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The aim of this work was to improve the long-term performance of fabricated eco-cement composites and
demonstrate the value-added use of carbon dioxide (CO,) in manufacturing sustainable products with better
dimensional stability and moisture resistivity. Experiments were on pressed and non-pressed composites, fabricated
with and without carbon dioxide curing. Dimensional stability comparisons were made between composites of date
palm fibre and cement subjected to different moisture conditions, including air-dried, oven-dried and saturated
conditions. Their flexural performances were then evaluated and compared with control specimens. The results
revealed that the application of pressing and carbon dioxide curing as accelerating processing techniques have
significant influences on the resultant products. The oven-dried composites exhibited poor flexural toughness
behaviour compared with the air-dried or saturated specimens. Fibre growth in the transverse direction due to
moisture conditions was observed to be efficient in strengthening the transition bonding areas with the matrix. In
comparison with board length, the changes in board thickness and mass due to moisture effects were remarkable.
This behaviour suggests that the final volume stability response of the composite is dominated by the orthotropic
property due to the various constituents. Microstructural observations confirmed that carbon dioxide curing densified
the matrix, leading to better dimensional stability of the composites, even after 25 wetting-drying cycles.

Notation

b width of specimen (mm)

d average thickness (mm)

L length of span (mm)

P maximum load (N)

Py, P, loads (N) taken from two points within the linear

section of the load-deflection plot
deflections (mm) corresponding to P, and P,

Introduction

A random distribution of short fibres in a cementitious matrix
is considered a possible solution to overcome the brittle failure
nature of the matrix (Hannant, 1978). Short fibres help to
reduce crack propagation throughout the matrix by bridging
opposite sides of cracks, thereby improving flexural toughness
and crack resistance properties.

Date palm fibres (DPFs) are available in abundant quantities
in Middle Eastern countries such as Iraq, Iran and Saudi
Arabia (Nasser and Al-Mefarrej, 2011). These waste fibres are
relatively strong, inexpensive, have a low energy demand and
have proven to be effective in enhancing the flexural

performance of cementitious composites, particularly when
used with thin sheet sections (Ardanuy et al., 2015; Soroushian
et al., 2013a, 2013b). However, compatibility problems
between cellulose fibres and cement paste are a key concern in
this research field. The alkaline pore water in the cement paste
can react and attack the lignin and hemicellulose inside the
middle sheets of cellulose DPFs. This attack causes consider-
able weakening in the tie bond between adjacent fibre cells and
may lead to possible decomposition of the natural fibre con-
stituents (Wei and Meyer, 2015).

Moisture movements allow the alkaline pore water to success-
fully reach the fibre cells and encourage an increasing
decomposition process. Over time, such a process leads to
embrittlement of the composite. Moreover, the cement
hydration rate is reduced after the addition of cellulose fibres.
Hemicellulose is well known to inhibit the setting of cement,
and Sandermann and Kohler (1964) found that starches,
sugars, tannins and certain phenols have an inhibitory effect
on cement hydration reactions.

Repeated wetting and drying cycles also result in degradation

and are thus considered aggressive conditions for
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natural-fibre-cement composites. The wetting phase of each
cycle facilitates alkaline pore water reaching the fibre middle
lamella, causing decomposition effects, while the drying phase
removes decomposition products from the attacked fibre
surface (Wei and Meyer, 2015). As a pozzolanic material, silica
fume may help to partially resist this attack through reduction
of the alkalinity of the cementitious matrix around the fibres
(Mohr et al., 2007).

In developed countries, natural fibres used in cement compo-
sites are mostly produced by a chemical pulping method.
Fibres produced by this method contain small amounts of
lignin and thus can better resist alkaline attack due to the high
pH value of the cementitious matrix. Developing countries in
the Middle East produce large amounts of date palm waste
every year. El-Juhany (2001) noted that approximately 35 kg
of palm residues are obtained per tree every year. In the pro-
duction of cellulosic fibres in developing countries, milling is
preferred over pulping, and this method results in a higher
lignin content. Therefore, unless pre-preparation procedures
are implemented before the fabrication of cementitious compo-
sites, compatibility problems could arise (Mohr et al., 2005,
2006). The presence of moisture adds further complication to
the situation as the core of the fibre cell will gradually be filled
with cement hydration products (Bentur and Akers, 1989).
However, advance preparation to remove lignin and other
inhibitors can lead to improved flexural performance of
cellulose fibre-cement composites, even in the presence of
moisture.

Accelerated carbon dioxide (CO,) curing of

cement composites

Accelerated carbonation can partially contribute to a reduction
of potential long-term degradation of cellulose-fibre—cement
composites (Pizzol et al., 2014; Soroushian et al., 2012, 2013a,
2013b). It is generally accepted that carbon dioxide reacts with
cement in two possible ways: (@) reactions with unhydrated
cement particles and (b) reactions with cement hydration pro-
ducts. In both cases, the carbonation process appears to
proceed in two steps. Firstly, carbonic acid (H,COj) is formed
due to carbon dioxide dissolving in water. Subsequently, the
carbonic acid reacts quickly with calcium silicates and, in a
few minutes, produces calcium carbonate (C,CO;) and calcium
silicate hydrate gel (C—S—H) (Soroushian et al., 2013a, 2013b).
The governing reactions are as follows (Goodbrake et al.,
1979; Young et al., 1974).

. C3S+ (3 —x)CO, + yH,0 — C,SH, + (3 — x)CaCO;

. S+ (2—x)CO, + yH,0 — C,SH, + (2 — x)CaCO;

Furthermore, a reaction between calcium hydroxide (Ca(OH),)
and the carbonic acid that has been formed could also occur
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throughout the carbon dioxide curing. This reaction can be
expressed as follows.

. Ca(OH), + H,CO3; — CaCOj3 + 2H,0

Another benefit of carbon dioxide curing as an early-age accel-
erated hardening method (Goodbrake et al., 1979; Young
et al., 1974) is an improvement in the durability performance
of cement-based composites due to the consumption of
calcium hydroxide (Rostami et al., 2011). Tolédo Filho et al.
(2000) found that sisal and coconut fibres are highly sensitive
to the alkalinity of a cementitious matrix. They reported that
when the fibres were immersed in a calcium hydroxide solution
at pH 12 for 300 d, they lost their flexibility completely and
could be pulled apart easily by just finger force. Soroushian
et al. (2013a, 2013b) also noted that carbon dioxide curing
yielded major enhancements in the stability measurements of
fibre—cement boards. Carbonation of the cementitious matrix
may thus help to enhance the durability and the stability of
cement-based composites.

Other researchers have also investigated the effects of carbon
dioxide curing on the chemical composition of cement paste,
the matrix capillary porosity, permeability and other durability
properties (Almeida et al., 2013; Tonoli et al., 2010).
Accelerated carbonation has been identified as a possible strat-
egy to improve the flexural performance and volumetric stabil-
isation and provide improved longevity and weathering
resistance of cement-based composites (Soroushian et al.,
2012; Tolédo Filho et al., 2003).

Moreover, accelerated carbonation is a sustainable and envir-
onmentally beneficial technology as carbon dioxide is chemi-
cally reintegrated with cement hydration products. Accelerated
curing can thus use carbon dioxide recovered from cement
kiln flue gas and recycle it within the cement and concrete
industry.

The main aim of the work reported in this paper was to evalu-
ate and improve the long-term performance and moisture sen-
sitivity of cellulose DPF-cement composites using the
advantages of carbon dioxide curing. Test specimens were sub-
jected to accelerated ageing studies in the laboratory to simu-
late actual exposure conditions in the field. The specimens
were then evaluated following relevant ASTM standards and
the results were compared with unaged specimens. The results
of this study should help design teams, site engineers, contrac-
tors and clients to choose an appropriate manufacturing
process of cementitious boards with enhanced final perform-
ance and reduced environmental impact. The utilisation of
carbon dioxide in this application reduces greenhouse emis-
sions and also improves the productivity of cementitious board
manufacturing plants.
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Figure 1. Appearance of hammer-milled DPFs (a) and machine used (b)

Experimental programme

Materials and manufacturing procedure

The cellulose fibres used in this study were DPFs (Figure 1(a))
with an average length of 5-75 mm, thickness of 0-3 mm and
dry density of 270 kg/m>. The DPFs were pulled out trunks
in the form of near cuboids (length 100-200 mm, width
50-100 mm and height 50-100 mm). The DPFs were date
palm (Phoenix dactylifera L.) residues collected from farming
areas 20 km south of Baghdad, Iraq.

The trunk pieces were hammer-milled on a 3 mm mesh
(Figure 1(b)), yielding the reinforcing elements (i.e. milled
cellulose fibres) for use in cementitious boards at a 6% fibre
mass fraction by weight of cement. Prior to addition to the
cement mortar mixtures, the fibre pieces were subjected to pre-
treatments to mitigate the inhibitory effects of the fibres on
cement hydration (Alawar et al., 2009). The fibres were soaked
in hot water (100°C) for 1 h and then cooled to room tempera-
ture. At the end of the treatment process, the fibres were oven-
dried at 60°C for 24 h and then sieved on a 600 um mesh to
remove fine residues. Finally, to reduce moisture absorption,
the dried fibres were kept in airtight polyethylene bags until
they were used. The 6% fibre mass did not include any fibre
moisture content due to the fibre treatment. The organic com-
position of the treated DPFs is presented in Table 1.

According to preliminary results, a matrix with mix pro-
portions of 1:0-75:0-215 (binder:sand:water/binder ratio) by
weight was used. The binder consisted of 70% ordinary

Table 1. Composition of the treated DPFs

Cellulose: % Hemicellulose: % Lignin: % Ash: %

31-673 21-247 30463 2123

Portland cement (OPC) conforming to ASTM C150 (ASTM,
2015a) and 30% microsilica conforming to ASTM C1240-05
(ASTM, 2005). Table 2 shows the chemical composition and
physical properties of the OPC and microsilica used in this
study. The high ratio of microsilica used ensured an enhanced
matrix structure, reduced porosity due to the filling ability of
the microsilica and minimised composite degradation due to
wet—dry cycling (Mohr et al., 2007). A polycarboxylate-based
high-range water-reducing admixture conforming to ASTM
C494 type F (ASTM, 2015b) was used to achieve the desired
flow (110 +5%). The natural fine aggregate used in this study
was obtained from Al Ekhaider quarry in Iraq and had a
specific gravity, bulk density, sulphate content and absorption
of 2:65, 1500 kg/m®, 0-07% and 1-2%, respectively. Its
maximum size was 2-:36 mm and the gradation was within the
limits of ASTM C33 (ASTM, 2016). A flow table was used to
measure the consistency of the mixture following ASTM C230
(ASTM, 2010).

The process used to manufacture cementitious thin sheets
reinforced with cellulose fibre was similar to that used by

Table 2. Composition and properties of cement and microsilica

Cement Microsilica

Silicon dioxide (SiO5): % 207 90-65
Aluminium oxide (Al,O03): % 461 0-02
Ferric oxide (Fe;03): % 3:35 0-01

Calcium oxide (CaO): % 61-89 1-22
Magnesium oxide (MgO): % 3-05 0-01

Sulfur trioxide (SO3): % 2:4 0-24
Lime saturation factor: % 0-87 0-48
Loss on ignition: % 2:16 2-86
Specific gravity 341 24

Specific surface area: cm?/g 291 16 000
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Alanbari et al. (2015) and Soroushian et al. (2012).
Preparation of the fibre-reinforced cementitious thin sheet
involved mixing all the constituents in a mortar mixer (follow-
ing ASTM C305 (ASTM, 2011)) and then placing the blend in
a plywood mould (300 mm length by 152-5 mm width) tied
with steel plates. The targeted board thickness was 12 mm.

Two types of boards were produced in this manner: pressed
and non-pressed boards. For the pressed boards, the sheets
were lightly pressed at 3-5 MPa for 5 min (Marmol et al.,
2013; Soroushian et al., 2013a, 2013b). Both types of board
were then covered with nylon sheet to keep them in a moist
condition. After 24 h, the boards were demoulded and the
specimens were ready for curing. Before carbon dioxide curing,
young sheets were oven-dried for 30 min to lower the moisture

Flow meter

/ \ Airtight movable head

Embedded

content of the produced sheets to the point where carbon
dioxide gases would be able to penetrate and react with the
cementitious matrix (Soroushian et al., 2013a, 2013b).

Figure 2 shows the carbon dioxide curing system for the
cement-bonded cellulose fibreboards. Different concentrations
of carbon dioxide gas in air were produced by using two gas
cylinders (one containing carbon dioxide and the other air).
Each cylinder was connected to a flow meter, which controlled
the gas flow level and thus the carbon dioxide concentration.
The carbonation system setup was thus able to apply any
blend of carbon dioxide and fresh air to the cementitious
sheet. Figure 3 shows typical specimens after casting and
young boards installed inside the carbon dioxide curing
chamber ready for carbonation. The carbon dioxide

Pressure meter
Thermocouple line
Control board

Vacuum pump

Carbon dioxide
curing chamber

Figure 2. Carbon dioxide curing system

Figure 3. Typical specimen appearance after casting (a) and early age boards installed inside the carbon dioxide curing chamber ready for

carbonation (b)
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concentration was kept constant at 50% in air inside the
chamber and boards were cured for 2 h. The specimens were
then sealed wet in a plastic bag and held at room temperature
until the age of 28 d.

The moisture sensitivity and accelerated ageing effects on the
flexural performance (strength, toughness and elasticity) of the
composites were then evaluated.

Test procedures

Flexural tests were performed according to ASTM C1185-12
(ASTM, 2012). Three replicate flexural tests were conducted
for each moisture condition. Flexural tests were performed on
specimens with a clear span of 254 mm. A displacement-con-
trolled mode with a rate of 0-5 mm/min was adopted in the
flexure tests. The test data were recorded using a computer-
controlled data acquisition system. The load—deflection curves
were characterised by the modulus of rupture (MoR) and
modulus of elasticity (MoE), according to Equations 1 and 2.
The total area underneath the load—deflection curve represents
flexural toughness. The flexural performance was evaluated
under wet conditions. A deflectometer positioned in the
middle span on the lower side of the board was used to record
the deflection during the bending tests.

1. MoR = 3PL/2bd*

2. MOoE = (PQ*P])L3/4bd3(y27y])

In Equations 1 and 2, P is the maximum load (N), L is the
length of span (mm), b is the width of specimen (mm) and d is
the average thickness (mm). Loads P, and P; (N) were taken
from two points within the linear section of the plot, with y,
and y; being the deflections (mm) corresponding to these
selected loads.

Dimensional changes were measured in term of percentage
changes in length, thickness and mass with respect to the orig-
inal values according to the test procedures specified in BS
5669-4 (BSI, 1989) and ASTM C1185-12 (ASTM, 2012),
which include increasing the relative humidity (RH) from 30%
to 90%. Three replicates were tested and linear changes were
calculated according to

. Loy — L3y
3. Linearchange(%) = M x 100
30% RH

Changes in mass were calculated similarly.

Moisture sensitivity
Cementitious composites reinforced with cellulose fibres are
sensitive to moisture. In this study, the effects of moisture on

the produced composites were assessed using flexural tests.
Three different moisture conditions were selected (Soroushian
et al., 1994), air-dried (AD), oven-dried (OD) and saturated
(SA), and flexural performance was evaluated and compared
with unaged specimens (i.e. 28 d age). The moisture con-
ditions, intended to simulate various environmental effects, are
explained in Table 3. The temperature used for the AD and
SA specimens (23 £ 3°C) represents normal conditions while
temperature used for the OD specimens (100 + 5°C) represents
elevated temperature conditions. The increase from 23°C to
100°C was intended to raise the temperature within the matrix
to the critical limit of 60-70°C (Taylor, 1997). Severe deleter-
ious effects such as microcracks and shrinkage were expected
to arise. Exposing cellulose-fibre-reinforced composites to
rapid drying conditions may induce non-uniform drying
shrinkage cracks (Aligizaki, 2006). Conversely, a higher moist-
ure content can reduce the hydrogen bonding of the fibres to
the matrix, leading to reduced MoE values and promoting
radial fibre expansion (Soroushian et al., 1994). The final com-
posite performance is thereby affected accordingly.

In this phase of the study, a full factorial experimental design
of 3 x 4 x 3 was implemented to investigate moisture effects on
the flexural performance of the carbonated composites.

Accelerated ageing wetting—drying cycles

Natural ageing conditions such as rain, heat or solar radiation
can cause thermal and mechanical internal stresses. The accel-
erated wetting—drying cycles conducted in this study were
intended to partially simulate such natural weathering effects
and to investigate the degradation of the cellulose fibre-cement
composites due to alkaline attack. Repeated dissolving and re-
precipitation of hydration products towards the cellulose fibre
cells through their interfaces is another possible cause of
degradation, which should also be investigated.

Wetting—drying tests were conducted following ASTM C1185-
12 (ASTM, 2012). The procedure involved a cycle of 2 h and
55 min of water spraying at 30°C, followed by another 2 h and
55 min of heating at 60+ 5°C, with an interval of 5 min
between the cycles. Two replicate specimens were subjected to

Table 3. Description of moisture conditions

Condition Method

AD Specimens were placed in a controlled environment
of 23 £3°C and RH of 50-55% for 4 d. All faces
were exposed to similar conditions and adequately
ventilated

oD Specimens were fired in an oven at 100 £ 5°C until

the difference between two consecutive weighings,

within 2 h, was <0-1% of the specimen weight
SA Specimens were immersed in water at a temperature

of 23°C for 2 d and tested in a wet condition

(i.e. immediately after removal from water)
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a total of 25 cycles of wetting—drying and then tested under
flexure. The flexural test results of aged board specimens were
evaluated and compared with unaged specimens.

Test results and discussion

Flexural performance of specimens under different
moisture conditions

Moisture content significantly affected the flexural perform-
ance (i.e. MoR and MoE) of the DPF-cement composites,
whether the boards were pressed or not. Typical flexural per-
formance curves of the pressed and non-pressed composites
are shown in Figures 4 and 5, respectively. The effects of moist-
ure on MoR, flexural toughness and MoE of both pressed and
non-pressed and conventionally cured and aged composites are
shown in Figures 6-8, respectively.

In general, the various moisture conditions produced signifi-
cant differences in the MoR and MoE. Increases in moisture
content level from AD to SA conditions resulted in adverse
effects on the MoR (Figure 6) and MoE (Figure 8), for both
the conventionally cured and carbon-dioxide-cured DPF-—
cement composites. Flexural toughness, however, was enhanced
with an increase in moisture level from OD to AD conditions
(Figure 7). No further significant enhancement was found by
increasing moisture to SA conditions, indicating that a high
moisture content is not essentially proportionally beneficial in
terms of flexural toughness. Carbon dioxide curing proved to

produce better flexural performance (i.e. MoR, MoE and flex-
ural toughness) regardless of the other processing aspects used,
probably due to the impact of carbon dioxide in improving the
matrix and board quality (Soroushian et al., 2013a, 2013b).

The stress—deflection curves presented in Figures 4 and 5
also reveal that, of the various moisture conditions, oven
drying had major negative effects on flexural toughness. The
negative volume change effects of dry heat (2 d in the oven at
100 £ 5°C) outweighed the positive cement hydration effects
promoted by heating. Oven drying could thus be responsible
(Soroushian et al., 1994) for this behaviour, and this is
suggested to be an area for further study. In Iraq and many
other countries in the Middle East, hot and dry conditions are
common, with temperatures reaching 55°C. The test results in
this study clearly indicate that such extreme hot and dry con-
ditions have significant effects on final performance and
should be accounted for in the design process.

The stress—deflection responses of the OD specimens (Figures
4(b) and 5(b)) showed a stable linear behaviour up to peak
stress and then a sharp, steep post-cracking response was
observed. Compared with the AD and SA specimens, both the
pressed and non-pressed OD specimens generally showed a
sharp transition from linear elastic to post-crack softening.
This could be partially attributed to the more severe shrinkage
effects of oven drying on the post-cracking response, as cellu-
lose fibres can restore their size due to fibre saturation in wet

15-0 15-0
Carbonated specimens i
o 125 P © 125 Carbonated specimens
; 100 Control 2 100
A a Control
(O] (O]
= 75 & 75
S 50 S 50
& B}
T 25 2 25
0 0
0 002 004 006 008 010 0 002 004 006 008 010
Specific deflection: mm/mm Specific deflection: mm/mm
(a) (b)
15-0 )
Carbonated specimens
& 125
= Control
~ 100 /-
] o~
£ 75
S 50
B}
= 25

0
0 0-02

0-04

0-06 008 010

Specific deflection: mm/mm

(0)

Figure 4. Typical curves of flexural stress against specific deflection for pressed composites reinforced with cellulose DPF at 28 d: (a) AD;

(b) OD; (o) SA

418

Downl oaded from http://ftp. nowpublishers.conljadcr/article-pdf/30/9/413/2432887/jadcr_17_00141. pdf by guest on 13 June 2026



Advances in Cement Research
Volume 30 Issue 9

Moisture sensitivity and dimensional

stability of carbonated fibre—cement

composites
Hassan
15-0 15-0
& 125 Carbonated specimens & 125 Carbonated specimens
= =
i 100 Control i 100
] 4] Control
£ 75 £ 75
S 50 S 50
G 5
= 25 o 25
0 0
0 0-02 0-04 0-06 0-08 0-10 0 0-02 0-04 0-06 0-08 0-10
Specific deflection: mm/mm Specific deflection: mm/mm
(@) (b)
15-0
L 125
=
100
3 Carbonated specimens
£ 75 J fControI
g 5-0
T 25 \F\
0
0 0-02 0-04 0-06 0-08 0-10

Specific deflection: mm/mm

(0)

Figure 5. Typical curves of flexural stress against specific deflection for non-pressed composites reinforced with cellulose DPF at 28 d:
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Figure 6. Effects of moisture condition on flexural strength (MoR): (a) pressed DPF boards; (b) non-pressed DPF boards. Error bars indicate

standard deviation

testing conditions. Furthermore, the behaviour of these speci-
mens, with no plasticity and limited toughness, clearly indi-
cated that there was no fibre reinforcement effect. This could
also be a consequence of possible fibre deterioration and fibre
interface weakness at the high temperature (100°C) of the OD
condition. This weakness is permanent and cannot be compen-
sated even after re-moistening with water. After the appearance
of cracks (i.e. the post-cracking stage), the fibres become the
main load carriers in the AD and SA specimens, leading to a
gradual softening change in the post-cracking response (see
Figures 4(a), 4(c) and 5(a), 5(c)). In the case of the OD

composites, however, the role of the fibres was reversed and the
fibres became a minor load carrier, probably due to the
phenomena of fibre shrinkage, particularly in the transfer
direction (Dinwoodie, 2002), which reduces the ability of the
fibres to carry the transformed stresses. This issue will be dis-
cussed further later in the paper.

An analysis of variance (Anova) of the tested data is presented
in Tables 4-7. The influence of moisture content, pressing and
carbon dioxide curing on the flexural performance (MoR,
MOoE and flexural toughness) was confirmed at the 95% level
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Figure 7. Effects of moisture condition on flexural toughness: (a) pressed DPF boards; (b) non-pressed DPF boards. Error bars indicate
standard deviation
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Figure 8. Effects of moisture condition on MokE: (a) pressed DPF boards; (b) non-pressed DPF boards. Error bars indicate
standard deviation

Table 4. Anova of MoR test results of composites subjected to different moisture conditions prior to wet/dry cycling

Control
AD =€ = *b = = = = = * = =

OD - P * — — — — — * —_ —

SA * * —_ — — — * * —_ — —_
Carbon dioxide curing

AD = = = = = * = = = = =

oD = = = = = * = = = = =

SA — — — — — — —

*
*
*
*

2— Statistically insignificant difference
b Statistically significant difference at 95% level of confidence

of confidence (Table 7). Multiple comparisons between the toughness results confirmed the adverse effect of oven dying
AD, OD and SA conditions of the Anova results confirmed on the MoE and flexural toughness, at a 95% level of confi-
the adverse effect of saturation on the MoR. This observation dence. In other words, flexural strength (MoR) was affected
was consistent for both pressed and non-pressed boards mainly by saturation, while the MoE and flexural toughness

(Table 4). Statistical analysis of the MoE and flexural were affected mainly by oven drying (Tables 5 and 6).
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Table 5. Anova of MokE test results of composites subjected to different moisture conditions prior to wet/dry cycling

Control
AD _a *b _ _ _ _ _ * * _ _ _

oD * _ * _ _ _ * — — — — —
SA — * - — - — * — — — — —
Carbon dioxide curing
AD = = = = * — — — — — * *
OD — p— — * — * p— p— — * — —

SA - - - - * - - - - - -

2— Statistically insignificant difference
b« Statistically significant difference at 95% level of confidence

Table 6. Anova of flexural toughness test results of composites subjected to different moisture conditions prior to wet/dry cycling

Control
AD _a *b _ _ _ _ _ * * _ _ _

oD * _ * _ _ _ * _ * — — =
SA - - - - - * * - - - -

Carbon dioxide curing

AD - = - - - = = = = =
oD — — — * _ * _ _ _ * _ *

SA - - - - - - - - - -

*

*
*

2— Statistically insignificant difference
b* Statistically significant difference at 95% level of confidence

Table 7. Anova summary of flexural test results

A 3628 0-000° 54.5 0-000° 82 0-009°
B 2072 0-000° 367 0-000° 7 0-014°
C 2733 0-000° 883 0-000° 82 0-000°
AxB 40 0-000° 32 0-085 0-002 0-96
AxC 91 0-000° 96 0-001° 034 0-71
BxC 5.8 0-009° 11-4 0-000° 0-01 09

A, pressing; B carbon dioxide curing, C, moisture condition
BStatistically significant difference at 95% level of confidence

Figures 6-8 compare the flexural performance of pressed produced an enhanced matrix with consequent better board
boards subjected to different moisture conditions to that of quality. Compared with the non-pressed boards, the pressed
non-pressed boards. The flexural performance of the pressed boards subjected to AD, OD and SA conditions had 40%,
composites was better than that of the non-pressed composites, 73% and 71% higher MoR, 14%, 8% and 19% higher flexural
at the 95% level of confidence. Pressing seems to have toughness, and 10%, 6% and 23% higher MoE, respectively.

421

Downl oaded from http://ftp. nowublishers.conijadcr/article-pdf/30/9/413/ 2432887/ jadcr_17_00141. pdf by guest on 13 June 2026



Advances in Cement Research
Volume 30 Issue 9

Moisture sensitivity and dimensional
stability of carbonated fibre-cement
composites

Hassan

The effect of pressing was thus more apparent in terms of the
MoR. Flexural toughness is mainly dependent on the ability of
the fibres to bridge cracks and whether the fibres break or pull
out of the matrix. Hannant (1978) stated that improving the
bond between fibres and the matrix (due to the pressing effect
in this study) leads to improvements in the contact area and
friction force at the interface and, ultimately, fibres break
rather than pull out. This could explain the limited impact
of pressing on flexural toughness in this work. On the other
hand, MoE values are mainly affected by the composition
and structure of the composite. The lower modulus of the
fibre phase could explain the limited impact of pressing on
the MoE.

Fracture surface observations
Inspection of the fracture surface provided some qualitative
indications about the matrix microstructure of the cementitious

composites. Typical scanning electron microscope photomicro-
graphs of the composite boards taken in secondary electron
mode for different curing procedures are presented in Figure 9.
Figures 9(a) and 9(b) show non-carbonated and carbonated
boards, respectively. The fracture surface of the carbon-
dioxide-cured composites seemed to have a denser matrix and
lower porosity, which led to the growth of overlapping com-
pacted layers (labelled #1 in Figure 9(b)) rather than separated
clusters (labelled #2 in Figure 9(a)).

Figure 9(b) shows that the combined effects of partial replace-
ment of 30% of the cement by weight with silica fume and
carbon dioxide curing produced a more homogenous matrix
with smooth and homogeneous denser areas (labelled #3)
compared with the porous areas in the composite subjected to
normal curing conditions (i.e. without carbonation) (labelled
#4 in Figure 9(a)). This matrix consisted mainly of C-S-H

SEM MAG: 1:00 kx
Name: 4-5
Date(m/dAy): 0311115

SEM HV: 10-00 kV
WD: 19-87 mm

VEGAW TESCAN

Performance in nanospace n

Figure 9. Fracture surface of fibre-reinforced cement composites: (a) non-carbonated specimens; (b) carbonated specimens;
(c) carbonated specimens after wetting—drying. #1, overlapping compacted area; #2, separated clusters of hydration products; #3,
smooth and homogeneous denser area; #4, porous area; #5, fractured fibre; #6, gap between fibre surface and matrix upon ageing
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and calcium carbonate products (Pizzol et al., 2014; Tonoli
et al., 2016).

The calcium carbonate produced due to the carbon dioxide
curing seemed to be responsible for enhancing the matrix—fibre
interface through filling of the pore areas around the cellulose
fibres (Hassan et al., 2016; Soroushian et al., 2013a, 2013b;
Tonoli et al., 2016), leading to the formation of a rigid struc-
ture with lower moisture sensitivity and better dimensional
stability. After accelerated ageing, progressive leaching of the
hydration products weakened the fibre interface and a gap
clearly appeared between the fibre surface and the surrounding
matrix (#5 and #6 in Figure 9(c)).

Moisture conditions and cyclic effects of wetting—drying
on composite dimensional stability

An increase in RH increase can lead to boards absorbing
moisture and a corresponding swelling may occur. When the
RH decreases, the boards could desorb moisture, causing a
corresponding shrinkage (Fan ez al., 1999; Soroushian et al.,
2013a, 2013b). Marked change in mass and volume could then
be expected. Cellulose fibres are much more susceptible to
water than the surrounding cementitious matrix. Voids in the
fibres comprise more than 50% of the total volume. When
these voids are filled with moisture, the transverse radial fibre
diameter increases, which can negatively affect the bonding of

the fibre to the matrix (Page and Tydeman, 1963). The dimen-
sional stability of specimens subjected to wetting—drying cycles
and moisture effects was evaluated and compared with that of
control specimens. Dimensional changes were measured in
terms of percentage changes in length, thickness and mass
according to Equation 3. The results presented in Figures 10-12
show percentage increases over the corresponding initial
values. In comparison with the control (conventionally cured)
specimens, all the carbon-dioxide-cured specimens exhibited
better dimensional stability. In the case of moisture effects, the
percentage reductions in mass, length and thickness of the
carbon-dioxide-cured specimens relative to the non-carbonated
specimens were 18%, 50% and 14:3%, respectively. These
enhancements were more pronounced in the pressed boards.

The negative impact of moisture conditions on the mass and
thickness of the tested boards exceeded the effect on board
length (Figures 10-12) partly because cellulose fibres and
cement paste are normally unstable in water. Dimensional
changes in wood fibres normally depend on the structure of
the wood cell (i.e. softwood or hardwood) and the direction —
transverse change is more than ten times the longitudinal
change (Dinwoodie, 2002) — whereas dimensional changes of
cement pastes are considered to be isotropic in nature and a
change of no more than 5% may be involved regardless of the
direction (Fan et al., 1999). This phenomenon could explain
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Figure 10. Change in mass due to (a) moisture effects and (b) repeated wetting—drying
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Figure 11. Change in length due to (a) moisture effects and (b) repeated wetting—drying
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Figure 12. Change in thickness due to (a) moisture effects and (b) repeated wetting—drying

the significant impact of moisture conditions on the mass and (¢) The DPF composites subjected to oven drying exhibited
thickness of the boards rather than their length. poor flexural toughness behaviour compared with the
composites subjected to air drying or saturation. This
After accelerated ageing, repeated wetting—drying cycles behaviour was consistent for both the conventionally
produced larger changes in both length and thickness cured and the carbon-dioxide-cured cementitious
(Figures 10(b), 11(b) and 12(b)), indicating lower dimensional composites. Furthermore, with an increase in moisture,
stability of the resultant composites. The changes were more fibre growth in the transverse direction seemed to be
pronounced in the non-carbonated specimens, suggesting that efficient in strengthening the transition bonding areas
carbon dioxide curing led to better dimensional stability. with the surrounding matrix. Anova of the results, at the
Compared with the wetted—dried, non-carbonated specimens, 95% level of confidence, confirmed the statistical
the wetted—dried carbonated specimens showed 41:4%, 25% significance of moisture on the ductility behaviour of the
and 39% reductions in mass, length and thickness, respectively. cellulose DPF—cement composites.
The change in length and mass due to wetting—drying cycles is (d) Oven drying generally had adverse effects on the
dominated by the cementitious matrix, while the change in post-cracking response of the tested composites. While
thickness is dominated by the cellulose fibres. The beneficial the fibres were the main load carriers in the specimens
effect of carbon dioxide curing and the ability of the gas to subjected to air drying and saturation, leading to a
penetrate the matrix pores meant that the non-pressed speci- gradual softening change in post-cracking response,
mens outperformed the pressed specimens in terms of less they played a minor role in the oven-dried composites,
change, as shown in Figures 10(b) and 11(b). probably due to shrinkage of the wood fibres,
possible fibre deterioration and weakening of the fibre
Summary and conclusions interface.
Carbon-dioxide-cured cellulose-fibre-cement composites sub- (e) In comparison with the change in fibreboard length,
jected to various moisture conditions and accelerated wetting— the percentage increases in the thickness and mass of
drying ageing cycles were examined in terms of flexural the boards due to moisture effects were notable. This
performance, dimensional changes and microstructural obser- behaviour suggests that the final volume stability
vations. The following conclusions were obtained from this response was dominated by orthotropic properties due to
study. the various constituents of the composite. The structure
of the wood fibre and internal stresses generated during
(a) The composites cured under carbon dioxide showed these changes are other possible factors for this
better resistance to moisture effects than the difference.
non-carbonated boards. This enhancement was (f) The changes in length and thickness of the fibreboards
consistent regardless of the other processing aspects after repeated wetting—drying cycles were notable
used. and associated with a mass increase. However, the
(b) Different types of moisture conditions were found to have aggravated effects were less pronounced in both
different effects on flexural performance. The flexural pressed and carbonated composites compared
strength was adversely affected by saturation conditions. with non-pressed and non-carbonated composites,
The effect of air drying and oven drying on flexural respectively.
strength were negligible. This behaviour was consistent (g) The calcium carbonate produced due to carbon
for both the conventionally cured and carbon-dioxide- dioxide curing participated in filling the C-S-H
cured cementitious composites. inner porosity of the cement paste and decreasing
424
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liquid transportation during repeated wetting—drying
cycles. The interface between the fibres and the

matrix in the carbonated composites was also

improved, leading to better dimensional stability of the
composites, as indicated by the smaller changes in
thickness, length and mass percentages compared with
non-carbonated composites even after 25 wetting—drying
cycles.

In summary, this work has demonstrated the beneficial effects
of using carbon dioxide curing in combination with other pro-
cessing aspects as a sustainable method to improve the moist-
ure sensitivity and the dimensional stability of DPF-cement
composites.
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