussion

To get a better understanding of the role of coir fibers, a schematic representation of the water behavior under the combined
process of hydration and drying in the cement samples with and without coir fibers is given in Fig. 10.
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Fig. 9. The T, value determined from the first T, peak as a function of the hydration time of 72 h (3 days) at three different positions, i.e., the top, middle and bottom,

in (a) the reference sample without coir fibers under sealed conditions, (b)-(e) the samples with 0%, 1%, 2% and 4% coir fibers under drying conditions, respectively.
The vertical dashed lines indicate the observed four stages, i.e., S1 S2, S3 and S4 (see Fig. 5).
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When only drying is introduced to a hydrating cement sample, water evaporation will occur on its surface, as shown in Fig. 10a-c.
At the beginning of the combined process of hydration and drying, as shown in Fig. 10a, the sample is fully saturated and the top
surface is covered by a thin water film [35]. This water film is formed due to that the settling of solid particles results in water
accumulation on the sample surface, i.e., so-called bleeding. Except for the vicinity of the drying surface, the water distribution and
pore size distribution in the rest part of the sample are nearly uniform. The water film becomes thinner as the reaction proceeds but no
water transport is present in the sample, corresponding to the aforementioned stage 1. As water is consumed by evaporation and
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Fig. 10. A schematic representation of the water behavior of the samples in the absence or presence of coir fibers under the combined process of drying and hydration.
(a)—(c) The sample without coir fibers in (a) stage 1: the sample is fully saturated with a thin water film covering on the top and no water transport is present, (b) stage
2: continuous capillary flow is generated and water can be transported to the drying surface, and (c) stage 3: discontinuous capillary flow is present and water cannot
be transported to the drying surface. (d)-(f) The sample with coir fibers in (e) stage 2 and (f) stage 3 shows an increased water content and more flow paths, as a result
of the three effects of saturated coir fibers, i.e., the internal curing, improved water transport and crack control. S, W and CF represent solid, water and coir fiber,
respectively.
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hydration, as given in Fig. 10b, the process enters stage 2. The sample becomes unsaturated and the water film on the sample surface is
completely depleted. As a result, water menisci and therefore capillary pressure build up in the pores of the sample [12]. With the
increase in the water loss, the curvature of the menisci increases resulting in an increase in the capillary pressure [36]. This increased
capillary pressure can drive water transport from the inside toward the drying surface, making both the water distribution and pore
size distribution inhomogeneous. As long as the water content and water diffusivity of the sample are sufficiently high, continuous
capillary flow can be generated to support the evaporative surface flux [11]. As both drying and hydration continue, in Fig. 10c, the
process reaches stage 3. As can be seen, the saturation of the sample drops continuously and the water transport is decreased by the
densification of the cement pore structure. The capillary flow becomes discontinuous and is no longer able to mitigate to the drying
surface [11]. Therefore, a less water content and a coarser pore structure are found in the vicinity of the drying surface. It should be
mentioned that the later final stage 4 has not been shown here, as it is considered that the water flow transport is almost absent in the
sample.

After the addition of saturated coir fibers, the water distribution in the cement sample is given in Fig. 10d-f. Saturated coir fibers
can alter the water distribution in stage 2 and stage 3, as shown in Fig. 10e and f, in three ways. First of all, saturated coir fibers can
increase the water content of the sample due to their internal curing effect, i.e., they can release the contained water to compensate for
the water consumed by drying and hydration. As a result, more water is available for capillary flow and hence reaches the drying
surface. Secondly, coir fibers can improve the water transport within the sample through their porous structure. The porous structure
of coir fibers will provide additional transport paths for water. By using the lumens of coir fibers as channels, water can be transported
to the drying surface. Additionally, coir fibers can reduce the drying cracking and therefore the water loss caused by drying of the
sample. This effect has been illustrated in a previous study [19]. As less water evaporates from the sample with fewer cracks, more
water is available for cement hydration. These three effects of coir fibers, i.e., the internal curing, improved water transport and crack
control, are shown together in Fig. 10g. As a result of these three effects of coir fibers, more water is observed at the top position of the
sample, therefore, cement can also hydrate near the drying surface, giving rise to an improved pore structure.

4. Conclusions

The use of coir fibers or other natural fibers in cementitious composites is regarded as a promising step towards achieving sus-
tainable and economical construction. Previous studies have increasingly reported the reinforcement effect of natural fibers on the
cementitious composite. Despite the reinforcement effect, the characteristics of natural fibers, i.e., the high moisture absorption ca-
pacity and porous structure, are still considered as potential obstacles to their use. However, this study provides a new insight that
these characteristics can be a bonus in the case of drying through intelligent manipulation, such as saturating fibers with water.

By means of NMR 1D profiling and T, relaxation, the effect of saturated coir fibers on the water distribution, water content and pore
size distribution of a hydrating cement paste under drying conditions has been studied during the initial 3 days. The results show that
the process of cement hydration under drying conditions can be divided into 4 stages regardless of the addition of coir fibers. Drying
results in an inhomogeneous water distribution showing a moisture gradient near the drying surface, and a reduced total water content
for cement hydration. As a result, a larger Ty, i.e., a coarser pore structure, appears at the top position of the sample. The introduction
of saturated coir fibers also leads to an inhomogeneous water distribution but a decreased moisture gradient spread out in the sample.
With the increase in the fiber content, the water content along the sample as well as the total water content of the sample increases. As a
consequence, a reduced Ty, i.e., a denser pore structure, is achieved at the top position of the samples with coir fibers. The incor-
poration of coir fibers appears to eliminate the adverse effect of drying on cement hydration. Coir fibers have been shown to improve
not only the moisture distribution but the pore size distribution of the hydrating cement under drying conditions through three effects,
i.e., the internal curing, improved water transport and crack control.

The results obtained in this study reveal the promising potential of coir fibers for in-situ construction applications. The results for
coir fibers can be extended to other natural fibers due to their similar structure and composition. This study therefore paves the way for
future studies aimed at a better understanding of the water behavior of coir fibers and other natural fibers reinforced cementitious
composites. It also demonstrates the capabilities of non-destructive and non-invasive NMR in monitoring water distribution and pore
size distribution dynamically in time and space. The use of NMR further advances the identification of coir fibers and other natural
fibers in cementitious composites beyond the current state of knowledge. However, this study focuses on the early performance of the
coir fibers and cement composites, further studies are necessary to understand their long-term performance. Along with this issue, the
main drawback of this material is raised by the lack of durability of natural fibers in the alkaline cementitious environment. To mitigate
this drawback, approaches such as fiber pre-treatment and matrix modification need to be investigated. In addition, other types of
natural fibers are needed to be explored for their potential in the internal curing technology.
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