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Abstract 
Fiber-reinforced cement composites (FRCC) are widely used in the construction of houses and 

commercial buildings in many countries such as the United States, the United Kingdom, the European 
countries, and the Asian countries such as China, India, and Thailand.  Conventionally, the FRCC 
is manufactured from Portland cement, silica sand, and cellulose fiber using the so-called autoclaved 
curing under a designate hydrothermal condition to accelerate the hydration reaction resulting in 
superior properties.  However, the autoclave-curing process needs a huge investment and generates 
highly environmental impact specially greenhouse gases due to its heavy energy consumption.  Hence, 
this research aims to develop the FRCC with lowering embodied energy via the energy-free moisture 
curing process. The use of different crystal modifiers (CM) including synthetic tobermorite, alumino-
silicate complex, and modified lithium compound in addition of the usual FRCC composition to drive 
the hydration kinetic and then properties achieved were characterized by the relevance of higher heat 
of hydration. Moreover, scanning electron microscope (SEM) were used to reveal the favorable effects 
of appropriate CM through the microstructure. The results approved that the FRCC with qualified 
mechanical performance and densified microstructure was successfully produced by using the 
appropriate moisture curing condition and CM. Additionally, using alumino-silicate complex as CM 
at 3% of cement weight produced FRCC with the highest modulus of elasticity of 9,067 ± 492 MPa, 
and the lowest % water absorption of 27.42 ± 1.65 %.  

1. Introduction  
 
During the 2021 united nations climate change conference (COP 26), 

many countries including Thailand announced their target for net 
zero greenhouse gas emissions by the year 2050 [1]. Manufacturing 
sector is important for the national economy. However, the chemical 
and physical processes used to transform raw materials into the products 
can generate numerous greenhouse gases such as carbon dioxide 
(CO2), methane (CH4), nitrous oxide (N2O), hydrofluorocarbons (HFCs) 
and perfluorocarbons (PFCs). Based on the 2006 intergovernmental 
panel on climate change (IPCC) guidelines for national greenhouse 
gas inventories, the manufacturing sector is in the group of manufacturing 
processes and product uses. In 2017, Thai industries within this group 
released 19,178.44 GgCO2eq of greenhouse gas, and about 96% was 
from cement production leading to a high carbon-footprint in the cement-
based construction materials [2,3]. According to Vallejo et al [4], about 
40% of carbon-footprint generated from construction activities was from 
the cement-based construction materials used in the construction 

project. Therefore, reduction of carbon-footprint in cement-based 
construction materials will significantly reduce the carbon-footprint 
and help support the goal of net zero emissions by 2050.    

Using recycled materials is an approach to reduce the carbon-
footprint in construction materials and can gain other benefits. 
Kongkajun et al [5] studied the recycling of wastes from brick and 
fiber-cement factories. The results showed that both industrial wastes 
could be used as the partial replacement of Portland cement, laterite, 
and sand used to produce soil-cement bricks. In addition, by using both 
wastes, there was a reduction of thermal conductivity and density of 
the bricks. Reduction of the thermal conductivity improves the insulative 
properties of the bricks, reducing building energy requirements and 
the greenhouse gas emissions from the heating/cooling processes. 
As for the reduction of the density, the reduced weight would reduce 
the fuel consumption and thus greenhouse gas emissions during the 
transportation per brick. 

Fiber cement or fiber-reinforced cement composites (FRCC) are 
composite materials commonly used in the construction of houses and 
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commercial buildings. This group of materials are used for interior 
and exterior applications such as roofing, wall, cladding, lining and 
flooring. General properties of FRCC are higher strength, durable, pest 
and fire resistance. Currently, FRCC are manufactured from natural 
raw materials consisting of ordinary Portland cement (OPC), sea sand, 
gypsum, cellulose fiber. According to our previous works, coal-fired 
bottom ash treated with the chemical admixture could fully replace 
the sand used in FRCC production [6,7]. Also, from our previous work, 
gypsum in FRCC was replaced with the fiber-cement waste treated 
chemical admixture. For the latter work, it reduces not only carbon-
footprint of the FRCC but also fiber-cement waste management cost 
incurred by the factory [8,9]. 

Of course, recycling is a common method for carbon-footprint 
reduction. To further reduce carbon-footprint, reduction in energy 
usage in the manufacturing process is another approach. For the 
manufacturing process of FRCC, the raw materials are mixed with 
water and then molded by the process, such as the Hatschek process, 
filter pressing process, or flow-on process. After molding, the green 
sheets of FRCC are cured.  

Generally, curing is a process of providing the adequate moisture 
to the cement-based materials allowing the hydration reaction between 
OPC and water to continue constantly. Normally, the curing process 
could take 28 days. To accelerate the process, moisture curing (also 
known as steam curing) may be employed to increase the strength 
of cement-based materials at the early stage. For this process, the material 
is kept in the high humidity chamber at atmospheric pressure and 
temperature between 40℃ to 80℃ for a period of time [10,11].      

In FRCC industry, autoclave curing is a common curing process 
used to accelerate the hydration reaction. In this process, the green 
FRCC sheets are cured in the autoclaved about 1 day at the temperature 
between 160℃ to 180℃ and the pressure between 8 bars to 12 bars. 
The 28-days strength by normal curing for FRCC sheets could be 
achieved after autoclave curing. Even though the FRCC cured by the 
autoclave has desirable properties, this requires a high capital investment 
for the machines and the energy used during the operation [12-17].  

The chemical admixture is a material that, when it is added to 
concrete or mortar, can improve some properties such as strength, 
durability, hydration reaction rate, and setting time of cement. The 
examples are the lithium compounds and zeolite that can improve 
the properties of both concrete and FRCC such as strength, micro-
structure, water absorption, and freeze-thaw cycle resistance [15,18-25]. 
Alumino-silicate material is an admixture that has the pozzolanic 
property. When it is added to the concrete, it improves early strength 
development while also reducing the setting time. Moreover, the 
resistance to freeze-thaw cycle, chloride attack, and sulfate attack are 
also improved [26,27]. 

Calcium silicate hydrate (C-S-H) is the product from hydration 
reaction of Portland cement. According to John et al [28], the C-S-H 
powder can be used as the admixture for accelerating the hydration 
reaction. Tobermorite is the crystalline phase of C-S-H normally found 
when FRCC are cured by the autoclave. As shown in our previous works, 
the morphology of tobermorite affects the mechanical properties 
and the physical properties of FRCC such as improving strength or 
reduced water absorption [15]. Wang et al [29] found that tobermorite 
could be synthesized using the synthetic tobermorite as the precursor.  

As mentioned before, reduction of the energy used in the 
manufacturing process is an approach to reduce the carbon-footprint 
of FRCC and using the chemical admixture could enhance the chemical 
reaction within the concrete. Therefore, the objective of this work was to 
develop a FRCC samples by lowering embodied energy via the moisture 
curing process by using the crystal modifiers (CM), a group of chemical 
admixtures, including a modified lithium compound, alumino-silicate 
complex, and synthetic tobermorite as the additives to enhance the 
chemical reaction of the cement. The effect of each CM on the rate 
of hydration reaction was compared based on the method described 
in ASTM C186-98 standards [30]. Moreover, the mechanical and 
physical properties of the fiber-cement samples were characterized 
based on ASTM C1185 standards [31]. Scanning electron microscope 
(SEM) was used to observe the microstructure of samples.  

 
2.  Experimental 
 
2.1  Materials 
 

The raw materials used in this work were ordinary Portland cement 
(OPC), sand, gypsum, cellulose fiber, and the crystal modifiers (CM) 
which were the admixtures used to modify the crystalline phase in 
FRCC. Three types of CM were used including: 

CM1: modified lithium compound which was the lithium-based 
zeolite prepared from chemisorption of lithium carbonate on synthetic 
zeolite.   

CM2: alumino-silicate complex which was prepared by heat 
treatment of agro-waste ash and recycle concrete mixtures and 

CM3: synthetic tobermorite which was prepared by the precipitation 
process from the aqueous solutions of sodium silicate (Na2SiO3) and 
calcium nitrate (Ca(NO3)2. 

These CM were supplied by and under the licensing agreement 
of Shera Public Company Limited.  

X-ray fluorescence spectrometer (XRF, Panalytical-Minipal 4) 
were used to determine the chemical composition of OPC, sand, and 
gypsum, shown in Table 1. 

 
Table 1. Chemical composition of raw materials. 
 
Materials Composition (wt%) 

MgO Al2O3 SiO2 K2O CaO Fe2O3 SO3 Other 
OPC 1.21 5.67 18.43 0.32 63.04 3.09 2.51 5.73 
Sand 0.01 2.04 95.52 0.24 0.15 1.01 0.18 0.85 
Gypsum 0.20 0.15 0.14 0.05 24.61 0.10 73.12 1.63 
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2.2  Reaction Rate of Hydration Reaction 
 

The effect of CM on the reaction rate of hydration reaction was 
determined using the method based on ASTM C186-98 standards 
[30]. The water and OPC were mixed with water to cement (w/c ratio) 
of 0.35. Then CM was added at the amount of 0% to 6% of OPC weight. 
The mixtures were kept in the chamber of the instrument. The heat 
generated due to the exothermic reaction of chemical components 
inside OPC, such as the reaction shown in Equation (1-2) was observed 
through the temperature change within the chamber. According to 
Equation (1), tricalcium silicate (3CaO⸳SiO2) reacts with water, 
which generates heat and produces calcium silicate hydrate 
(3CaO2SiO23H2O, CSH) and calcium hydroxide (Ca(OH)2, CH) 
as the products. [32,33] For another reaction, from Equation (2), 
tricalcium aluminate (3CaO·Al2O3) reacts with water to form 
calcium aluminate hydrate (3CaO·Al2O3·6H2O, CAH) [34].  

 
2(3CaO·SiO2)+6H2O → 3CaO·2SiO2 ·3H2O +3Ca(OH)2 +Heat (1) 

 
3CaO·Al2O3+ 6H2O → 3CaO·Al2O3· 6H2O +Heat (2) 

 
From our previous work [6], the average rate of the temperature 

change (R) from initial temperature (Tinitial) to maximum temperature 
(Tmax) during the time t is  

 
R = Tmax - Tinitial

t
 (3) 

 
2.3  Fiber-cement samples preparation and characterization 

 
The mix proportion for preparing the samples, OPC, sand, gypsum, 

and cellulose fibers were first mixed with water, shown in Table 2. 
After mixing as needed the CM was added, then the fiber-cement 
samples were produced by a filter pressing machine. For curing, the 
samples without the addition of CM were either cured in air for 8 h. 
and then placed in an autoclave at 180℃ and 10 bar for 16 h or only 
cured in air by keeping the samples in the closed chamber for 1 day 
at 70℃, ambient pressure, and 95% relative humidity. The former 
method will be called “autoclave curing”, and the latter method will be 
called “moisture curing”. Moisture curing was only applied to the samples 
with CM additions.  

After curing for 1 day, the properties including modulus of rupture 
(MOR), modulus of elasticity (MOE), bulk density, and % water 
absorption were determined by the methods described in ASTM C1185 
standards [31]. Mechanical tests used a Instron 3300-series universal 
testing machine, each material has 10 samples providing statistics. 
The Archimedes’ method determined the bulk density and % water 
absorption of the samples calculated by: 

 
Bulk Density  = Wd 

Ww − Ws
 (4) 

 
% Water Absorption  = Ww − Wd 

Wd 
 × 100 (5) 

 
where Wd, Ww and Ws are the weights of the dry sample, sample 
suspended in the water, and sample just removed from the water, 
respectively. Moreover, the microstructure of the cured samples was 
observed by scanning electron microscope (SEM, FEI Quanta 450). 

 

Figure 1. Schematic representation of the instrument for heat of hydration 
measurement. 

 
Table 2. Composition for preparing the fiber-cement samples. 
 

Materials (wt%) 
OPC Sand Gypsum Cellulose 

fibers 
CM (CM1, CM2, or CM3) 
(% of OPC weight) 

42.5 42.5 10 5 0-6 
 
3.  Results and discussion  
 
3.1  Reaction rate of hydration reaction 

 
 Results from heat of hydration test, Figure 2, where REF represents 

the OPC/water mixture contain 0% crystal modifier. Additionally, 
the initial temperature (Tinitial), maximum temperature (Tmax), and 
the time (t) to reach the maximum temperature are listed in Table 3. 
Using these data, the average rate of the temperature change (R) for 
each CM was calculated using Equation 1. The results are presented 
in Figure 3 as the relative value of the Ri /Rr ratio when Ri and Rr 
are the average rate of the temperature change with and without 
using a CM. Thus the Ri /Rr ratio represents the effectiveness of each 
CM, section 2.1, amount on the enhancement of hydration reaction. 

Because the values of the Ri /Rr ratio are greater than 1 in all cases, 
using these CM enhances the reaction rate of hydration process. 
The ratio of Ri/Rr increases with the increasing of amount of CM, 
between 1% to 6 % of OPC weight, Figure 3. Hence, increasing of 
either CM1 or CM2 will improve the rate of hydration reaction. 
Because the slope of the trendline, Figure 2(a) is greater than that 
of Figure 2(b), therefore addition of CM1 had a more pronounced 
effect on the reaction kinetic than CM2.  

Obviously, zeolite in CM1, and the crystal modifier CM2 are 
alumino-silicate compound. The improved in hydration reaction rate 
should be from the pozzolanic reaction of CH from hydration reaction 
in Equation (1) with SiO2 and Al2O3 of zeolite in CM1, and the crystal 
modifier CM2 which yield CSH and 3CaO·Al2O3·6H2O as shown 
below [35] : 

 
2SiO2 + 3Ca(OH)2 → 3CaO·2SiO2·3H2O (6) 

 
Al2O3+ 3Ca(OH)2 + 3𝐻𝐻2O → 3CaO·Al2O3· 6H2O (7) 

 
According to Song, et al [18], CSH could be a product from the 

chemical reaction between lithium silicate (Li2OnSiO2) with CH 
as shown in Equation (6). 

 
Li2O·nSiO2 + mH2O + nCa(OH)2 → nCaO· SiO2·(m +n -1)H2O +2LiOH (8) 

Temperature 
Recording device 

Chamber 

Slurry 

Thermocouple 
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Figure 2. The results from heat of hydration test when (a) CM1 (b) CM2 
and (c) CM3 were used as the chemical admixture. 

Normally, the hydration reaction of 3CaO·Al2O3 according to 
Equation (2) has a high reaction rate, resulting in quick setting time 
of the cement. To delay cement setting process, the cement manufacturer 
will add gypsum (CaSO4·2H2O) to the clinker when cement is made. 
From Equation (9), the delay of cement setting occurs by the reaction 
between 3CaO·Al2O3 from the cement with CaSO4·2H2O which 
produce ettringite (6CaO·Al2O3·3SO3·32H2O) over the surface of 
cement particles.  

 
3CaO·Al2O3 + 3(CaSO4·2H2O) + 26H2O → 6CaO·Al2O3·3SO4·32H2O  (9) 

 
According to Witzleben [36], the lithium aluminum hydroxide 

compound (Li[Al(OH)4]) could prevent ettringite formation, resulting 
in the increasing of hydration rate from 3CaO·Al2O3. 

Thus, the enhanced rate of hydration reaction by CM1 and CM2 
could be from the pozzolanic reaction as shown in Equation (6-7). 
As mentioned before, CM1 is more effective than CM2. This could be 
from Li2O, SiO2, and Al2O3 in CM1 which produce the additional 
CH as shown in Equation (8), or prevent ettringite formation from 
the reaction between 3CaO·Al2O3 and CaSO4·2H2O as shown in 
Equation (9).  

For CM3, Figure 2(c), when the amount of CM3 is over 2% of 
OPC weight, there is a reduction of Ri /Rr ratio. According to He at al 
[37], calcium silicate hydrate, a product from hydration reaction as 
shown in Equation (1), could nucleate on the surface of cement particles 
and also on the surface of CM3 for our case. Referring to Zhou et al 
[38], the impingement of the particle used as the nucleation site for 
calcium silicate hydrate could reduce the hydration reaction rate. 
Therefore, the reduction in effectiveness of CM3, when the amount was 
over 2% of OPC weight, should be from the CM3-particle impingement 
which reduce the surface area for calcium silicate hydrate nucleation. 

 
 

Table 3. Numerical results from heat of hydration test used. 
 
CM Amount of CM 

(% OPC weight)  
Tinitial 

 (°C) 
Tmax  
(°C) 

t  
(h:min) 

R  
(℃⸳h-1) 

Ri /Rr 

REF 0 28.93 73 06:05 7.24 1.00 
CM1 1 29.7 75.8 05:31 8.36 1.15 
 2 29.5 79 04:54 10.10 1.39 
 3 30.4 77.4 04:34 10.29 1.42 
 4 30.7 77.5 04:11 11.19 1.54 
 5 31.1 79.3 03:59 12.10 1.67 
 6 30.6 78.8 03:47 12.74 1.76 
CM2 1 27.9 76.7 05:12 9.38 1.30 
 2 30.8 76.9 05:08 8.98 1.24 
 3 28.6 78.2 04:58 9.99 1.38 
 4 27.6 79.6 04:51 10.72 1.48 
 5 29.8 77.4 04:38 10.27 1.42 
 6 28.0 80.9 04:53 10.83 1.50 
CM3 1 29.1 79.9 05:42 8.91 1.23 
 2 29.8 79.1 05:27 9.05 1.25 
 3 27.7 75.8 05:29 8.77 1.21 
 4 29.7 75.8 05:36 8.23 1.14 
 5 30.4 73.2 05:26 7.88 1.09 
 6 27.6 69.1 05:33 7.48 1.03 
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Figure 3. The relative rate of temperature change of by using CM1, CM2, 
and CM3. 
 
3.2  Mechanical and physical properties  
 

The results from mechanical test including MOR and MOE 
are shown in Figure 4(a-b). The dash lines on both figures represent 
the minimum requirement from the fiber-cement industry. The REF 
represents the fiber-cement samples without adding a CM. As mentioned 
in section 2.3, REF samples were cured by either autoclave curing or 
moisture curing. Apparently, while the MOR and MOE of autoclave-
cured REF samples passed the industry requirements, moisture-cured 
REF samples did not. However, when a CM was added, MOR and 
MOE of all CM-added samples satisfied the industrial requirements. 
For CM-added samples, MOE are higher than MOE of autoclave-
cured samples when CM1 or CM2 were utilized. Moreover, among 
the CM-added samples, MOR and MOE were highest when CM2 
was used at 3% of OPC weight. 

The bulk density and the % water absorption of the fiber-cement 
samples are shown in Figure 5(a-b). When CM2 was used at 3% of OPC 
weight, bulk density of the samples was highest. % water absorption 
of the CM-added samples was lower than that of both autoclave and 
moisture-cured REF samples. As mentioned in the previous work, 
a lower degree of water absorption is the favorable feature especially 
for outdoor applications [13]. 

In the SEM micrographs (Figure 6) of the samples, for the CM-
added samples, the amount of CM was 3% of OPC weight. Plate-
shape tobermorite is a product of the autoclave-cured REF samples 
(Figure 6(a)). Obviously, tobermorite is not found in the moisture-cured 
REF samples (Figure 6(b)) but are found in the CM-added samples, 
and they have needle shape (Figure 6(c-e)), similar to our previous work 
[7,39] and the works by Komarneni et al [40], Liu et al [41], and 
Ding et al [42].  

Therefore, the combination of moisture curing, and CM promoted 
the nucleation of tobermorite at the ambient pressure. According to 
Maeda et al [43] and Majdinasab et al [44], larger aluminum content 
could produce larger crystal of tobermorite. Because CM2 has high 
aluminum content, the size of needle-shape tobermorite phase is 
relatively largest when CM2 was applied as shown on Figure 6(d). 

From the previous work [28], the amount of reinforcement phase 
affects the MOE of FRCC. In this work, the percentage of cellulose 
fibers in each sample is similar. Therefore, the improved MOE of CM-
added samples should be from the improved MOE of cement matrix 
from the forming of needle-shape tobermorite phase especially when 

CM1 and CM2 were used. Moreover, compared with Figure 6(a), 
the arrangement of the small needle-shape tobermorite in  Figure 6(c-e) 
improves bulk density and reduce the capillary action of water resulting 
in the reduction of % water absorption.  

 

 

 
Figure 4. Mechanical properties of fiber-cement samples (a) MOR and (b) MOE. 

 

 

 
Figure 5. Properties of fiber-cement samples (a) bulk density and (b) % water 
absorption. 
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Figure 6. Scanning electron micrographs of samples taken at 15000x magnification, (a) autoclave curing, (b) moisture curing without CM, (c) 
CM1, (d) CM2, and (e) CM3. The amount of CM in all cases was 3% of OPC weight.
 
4.  Conclusions 
 

The purpose of this work was to develop fiber-reinforced cement 
composites with an extremely low embodied energy by using moisture 
curing with a crystal modifier (CM). Three types of CM crystal 
modifier were used including: modified lithium compound, alumino 
silicate complex, and synthetic tobermorite. The results indicated that  

• The utilization of CM with low embodied energy curing process 
could produce the fiber-cement products having the mechanical 
properties as required by the industry 

• The mechanical properties of the fiber-cement products were 
improved by the CM. 

• Compared with autoclave curing, using alumino-silicate 
complex as the CM at 3% of OPC weight yield the highest modulus 
of elasticity and the lowest % water absorption. 

Bio-circular-green or a BCG economy model is proposed by the 
Thai government to improve the industrial sector, and a tool for the 
economic recovery after the pandemic. Based on this economic model, 
reduction of carbon-footprint or achieving net zero greenhouse gas 
emissions are part of the Thai government plan. In this work, fiber-
reinforced cement composites with an extremely low embodied energy 
by using moisture curing with a CM, have mechanical properties that 
exceeds industry standards, reducing energy reequipments and cost 
and a significant reduction of the carbon-footprint in fiber-cement 
product production, supporting the environmental policy of the country.  

For the construction materials market, price is still considered 
as the order qualifier, a factor that causes the consumer to consider 
purchase of items. However, for many consumers, low environmental 
impacts are the most important factor to a consumer’s final decision 
on purchasing items. 
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