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Mortar has been widely applied as a coating for various purposes on building
infrastructures, including basements, water tanks, retaining walls, dams and
building exteriors, where resistance to moisture and water is highly required. Various
chemicals have been added to mortar to reduce its water permeability. However,
they raise environmental problems, therefore, environmentally friendly additives are
indispensable. The purpose of this study was to enhance the water resistance,
compressive strength, and crack recovery ability of mortar with the addition of
hydrochar from biomass. Hydrochar was prepared from the hydrothermal
carbonization of coconut coir fiber at 150°C for 4 hours. The hydrochar was added
to the mortar at different particle sizes and ratios to cement. Mortars were made by
mixing cement, sand, water, superplasticizer, and hydrochar; and they were tested
after 28 days. The results showed that the addition of 1 wt% hydrochar with a particle
size of 150-250 uym reduced the water permeability of mortar, as evidenced by a
36.45% decrease in secondary water absorption and a 14.94% reduction in
percentage of void. In addition, the compressive strength increased by 10.29%
compared to the control mixture. Hydrochar can absorb water bubbles in the mortar
mixture; however, excessive hydrochar causes the mortar to be more porous. The
addition of hydrochar in mortar demonstrated superior crack recovery abilities

because it functions as a connection medium to accelerate the recovery.

1 Introduction

Mortar, a widely used material in construction, consists of
cement, aggregates, water, and optional additives or
admixtures. A waterproof additive is added to the mortar
immediately before or during mixing to modify the properties
of mortar to make it more suitable for underwater conditions,
thereby improving durability and construction efficiency.
Water penetration in concrete reduces the material’s strength
and durability. Furthermore, it causes the corrosion of steel
reinforcement in coastal locations. Mortar with low water
permeability is the most effective variety for inhibiting water
infiltration. Low water-permeability mortar is utilized in
subterranean applications, such as basements, underground
parking, high-rise buildings, water reservoirs, roof slabs, and
flood-prone building areas.

In recent times, numerous researchers have studied
water-permeability mortar. They used external membranes,
surface coating, or integral waterproofing to make mortar
with low water-permeability. The utilization of integral
waterproofing admixtures aims to create a barrier; therefore,
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the water does not enter the concrete and mortar [1]. The
use of hydrophobic agents created mortar impermeable to
water [2]. The water absorption of concrete using Portland
Cement Composite with a water-binder ratio of 0.40 and
1.5% admixture was measured 3% and 5% at 28 days. As a
result, this concrete reduced the cost for the construction of
water-resistance building [3]. Utilization of rice husk ash
(RHA) and cementitious capillary crystalline waterproofing
(CCCW) enhanced both the mechanical properties and
impermeability of the mortar [4].

Several researchers investigated the utilization of biochar
in mortar and concrete. For instance, substitution of 20%
sand with biochar increased the flexural strength by 26% [5].
Furthermore, the addition of 1% biochar from peanut (PS)
and hazelnut (HS) shells improved the flexural strength [6].
The application of biochar coating in fiber resulted in a
reduction in the permeability of mortar [7]. Gupta et al.
reported that the addition of biochar up to 2% reduced water
absorption [8]. Furthermore, biochar-derived wood waste
and food waste indicated greater efficacy in reducing the
depth of water penetration [8].
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Coconut coir fiber (CCF) has generated interest as a
potential reinforcement material because of its availability,
cost-effectiveness, physical properties, reusability, and low
density[9]. CCF, a widely commercialized product in tropical
areas, offers a rich source of lignin, cellulose, and
hemicellulose[10]. The potential of CCF in sustainable
construction materials, especially regarding mortar
composites, has been recognized as a significant area of
focus. Adding CCF and other natural fibers to cementitious
material reduced workability [11] and it became more porous
[12]. It also decreased compression strength[13] and raised
the tensile strength [14] and flexural strength [15]. It also
made the material more resistant to impact [16] and
accelerated the carbonation process [17]. Another study
stated that the carbonization process transforms CCF into
biochar, which enhanced the properties of mortar [18], [19],
[20], [21], [22], [23], [24].

CCF, as a raw material for biochar, has 33.5% lignin[25].
The lignin content of CCF was similar to other materials
commonly used as biochar raw materials, such as coconut
shells with 27% lignin[26] and oil palm shells with 45.82%
lignin [27]. Adding up to 2 wt% of biochar to cement has been
shown in several studies to improve its mechanical
properties, made it denser [28], more resistant to water[29],
and enhanced crack recovery [30]. The factors, such as the
percentage of biochar addition [3], raw material selection[8],
carbonization methods [31],specific surface area, void
volume, and particle size, significantly influenced research
outcomes[32]. The researcher did not recommend adding
biochar to more than 5% of the cement mass because it
affected the strength[33].

Another material with similar properties to biochar is
hydrochar, which is produced through hydrothermal
carbonization (HTC). Both hydrochar and biochar share
hygroscopic characteristics, making them both promising
additives in mortar. Hydrochar, when compared to biochar,
exhibits a lower carbon content, a lower ash content, a more
uniform void size, a lower specific surface area, retains
tensile strength, and is a more cost-effective manufacturing
process [34]. Although significant research has been
conducted on biochar in mortar, the application of hydrochar
in this context is still largely unexamined. According to
Hermawan et al. adding activated carbon from oil palm shells
and hydrochar from empty palm fruit bunches to mortar
made it stronger, better at absorbing pollutants, and better at
healing micro-cracks [30].

The purpose of this study is to determine whether adding
hydrochar from coconut coir fiber could increase the mortar’s

water permeability, compressive strength, and crack healing.
This research evaluated 3 hydrochar particle sizes (75-150,
150-250, and 250-425 pm) and 3 hydrochar’'s content
variation (1, 2, and 3wt%).

2 Materials and methods
2.1 Materials

This research used commercially available coconut coir
fibers from West Java, Indonesia; Portland Cement
Composites (PCC); fine aggregate from West Java,
Indonesia; and Sikament®LN, as a superplasticizer.

2.2 Preparation of hydrochar

The hydrochars production included pretreatment of CCF
and the hydrothermal carbonization process. First, CCF (Fig.
1a) was purified with water to eliminate contaminants. Then,
it was placed into a 28-liter HTC rotary digester reactor
(Fig.1b) at 150°C and maintained under autogenous
pressure for 4 hours. After that, the hydrochars were
collected from the reactor and they were dried in the oven at
60°C for 24. The dry hydrochar underwent grinding and
sieving into different particle size ranges of 75-150, 150—
250, and 250425 pm (Fig. 1c).

2.3 Mix design of mortar

In this research, the mortar included cement, water, sand,
super-plasticizer, and hydrochar. The ratio of cement to sand
was 1:2.75 (by weight), water to cement was 1:2 (by weight),
the percentage of super-plasticizer to cement was 1.5% (by
weight), and the hydrochar content was 1, 2, and 3 % of the
cement (by weight). Table 1 shows the mortar mix design.

Mixing was done in a digital mortar mixer with 5-liter
capacity by Controls mixer (Fig.2). Water, cement, super-
plasticizer, and hydrochar were mixed in the mixer at medium
speed (140 rpm) for 30 seconds, then sand was added for
30 seconds at medium speed. The mixing was continued at
high speed (285 rpm) for 1 minute. Then, the homogeneous
mixture was put into cube molds (50 x 50 x 50 mm) and into
cylindrical molds with a diameter of 100 mm and a height of
200 mm. After that, the mortar was removed from the mold
after 24 hours and, it was immersed in water for 28 days to
complete the curing process.

Figure 1. Preparation of hydrochar, a) coconut coir fiber (CCF), b) HTC rotary digester reactor, c) hydrochar
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Table 1. Mix design of mortar

Code Hydrochar Cement, water,
Ratio  Weight Size sand,
(Wt%) (9) (um) superplsticizer

)
C - - -

M11 1 5 250-425

M12 2 10 250-425

M13 3 15 250-425 Cement : 500

M21 1 5 150-250 Water : 250

M22 2 10 150-250 Sand : 1375

M23 3 15 150-250 Superplatisizer: 7,5

M31 1 5 75-150

M32 2 10 75-150

M33 3 15 75-150

2.4 Mortar testing

Mortar testing in this study included density, compressive
strength, water resistance, crack healing ability, and
percentage of void area. Table 2 shows the details of the
specimens for each test.

Table 2. Details of the specimens for each test

Test Dimension Remarks

Density cube
50 x 50 x 50 mm
Compressive cube

Specimens for
compression tests
After 28 days of

strength 50 x 50 x 50 mm water immersion.
Water cylinder After 28 days of
penetration D =100 mm. t =50 mm water immersion.
cylinder After 28 days of
D =100 mm. t =25 mm water immersion.
Void surface  Square Cross-sectioned
area 15 x 15 mm specimens
Crack healing cube Specimens  from
ability 50 x 50 x 50 mm compression tests

2.5 Density measurement

This study tested the density using a mortar cube of
50x50x50 mm in accordance with ASTM C642[35]. Five
repetitions of each variation were tested. The density was
calculated by dividing the mass by the volume of the
specimen.

2.6 Compressive strength test

According to ASTM C109 [36] , this study conducted the
compressive strength at 28 days using mortar cubes of 50 x
50 x 50 mm, 28 days. A universal testing machine, series 60
Static-Hydraulic Model 64.106, manufactured by MTS
Criterion, was used (Fig. 3), with a speed of 0.002
mm/second. The tests used five repetitions of each variation.

2.7 Water permeability test

We conducted a water permeability test by measuring
porosity, sorptivity, and percentage of surface voids. ASTM
C 1585 [37] was used to assess sorptivity, and ASTM C642
[35] was used to measure porosity. This test used a digital
microscope (KEYENCE VHX 6000)for microscopic analysis
to identify the surface of the voids.
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Figure 2. A digital mortar mixer

Figure 3. Compressive strength test

This study measured sorptivity using cylindrical test
specimens, each measuring 100 mm in diameter and 50 mm
in height. The specimens were dried in the oven at 50°C for
three days to maintain a relative humidity of 80%. Next, the
specimens were put in an isolated container for 15 days.
During the preparation phase, the side surfaces of the test
specimens were sealed with water-resistant materials such
as electrical insulation or vinyl paint, and the top surface was
covered with plastic. Then the specimens were positioned on
supports with a water-filled container, ensuring a submersion
depth of 1-3 mm from the bottom of the specimens. This
study calculated the sorptivity value and collected data at
interval of 1, 5, 10, 20,30, and 60 minutes; every hour up to
6 hours; and daily up to 9 days. The test scheme is shown in
Fig 4.

This research used cylindrical specimens with a diameter
of 100 mm and a height of 25 mm for the water penetration
resistance test [35]. The specimen was heated at 110°C for
24 hours, weigh the specimen repeatedly until the difference
between the last two results was less than 0.5%, then record
the final result. Next, the specimens were immersed in water
for a minimum of 48 hours and repeat the weight
measurements from the initial heating phase. After this, they
were boiled for 5 hours. Then they were put at room
temperature for a minimum of 14 hours until they reached a
temperature of 20 - 25°C, and then they were dried with a
towel before weighing them. Lastly, they were submerged in
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water and weighed. This research used five repetitions for
each variation of the water penetration resistance test.
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Figure 4. Sorptivity test scheme according to ASTM C1585

For the porosity test, the sample was cut into 15x15x5
mm,and a digital microscope was used to take pictures of
each cross-section. This study used the ImageJ program to
assess the percentage of void surface area.

2.8 Crack recovery ability

To evaluate the efficacy of crack healing in specimens,
those exhibiting cracks with width between 10 and 200 pm
were selected based on the outcome of a compressive
strength test. The fracture width were first measured using a
Dino-lite microscope AM2111. Then, the specimens
underwent 14 cycles of wet-dry conditions, followed by
extended monitoring for up to 60 days to further understand
the crack healing process. The wet-dry cycles involved
immersing the specimens in water for 12 hours, followed by
exposure to ambient conditions for another 12 hours. This
research assessed the crack widths (um) throughout each
cycle, allowing us to investigate on the progression of crack
healing during the designated period.

3 Result and discussion

3.1 The chemical content of CCF

The chemical analysis of CCF revealed a significant lign
in content of 36.13%. The chemical content obtained in this
study is comparable with other results [32]. The high lignin
content served as a suitable parameter for various
applications, particularly as a raw material for hydrochar [38].
Table 3 presents a comparative examination of the chemical
components of CCF in this study, considering previous
research on CCF, coconut shell (CS), and oil palm shell
(OPS).

Table 3. Comparison of chemical components of CCF with

other raw materials
Chemical CCF CCF[25] CS[26] OPS[27]
content (%) (%) (%) (%)
Holocellulose  60.86 53.4 55 43.77
Hemicelulose 27.24 37.9 34 23.96
Cellulose 33.62 15.5 21 19.81
Lignin 36.13 33.5 27 45.82

3.2 Properties of CCF and resulting hydrochar

The results of the yield and proximate analysis of
hydrochar were presented in Table 4. Hydrochar produced
through the HTC process exhibited a high yield of 77.66%, a
low fixed carbon content of 16.69%, and a minimal ash
content of 0.78%. The temperature and duration of the HTC
process influenced these results [34]. Surface area testing
using the BET method indicated a slight increase in the
specific surface area of the hydrochar. The specific surface
area of the hydrochar was measured at 5.529 m?(g,
demonstrating a slight improvement compared to the specific
surface area of coconut coir fibers at 2.700 m?/g. This value
is lower than that of hydrochar derived from oil palm shell,
which is 20.667 m?/g [27], and significantly lower than that of
activated carbon, which is 1585.4 m?/g [39]. However, some
studies suggest that higher temperature during hydrochar
production can significantly enhance the material’s porosity
and surface area, leading to improved absorption capabilities.
The result implies that while lower temperatures may preserve
certain qualities, they might limit the overall potential of
hydrochar for various applications. As suggested by Budiman
et al. [27], higher temperature and longer HTC processes tend
to decrease yield values, increase fixed carbon content, and
enhance the specific surface area of hydrochar.

Table 4. Properties of raw CCF and resulting hydrochar

Properties Unit CCF Hydrochar
Yield % - 77.66
Moisture content % - 5.50
Volatile matter content % - 82.53
Ash content % - 0.78
Fixed carbon content % - 16.69
Specific surface area m3/g 2.70 5.53
Pore volume cm¥/g 0.021 0.028
Tensile strength MPa 86.08 28.72

Furthermore, tensile strength testing was conducted to
measure the reduction in the tensile strength of hydrochar.
The results indicated a tensile strength of 86.08 MPa for
CCF, whereas hydrochar exhibited a reduced tensile
strength of 28.72 MPa. The decrease in tensile strength of
hydrochar is caused by the decomposition, degradation,
transformation, and partial bonding of hemicellulose,
cellulose, and lignin into other compounds during the HTC
process [40].

3.3 Density and compressive strength of mortar

The addition of hydrochar only slightly impacted the
density of the mortar (Fig. 5). The control mortar had a 1.97
g/cm? density, whereas the specimen densities varied from
the lowest for M12 at 1.87 g/cm? to the highest for M22 at
2.06 g/cm?. A reduction in void volume led to an increase in
mortar density, while the porosity of hydrochar was
responsible for the decrease. The variations in mortar
density were insignificant [17], [45].

For every mortar variant, the compressive strength
increased with the addition of hydrochar, as shown in Fig. 6.
With a compressive strength rise to 33.39 MPa, the M22
specimen showed the most significant enhancement. The
control mortar had a compressive strength of 23.39 MPa,
and this value surpassed it by 42.79%. hydrochar’s ability to
absorb free water in the mortar mixture boosts its
compressive strength. Absorption of free water in the mortar
mixture can reduce air bubbles in the finished mortar [28].

Building Materials and Structures 68 (2025) 2500010W
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Figure 5. Density of mortar with variations in composition and particle size
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Figure 6. Compressive strength of mortar with variations in composition and particle size

3.4 Water permeability analysis

This research evaluated the water permeability to
determine porosity (ASTM C 642) and to assess sorptivity
(ASTM C 1585). The porosity or percentage of void,
indicates the amount of water that can pass through the test
specimen. The void percentage rose as the ratio of added
hydrochar rose, as presented in Fig. 7. The void percentages
for M21, M22, and M31 were 20.83%, 23.94%, and 24.25%,
respectively. These results were lower than those of the
control sample, which was a positive trend. Similar to
biochar, hydrochar absorbed all free water present in the
mortar paste [9]. This process has reduced the void content
in the mortar [8]. However, excessive hydrochar addition can
lead to an increased void percentage as the water-absorbing
porosity of hydrochar raises the void percentage in the
mortar. Fig. 8 displays the schematic model.

The addition of hydrochar impacted the sorptivity of

Building Materials and Structures 68 (2025) 2500010W

mortars. Fig. 8 provides details about the sorptivity of mortar
specimens, categorized into initial and secondary
absorptions. Initial absorption is the specimen's ability to
absorb water during the first 6 hours of the initial test, while
secondary absorption is the specimen's ability to absorb
water from 6 hours to 9 days of testing. M22 exhibited the
smallest initial absorption value at 4.093 x 10 mm/+s.M22
had lower initial absorption values than the control specimen
at 4.982 x 10 mm/Vs. The high density and low porosity of
M22 contributed to its ability to suppress initial absorption
values. Regarding secondary absorption, M22 recorded a
value of 2.658 x 103 mm/vs, higher than the control sample
with a value of 1.841 x 103 mm/+'s. The hydrochar content in
mortar is starting to play a role in water absorption. On the
other hand, M21 had a low secondary absorption value of
1.170 x 10 mm/\'s because it had the fewest pores and only
1% hydrochar addition.



Improving the water permeability of mortar by using a hydrochar additive derived from coconut coir fiber

35

30

H

I
i
—~

HH

T
1

H
i

HH

N
[&)]

—_
o

Percentage of Void (%)

C M11 M12 M13 M21 M22 M23 M31 M32 M33
Specimens

Figure 7. Percentage of mortar void with variations in composition and particle size

agregate void hydrochar smaller void

water
intrusion

\",{“.\'trff:

water
‘0

° e
intrusion
SR
®

_> / . . . q b %a:abrsl;)‘:gblv) o

capilary pores Mortar Mortar + Hydrochar

Figure 8. Schematic model of hydrochar absorbing free water in mortar mixture

Sorptivity (x10® mm.s™)

B = N U §
N~ O @

—
o

[ Initial Sorptivity
Secondary Sorptivity

2 % %
C M11 M12 M13 M21 M22 M23 M31 M32 M33
Specimens

Figure 9. Sorptivity of mortar specimens

Building Materials and Structures 68 (2025) 2500010W



Improving the water permeability of mortar by using a hydrochar additive derived from coconut coir fiber

The results of microscopic analysis conducted on C,
M21, M22, and M23 indicated that the percentage of void
areas observed under the microscope did not correspond
with the trend seen in porosity or sorptivity. The Fig. 9 and 10
showed that the addition of hydrochar correlated inversely
with the percentage of void area observed.

According to ASTM C640, M23 had a small void area but,
it had significant porosity. The elevated porosity of hydrochar
resulted in a more significant increase in overall porosity
upon 3% hydrochar rather than a decrease in void area.
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Figure 10. Percentage void area and average area of a void
of mortars

Figure 11. Cross-sections of mortar test specimens (a)
control sample, (b) Mortar M21 with the addition of 1%
hydrochar with size 150 - 250 um, (c) Mortar M22 with the
addition of 2% hydrochar with size 150 - 250 um (d) Mortar
M23 with the addition of 3% hydrochar size 150 - 250 um
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3.5 Crack recovery ability result

Table 5 presents crack recovery data after the wet-dry
cycle, and Fig. 12 presents surface topography images
illustrating crack recovery using the control and M22.
According to Table 6, mortar with hydrochar demonstrated
crack recovery abilities ranging from 5.65 to 31.4 uym within
14 days and 10.48 to 47.19 um within 60 days. Hermawan et
al.[30] obtained similar results using activated carbon from
oil palm shells and hydrochar from empty palm fruit bunches.
Calcium carbonate (CaCOs3) crystals and calcium silicate
hydrate (CSH) are formed during advanced hydration
processes that allow cracks to heal [46], [47]. The presence
of crack-connecting media, such as fibers, accelerated crack
recovery [48].

60 days

Figure 12. Microscopic photos of the recovery crack of
mortar specimens after wet-dry cycle treatment: (a) initial
condition, control specimen; (b) after 60 days; c) initial
condition, M22 (d) after 60 days

Table 5. Crack recovery of mortars after wet-dry cycle
treatment for 14 days and 60 days

Code Crackrecovery 14 Crack recovery 60
days days
(pm) (pm)
Cc -1.13 -1.43
M1 18.98 28.29
M12 5.65 15.18
M13 8.97 10.48
M21 18.37 47.19
M22 13.76 17.58
M23 11.93 14.31
M31 18.34 20.32
M32 31.14 36.69
M33 13.30 15.63

During the initial hydration process, the hydrochar
inhibited the formation of calcium carbonate and CSH. This
let unreacted material help the crack recovery[49]. Gupta et
al [48]. suggested that using additives like biochar
accelerated the hydration process but also partially inhibited
cement hydration, leaving unreacted materials functional for
the crack recovery process. According to Tittelboom et
al.[49], although crack recovery can effectively seal cracks,
the formed calcium carbonate and CSH cannot fully restore
the strength of the mortar.
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4 Conclusion

e Hydrochar had a lower hemicellulose content than
CCF.

e The addition hydrochar to mortar enhanced its
characteristics.

e The optimum mortar performance was reached by
adding 1% hydrochar with particle sizes ranging from 150 to
250 pm.

e The absorb of the mortar with 1% hydrochar was 4.998
x 10 mm/\s at first and 1.170 x 10 mm/\s at the second
time.

¢ The void percentage of the mortar with 1% hydrochar
was 20.83%.

e The compressive strength of the mortar with 1%
hydrochar was 25.792 Mpa.

e The addition of hydrochar to mortar increased the
crack recovery ability of mortar.

e Hydrochar became a crack-connecting media to
accelerate crack recovery abilities.

The limitation of the study: This study investigated only
the impact of coconut coir hydrochar on the water
permeability and compressive strength of mortar under
controlled laboratory conditions. The long-term performance
under actual environmental conditions was not assessed.
Only a single hydrochar type and preparation condition were
evaluated, leaving the effects of other production parameters
unexamined. Furthermore, micro-structural investigation
was constrained, and additional durability factors, like
carbonation were not examined. Future studies should focus
on long-term durability and optimization of hydrochar
characteristics.
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