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INFLUENCE OF CEMENT TYPES ON COMPRESSIVE STRENGTH
AND TEMPERATURE OF NORMAL GRADE CONCRETE

Siong Kang Lim", Wai Man Loke?, Ze Long Lim3, Jee Hock Lim*, Ming Kun Yew?®, You Wai Kuan®

Abstract

C20/25 concrete is known as normal strength concrete which has the cylinder and
cube strength of 20 MPa and 25 MPa respectively, and itis a common concrete grade
used in buildings and infrastructures. This study has investigated the workability,
compressive strength and concrete temperature prepared by four types of local
cement namely 42.5 N OPC, 52.5 N OPC, 32.5 N PLC and 32.5 R PFAC. XRD
analysis were underwent to determine the composition phases of the four types of
cement. Based on the slump, Vebe time and compacting factor tests, the results
revealed that the concrete cast with 32.5 N PLC has the highest workability, followed
by 32.5 R PFAC, 52.5 N OPC and lastly the 42.5 N OPC. In terms of compressive
strength, 52.5 N OPC concrete has recorded the highest value of the compressive
strengths at every curing ages of 7 days, 28 days, and 56 days, followed by 42.5
N OPC, 32.5 R PFAC, whereas 32.5 N PLC achieved the lowest compressive
strength. Besides, the concrete temperature results showed that the concrete
cast with 52.5 N OPC obtained the highest peak temperature, followed by 42.5 N
OPC, 32.5 N PLC, and the 32.5 R PFAC obtained the lowest concrete temperature.
The concrete temperature results were tally with the amount of heat of hydration
calculated based on the composition phases percentage determined by XRD and
Rietveld Refinement method. In short, the study provides an insight for the cements
used in production of normal strength concrete to achieve designated strength and
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1.0 INTRODUCTION

In construction industry, concrete has been used for a period
of over 20 decades due to its lengthy stability and durability.
From the other perspectives, concrete also provides great
energy performance, adaptability, and ecologically favourable
requirements (Mojtaba, Azin and Omidreza, 2013). The
performance of concrete is influenced by numerous factors,
including component materials, mix proportions, curing
conditions, and environmental considerations. Among these,
temperature is a crucial environmental factor affecting
concrete behaviour. Variations in temperature can significantly
impact the strength development, durability, and overall
performance of concrete during its curing and service life.
Concrete temperature is influenced not only by the ambient
temperature but also by the cement content in the mix,
which can be managed to control the temperature. Concrete
construction in Malaysia faces significant challenges due to the
country's tropical climate, characterised by high humidity and
substantial temperature fluctuations. The curing temperature
plays a crucial role in influencing the strength development
and durability of the concrete. Excessive heat during curing
might cause thermal cracking and deterioration in durability.
It becomes feasible to regulate the curing process properly
while managing the concrete temperature within acceptable
ranges through studying the concrete temperature in relation

to different cement types. Understanding the strength and
thermal characteristics of concrete is essential to prevent
issues such as thermal cracking during the curing process
(Poudyal, Adhikari and Won, 2021).

The characteristics of Portland cement are determined by
the fineness of grinding and the relative quantities of four major
chemical components, which account for approximately 90%
of the cement by weight (Hamad, 1995). Tricalcium silicate
(CsS), dicalcium silicate (C,S), tricalcium aluminate (C3;A), and
tetracalcium aluminoferrite (C,AF) are the principal compounds
of cement (Neville, 2011). When cement reacts with water, a
chemical reaction, which is known as the heat of hydration
is released by cement, thus altering the temperature of the
concrete (Miguel and Rui, 2008). It is important to ensure
there was no tremendous amount of heat liberated as negative
repercussions such as thermal cracking and reduced long-term
durability may occur. Besides that, various types of cement are
associated with distinct heat of hydration properties, which have
an immediate impact on the temperature of concrete (Mojtaba,
Azin and Omidreza, 2013). In the case study on temperatures
and stresses due to cement hydration on reinforced foundation
by Miguel and Rui (2008), the authors stated that the
temperature of the concrete must be considered throughout
the curing process. Therefore, in order to effectively regulate
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the curing process and maintain the concrete temperature
within the acceptable ranges, it is critical to familiarise with the
liberation of heat for each type of cement.

In Malaysia, there are limited study on concrete temperature
and hydration heat in normal grade concrete used in buildings
and infrastructure work, this research aims to study the strength
properties and concrete temperature of C20/25 concrete that
was prepared by various types of cement in Malaysia, namely
the CEM | 42.5 N OPC, CEM | 52.5 N OPC, CEM Il / B-L 32.5
N PLC and 32.5 R PFA cement. The fresh properties were
evaluated through the fresh properties tests namely slump test,
Vebe test, and compacting factor test. For hardened properties,
compressive strength test was performed on concrete cubes at
curing ages of 7, 28, and 56 days, and on concrete cylinders at
28 days. Additionally, concrete temperature test was conducted
to determine the peak temperature generated by each concrete
mix, and calculation for total heat of cement hydration was
performed, whereas the phase compositions namely C;S, C,S,
C;A and C,AF were determined through XRD scanning, and
phase quantification by Rietveld refinement method (Karen,
Ruben and Barbara, 2016; Evans and Evans, 2021).

2.0 DETAILS EXPERIMENTAL

This section describes raw materials preparation, screening
of trial mixes, adopted method for workability test of fresh
concrete, compression test of concrete cubes and cylinders,
measurement of concrete temperature, and phase composition
determination and quantification of various types of cement.

2.1 Raw Materials Preparation

The raw materials used in this research including cements,
fine aggregates, 10 mm and 20 mm coarse aggregates and
tap water.

Two types of local Ordinary Portland Cements and two types
of local composite Cements were used in the study namely
Ordinary Portland Cement- CEM | 52.5 N, Ordinary Portland
Cement- CEM | 42.5 N, Portland Limestone Cement — CEM
I/ B-L 32.5 N, and lastly the 32.5 R Pulverised Fly Ash (PFA)
Cement. These cements were sieved through a 300pm sieve
opening to eliminate lumps and stored in an air-tight container
before usage to prevent interaction with the external moisture
(Lim et al., 2024).

This research utilises the quartz sand, 10 mm and 20 mm
coarse aggregates to produce the normal weight concrete.
Both fine coarse aggregates were washed with clean water
to remove debris and impurities, thereafter, dried under the
sun prior to usage (Lim et al., 2024). The sieve analysis was

conducted in accordance with ASTM C33/C33M (2018) and
the particle size distribution results are shown in Figure 1. The
fineness modulus of 7.11 and 2.05 were obtained for coarse
and fine aggregates respectively.

Tap water that comply with the ASTM C1602/C1602M (2022)
was used for the casting and curing process of the concrete.

2.2 Trial Mixes

Table 1 shows the mix proportions based on Design of
Normal Concrete Mixes (2nd Edition) by Building Research
Establishment (1997) for the trial mixes. The reference cement
used for trial mixes was the 42.5 N local OPC. The water to
cement ratio was adjusted from 0.63 to 0.72 to obtain cube
compressive strength of 25 MPa. The concrete cubic specimens
in trial mixes were prepared and underwent the compression
test. Based on the compressive strength of trial mixes using
42.5N OPC depicted in Table 2, an optimal mix proportion of the
reference cement has been selected for comparison study on
concrete strength and temperature with those mixes prepared
with different types of local cement.

Table 1: Mix Proportions for trial mixes based on
1m3 concrete volume

Mix Proportion (kg/m?)
WIo Aggregate
Ratios | Cement | Water
Fine 10mm 20mm
0.63 357.1 225 632.8 SIS 750.1
0.67 335.8 225 676.1 367.7 735.4
0.72* 3125 225 721 360.5 721

*Optimal mix proportion based on compressive strength results in Table 2

2.3 Workability Test

Slump test conducted in this study complied with the
standard of ASTM C143/C143M (2018). First, a cone-shaped
frustum with 300mm high was used as the mould for the
slump test. The mould, with a 200mm-diameter base and
a 100mm-diameter opening at the top, was placed on a flat,
smooth, nonporous base plate. Fresh concrete was then poured
into the mould in three layers, with each layer comprising
approximately one-third of the mould's volume. Each layer
was uniformly tamped with 25 strokes using the rounded end
of a tamping rod. Excessive concrete was removed, and the
top surface levelled with a trowel. The mould was then slowly
and vertically removed, allowing the unsupported concrete
to slump. The slump cone was placed next to the slumped
concrete, and the tamping rod was laid across the top of
the cone. The slump value was measured as the difference

Particle Distribution for Coarse Aggregates
99:9

Particle Distribution for Fine Aggregates

between the height of the slump cone and the
center point of the concrete slump specimen.

/

)

08.97

l99.

Vebe test conducted in this study complied

with the standard of BS EN 12350-3 (2019).

/
/

The slump cone was placed into the cylindrical

24.22

Percentage Passing (%
Percentage Passing (%,

metal pot of the container for slump test. The

I

538
10 1

Sieve Size (mm) Sieve Size (mm)

(a) (b)

100

procedure begun by rotating the consistometer,
positioning the glass disc rider attached to the
swivel arm on the surface of the unsupported

Figure 1: Particle size distribution of aggregates
(a) Coarse aggregates; (b) Fine aggregates

concrete inside the container. The vibrating
machine was then activated, causing the
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concrete to consolidate within the container. The vibration
continued until the original conical shape of the fresh concrete
transitioned into a cylindrical form. The transformation was
completed after the glass disc rider had been fully submerged in
the fresh concrete, indicating the end of the compaction process.
The duration of this entire process was recorded as Vebe Time.

Compacting factor test, which adhered to the BS EN 12350-4
(2019) has been conducted to determine consistency of the
mixes. Fresh concrete was placed into the upper hopper using
a hand scoop until it was filled and levelled. The trapdoor at the
bottom of the upper hopper was opened, allowing the concrete
to flow into the lower hopper. Then, the trapdoor of the lower
hopper was opened, permitting the concrete to descend into a
cylinder placed below. Excessive concrete above the cylinder's
top level was trimmed and leveled with a trowel. The partially
compacted concrete obtained was weighed and recorded.
The fully compacted concrete was obtained through layered
compaction with standard tamping rod. The compacting factor
was computed by Equation (1) below.

Partially Compacted Concrete
Fully Compacted Concrete

Compacting Factor =

(1)

2.4 Compression Test

The compression test conducted is complied with the standard
of BS EN 12390-3 (2019) for cubic sample and ASTM C39
(2021) for cylindrical sample. The concrete samples were
water cured for 7, 28, and 56 days, and subsequently the
compression test were performed. The results were taken as
average of triplicate.

2.5 Concrete Temperature Measurement

This temperature test which complies with ASTM C1064 (2017)
was conducted to monitor changes in concrete temperature
over a specified period. The temperature of freshly mixed
concrete in lab scaled 250 mm concealed square mould (0.0156
m?) was measured with a digital probe thermometer inserted
at center of the fresh concrete. The temperature readings
were recorded at 15-minute intervals for the first 2 hours, at
30 minutes intervals for the third hour, and at 1-hour intervals
for the subsequent hours until the temperature dropped from
peak temperature. The hydration heat generated by the four
main cement compounds was computed based on the values
in J/g recommended by Neville and Brooks (2010), which C3S
is 502 J/g, C,S is 260 J/g, C;A is 867 J/g and C,AF is 419 J/g.
Equation (2) below shows the calculation of total hydration heat
released by cement in kilo Joule (kJ).

Total Hydration Heat (kJ)
= Cement used(kg) X cement compound % )

X  heat generated by cement compound in 5

2.6 Chemical Composition Determination

The X-Ray Diffraction (XRD) test has been adapted to analyse
the phase compositions presented in the studied cements in
accordance with ASTM C1365 (2018). Each cement powder
was packed into a sample holder and placed in the path of an
X-ray beam scanning. The cement powder sample was scanned

at diffraction angle of 2° from 5 to 85 degrees for 40 minutes.
XRD raw data was generated, and subsequently Rietveld
refinement method in HighScore Plus Software was adopted to
perform phase identification and phase quantification for four
major chemical compounds namely C;S, C,S, C;A, and C,AF
in the cement sample.

3.0 RESULTS AND DISCUSSION

This section shows results of trial mixes, workability of fresh
concrete, compressive strength of concrete cubes and
cylinders, C20/25 concrete peak temperature, and hydration
heat generated by various types of cement in this study. The
results were discussed and justified accordingly.

3.1 Compresive Strength of Trial Mixes

Trial mixes with different water to cement ratio were conducted
to determine the optimal water to cement ratio to be used
in actual mixes. Table 2 illustrates the 7-day and 28-day
compressive strengths of concrete cubes from three trial
mixes tabulated in Table 1. Based on the results, the water-
to-cement ratio of 0.72 was treated as optimal ratio for this
study, as it yielded an average 28-day cube strength of 25.72
MPa, aligning closely with the designated strength, and more
economical compared with the other two mixes.

Table 2: Compressive strength of trial mixes

w/C 7 Days Strengths (MPa) 28 Days Strengths (MPa)
Ratios| 1 2 3 |Average| 1 2 3

0.63 |24.37(22.72|23.56| 23.55 |36.20(33.93|34.86
0.67 |20.09(22.21|23.11| 21.80 [30.10(30.19|31.22
0.72 |18.45(20.76 |19.57 | 19.59 |25.10(26.44|25.63

Average
35.00
30.50
25.72

3.2 Workability

The slump test results in Table 3 reveal the slump values
are ranged between 100 mm and 175 mm, confirming the
exceptional workability of the concrete. It's worth noting that
the concrete cast with 32.5 N PLC recorded the highest slump
value, reaching 173 mm. The finding by Poudyal, Adhikari and
Won (2021) stated that when compared with OPC concrete,
higher slump value was achieved by PLC at same w/b ratio.
In blended cement systems with higher packing density due
to well distribution of Nano limestone powder particles, less
water is trapped between the particles, making more water
available to lubricate the particles, increasing the flow and
workability of the fresh cement paste (Knop, Peled and Cohen,
2014). The Vebe time and compacting factor in Table 3 below
further proven that the 32.5N PLC mix possesses the highest
level of workability.

Based on Table 3, the 32.5 R PFAC mix is ranked as the
second most workable concrete among the all mixes. The slump
tests, vebe test, and compacting factor test yielded values of
140 mm, 5.59 seconds, and 0.9734, respectively. The findings
align with the study by Nkomo, Masu and Nziu (2019), which
concluded that incorporating fly ash into concrete positively
affects its rheological properties and enhancing workability.
Fly ash increases the paste volume, enhancing plasticity and
cohesion. Moreover, the spherical shape of fly ash particles
acts as a lubricant at the aggregate interface, reducing friction
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and improving workability. Generally, a higher fly ash volume
fraction correlates with superior workability in the concrete mix.
The spherical morphology of fly ash particles also facilitates
easier handling, placement, and finishing of concrete,
promoting smooth flow within the mixture and significantly
enhancing workability (Nkomo, Masu and Nziu, 2019). The
both 42.5 N OPC and 52.5 N OPC mixes exhibited lower slump
values, longer Vebe time, and lower compacting factor values
compared with that of 32.5 N PLC and 32.5 R PFAC mixes.

Table 3: Workability test results of C20/25 concrete cast with different types of cement

Mohammed and Shafiq (2017) stated that specific gravity of
local fly ash is 2.30 while that of local 42.5 N OPC is 3.15.
Experimental results in Table 4 reveal that 32.5 R PFAC has
smaller SG than that of both OPCs, which resulted in a lighter
density concrete mixture compared to that of OPC concrete.

3.4 Compressive Strength of Actual Mixes

The optimal water to cement ratio was determined as 0.72
based on the trial mixes results. In actual mixes, both concrete
cubes and cylinders were cast and tested
for compression test. As depicted in

Cement Slump Value (mm) Vebe Time (s) Compacting Factor Figure 1, concrete cast with 52.5 N OPC

Types 1 2 |Average| 1 2 | Average 1 2 Average cement exhibited the highest compressive

425NOPC |118| 112 | 115 |698|654| 676 |0.9676| 0.9719 | 0.9698 Zt;enqusa‘;i‘:;sfz”g“;ji”gﬁgri%gs'sleog}’:f

525N OPC | 124 | 129 126.5 |6.03|5.87 5.95 0.9726| 0.9682 | 0.9704 and 32.5 N PLC, which demonstrated the

325NPLC |175| 169 173 457|524 4.91 0.9774| 0.9804 | 0.9789 lowest compressive strenath throughout
p g g

325 RPFAC | 136 | 144 140 5.81 | 5.37 5.59 0.9708| 0.9759 | 0.9734 the curing periods. The use of a higher

strength class of cement typically results

3.3 Density in concrete cubes with greater compressive strength (Gupta,

There were two types of densities studied in this research,
namely the fresh and hardened density. Based on Table 4, it
is observed that 52.5 N OPC had the highest values for both
fresh and hardened density, followed by 42.5 N OPC, 32.5 R
PFAC, and finally 32.5 N PLC. Comparing 42.5 N OPC and
52.5 N OPC, the concrete cast with 52.5 N OPC recorded the
highest fresh and hardened densities of 2283.16 kg/m® and
2258.17 kg/m?, respectively. This could be due to the higher
specific gravity of 52.5 N OPC compared to the PLC and PFAC
as shown in Table 4. Besides, Table 5 shows that 52.5 N OPC
has the highest chemical compounds which may lead to fast
chemical reaction, thus contribute to slight increase of density.

For the concrete cast using 32.5 N PLC, the lowest fresh
and hardened densities were recorded at 2254.02 kg/m?
and 2245.04 kg/m?, respectively. The inclusion of Nano size
limestone particles with smaller average size and higher
surface area compared to OPC suggesting higher packing
density of blended cement systems (Knop, Peled and Cohen,
2014; Poudyal, Adhikari and Won, 2021). However, limestone
particles are lighter than cement clinker particles, potentially
leading to a lighter concrete mixture overall (Knop, Peled and
Cohen, 2014). Table 4 shows that the 32.5 N PLC obtained
lowest measured specific gravity at 2.57. On the other hand, the
concrete cast with 32.5 R PFAC showed slightly higher fresh
and hardened densities compared to 32.5 N PLC concrete,
at 2256.20 kg/m® and 2248.00 kg/m?, respectively. Adabu,

Table 4: Fresh and hardened densities of C20/25 concrete
cast with different types of cement

Types of Fresh Density Hardened Specific

Cement (kg/m?®) Density (kg/m®) | Gravity (SG)*
425N OPC 2265.68 2253.43 3.22
52.5N OPC 2283.16 2258.17 3.09
325N PLC 2254.02 2245.04 2.57
32.5 R PFAC 2256.20 2248.00 2.62

*Le Chatelier Flask method was adopted to measure specific gravity
in accordance with ASTM C188 (2023), the values are the average of
two measurements.

2019). Therefore, the results for the compressive strength tests
accurately reflected the trend.

Based on phase quantification results in Table 6, it is
evident that the 52.5 N OPC contains a higher proportion of
cement clinker compared to that of 42.5 N OPC. Since cement
clinker contributes to concrete strength, thus higher cement
clinker content in 52.5 N OPC resulted in greater compressive
strength than that of 42.5 N OPC. On the other hand, the
compressive strength of the concrete cast with 32.5 N PLC
were the lowest. Although both PFAC and PLC have similar
total cement clinker content as shown in Table 6, but 32.5 N
PLC mix possesses the lowest C3S compound. Wang (2018)
mentioned that the reactivity of limestone powder is much
lower compared to cement and fly ash. Besides, pozzolanic
behaviour of PFAC further contributed to medium to long term
strength gain through pozzolanic activity, which proven by
strength development shown in Figure 2.

Based on Figure 2, the increase in 7-day strengths to 28-day
strengths for 42.5 N OPC, 52.5 N OPC, 32.5 N PLC, and 32.5
R PFAC mixes were 64.05%, 59.54%, 29.36%, and 50.59%,
respectively. When fly ash was used as a partial replacement for
cement in the studied concrete, it decreased the compressive
strength at the ages of 7-day and 28-day compared to that of
the OPC mixes, which is tally with the findings by Poudyal,
Adhikari and Won (2021). However, fly ash’s pozzolanic
behaviour contribute positively to the concrete's long-term
compressive strength. The strength development results in
Figure 2 show that the 32.5 R PFA mix exhibited the most
significant increment in compressive strength from ages of 28
days to 56 days. Specifically, the compressive strength of 32.5
R PFAC increased by 38.15%, rising from 17.98 MPa to 24.84
MPa during the period. On the other hand, the percentage
increments of compressive strength from ages of 28 days to 56
days for 42.5 N OPC, 52.5 N OPC, and 32.5 N PLC mixes were
14.19%, 11.38%, and 14.79%, respectively, which are lower
than the increment of 32.5 R PFAC mix.

According to the results depicted in Figure 3 above, the 28-
day compressive strengths of the concrete cylinders possessed
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a similar pattern to that of the concrete cubes cast with the four
types of cement. The strengths increased in ascending order
from 32.5 N PLC, 32.5 R PFAC, 42.5 N OPC mixes, and finally,
52.5 N OPC mix. Among these, the concrete cylinders cast
with 52.5 N OPC exhibited the highest 28-day compressive
strength at 23.47 MPa, while those cast with 32.5 N PLC
showed the lowest 28-day compressive strength at 11.78 MPa.
Generally, the strengths of the concrete cylinders were 85 to
90 percent corresponded to that of concrete cubes as shown
in Table 5 below.
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Figure 2: Compressive strength at 7, 28 and 56 days of
concrete cubes cast with different cement
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Figure 4: Temperature of concrete cast
with different types of cement

3.5 Concrete Temperature

Based on optimal mix proportion shown in Table 1, at 0.72
w/c, cement used is 312.5 kg/m?. Thus, at 0.0156 m?® concrete
volume, cement used in this study was 4.875 kg. It was evident
that the concrete cast with 52.5 N OPC had reached the highest
peak temperature of 39.7°C at 12 hours, and followed by 42.5
N OPC fresh mix reached its peak temperature of 37.6°C at
12 hours, 32.5 N PLC fresh mix reached 36.9°C at 10 hours,
and lastly 32.5 R PFAC fresh mix obtained the lowest peak
temperature of 35.1 °C at 10.5 hours. Based on Table 6, the
increments of concrete temperature were recorded at 9.8°C,
11.4°C, 8.5°C and 6.7°C for 42.5 N OPC, 52.5 N OPC, 32.5
N PLC and 32.5 R PFAC fresh mixes respectively. Based on
Table 7, it shows both ordinary Portland cement contain a
greater proportion of tricalcium silicate (C3S) and dicalcium
silicate (C.S) compared to both composite cements. The 52.5
N OPC possesses the highest amount of tricalcium aluminate
(CsA) and tricalcium silicate (C3S), therefore accelerated the
heat generation, leading to the highest peak temperature and
highest temperature increment as shown in Figure 4 and Table
6 respectively. On the other hand, the PLC concrete recorded
the 2nd lowest increment in temperature due to the lower C3S
content compared to that of 42.5 N and 52.5 N OPCs. The
incorporation of limestone powder has diluted the Portland
cement clinker. Lastly, the fresh mix cast with 32.5 R PFAC
recorded the lowest increment in temperature of 6.7°C due to
the lowest C;A and cement clinker content. A study by Nkomo,
Masu and Nziu (2019) concluded that ground fly ash lowered
the heat generated during hydration compared to pure cement.

Table 5: Comparison of cube strength and cylinder strength of C20/25 concrete cast with different types of cement

Types of 28-Day Cube Strength 28-Day Cylinder Difference in Cylinder Strength Corresponding
Cement Mixture (MPa) Strength (MPa) MPa* to Cube Strength (%)
42.5N OPC 23.05 20.95 2.10 90.89
52.5 N OPC 26.18 23.47 2.71 89.65
325N PLC 13.79 11.78 2.01 85.42
32.5 R PFAC 17.98 16.48 1.50 91.66

*Compressive strength of concrete cube subtracts compressive strength of concrete cylinder
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As the proportion of fly ash in the concrete increased, there
was a progressive reduction in heat release during hydration.
Furthermore, the increased fly ash volume enlarged the surface
area available for interaction, resulting in higher absorption
of calcium ions. This increased absorption slowed down the
accumulation of calcium ions in the early stages of hydration,

thereby reducing the overall heat of hydration.

3.6 Phase Quantification and Hydration Heat

XRD analysis was performed, and Rietveld refinement method
has been adopted to determine the phase composition and
quantification of respective cement powder as shown in
Figure 5. The percentage of each chemical compound is
crucial, as it was used to calculate the total heat of hydration

generated by cements used in this study. The various types

Table 6: Comparison of hydration temperature of C20/25 concrete cast
with different types of cement

Initial Concrete | Peak Concrete Increment in Increment
Types of .
Cement Mixture Temperature Temperature Concrete in Percentage

(°C) (°C) Temperature (°C) (%) *
425N OPC 27.8 37.6 9.8 3583
52.5N OPC 28.3 39.7 11.4 40.3
32.5NPLC 28.4 36.9 8.5 29.9
32.5 R PFAC 28.4 35.1 6.7 23.6

*Increment in °C corresponded to initial concrete temperature

Counts

|

Counts

1000{a)42.5NOPC
[ e (1)
Beite (2)
B 6rownmdlerite (3)
[l Ceite (4)
[l Caicium Carbonate (5)
Wl Perictase (6)
Gypsum (7)

| [ENYE)

—+2,3,46

> a2 b)525N0PC @
1 (s W e (1) w q
2 Bl erownmillerite 2) ™ Po
to 243 &= 500 { Il ceite 3) TT<
I Belite (4) el
S 3 [l periclase (5) S
o B Gypsum (6)
o) G053 00| I calcium Carbonate (
s Il Lime )

10 20 3

123457

40 S0 © 10
Posrion [*2Thata) ICepper (Cu))

(0)

10 20 30 ) 50 & 70 20 30 ) 50 ) 70 80
Position [*2Theta) (Copper (Cu)) Position [*2Thetal (Copper (Cu))
(@ (b)
Counts HILgEEE Courts I
) 32.5NPLC d)32.5 RPFAC E
( Alte (1 S SRR
= .:':.‘()a .a'me‘(;) ) L [7ax (Rf
W Ceite (3) G2 W Ceite 3) b ) 4093
B srownmilierne 14) @ [ srownmillerite (&) | :"" (FZ°X 3
W cokite ) Auminium Cxide (5) | =< B
5 o {
B Aluminism Cride (6) srEN [l siicon Dioxide (©) il
ron Oxde (1) Wl periclase (1) 2 (1883 ey
1000 1Jll pevicioss @) o) I Auminium Cxide (8) 1%
D)

20 30 40 50
Position [*2Theta) (Copper (Cu)]

(d)

60 70 00

Figure 5: Phase composition of different types of cement powder.
(a) 42.5 N OPC; (b) 52.5 N OPC;(c) 32.5 N PLC; (d) 32.5 R PFAC

of cement used were assumed fully
hydrated and the calculation of total
hydration heat was computed using
Equation 2 above, subsequently the
results are presented in Table 7
below. Based on the results shown,
the total heat of hydration for 52.5 N
OPC is the highest, followed by 42.5
N OPC, 32.5 N PLC and lastly 32.5
R PFAC. The hydration heat results
are tally with the respective peak
temperature recorded in Figure 4
above.

4.0 CONCLUSION

Some conclusions can be drawn

based on the study:

1. The incorporation of pulverised
fly ash and limestone powder in
concrete could increase workability
of fresh concrete compared to that
of the OPC mixes.

2. The incorporation of pulverised
fly ash and limestone powder in
concrete could slightly decrease
fresh and hardened densities of
concrete compared to that of the
OPC mixes.

3. At the same mix proportion,
compression test results revealed
that 52.5 N OPC C20/25 mix
exhibited the highest 28-day
compressive strength among all
cements, followed by 42.5 N OPC
mix, 32.5 R PFA mix, and lastly
32.5 N PLC mix.

4. The compressive strength of
the concrete cylinders from the
studied mixes were 85 to 90
percent corresponded to that of
concrete cubes.

Table 7: Chemical compounds and total heat of hydration of different types of cement

Types of CsS Content C:S Content C;A Content C.AF Content Total Cement Total Heat of

Cement (%) (%) (%) (%) Clinker (%) Hydration (kJ)*
42.5N OPC 52.0 15.0 8.0 6.0 81 1923.4
52.5 N OPC 55.0 12.0 14.0 11.9 92.9 2332.9
325N PLC 43.0 14.0 8.0 7.0 72 1710.9
32.5 R PFAC 445 11.9 5.9 8.9 71.2 1671.0

*The calculated total heat of cement hydration is based on 0.0156 m® concrete volume, whereas 4.875 kg cement is used
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The incorporation of pulverised fly ash and limestone
powder in concrete could reduce the peak temperature and
temperature increment of concrete, whereas the dilution
of principal compounds in the composite cements has
reduced the total hydration heat generated by the cements.
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A COMPARISON BETWEEN PERFORMANCE OF EC GEOBLOCK
WITH CONVENTIONAL GEOGRID USED AS SOFT GROUND

IMPROVEMENT METHODS

Yan Ho Loke', Nik Norsyahariati Nik Daud?, Wyn Shern Loke®

Abstract

As urban development advances, population increases which leads to more
demand in structures such as roads, houses and more. Most structures are built
with some sort of ground improvement or foundation. One of the most common
techniques is to use geogrid to reinforce the structure and the ground due to its
performance and cost effectiveness. In the current study a new arrangement of EC
Geoblock is proposed for ground improvement and the performance are compared
with geogrid. The study consists of two phases: First Phase begins with the
simulation through PLAXIS 3D by excavation with depth of 0.55m then laying of
geogrid or EC Geoblock and backfilled with selected filling material and ends with
application of surface load on top of the strengthened area. Second Phase was
proceeded with the variation of 5 scenarios; Scenario | — unreinforced soil, Scenario
Il — soil reinforced with 2 layers of geogrid with sand backfill, Scenario Il — soil
reinforced with 5 layers of geogrid with sand backfill, Scenario IV — soil reinforced
with EC Geoblock with sand backfill and lastly Scenario V — soil reinforced with
EC Geoblock with sand backfill and collapse load of case Ill. From the results, the
best performing method in improving the mechanical properties is Scenario V with
the least settlements among all simulations. Therefore, the new arrangement of EC
Geoblock is feasible to be used in strengthening the ground in required places before
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1.0 INTRODUCTION

As more structures are required to be built on critical ground
condition such as soft soil due to reasons such as land scarcity,
population growth and to prevent landslides and other ground
hazards; a cost-effective way of improving the ground to
accommodate the structures are necessary.

Figure 1 shows a soft soil location in Peninsular Malaysia.
Two major groups of alluvial deposits have been identified
as riverine deposits and the marine, estuarine and brackish
deposits. Soft clay which is part of soft soil that has low shear
strength, low permeability and highly compressible. This has
been experienced by Mohamad et al., (2016) who had studied
two sites in Malaysia deals with soft clay. They found out that the
instability of the ground during construction works had caused
delay and cost overrun in completion of the project in Selangor,
whereas occurrence of continuous post construction settlement
had affected the integrity and serviceability of the building in
Sabah. Structure on unreinforced soft clay will experience high
settlement due to the high compressibility property of soft clay.
In addition, due to its low permeability, the ability to drain water
especially during rain is very poor, thus lead to soil instability.

Currently, many methods have been used to strengthen the
stiffness and strength of the soil in its initial states and when
subjected to loading. Geogrid is popular due to its cost efficiency
and environmentally friendly nature. The study of geogrid can

be dated back to as early as the late 1980 (Barker, 1987; Haas
et al, 1988). Some examples of using Geogrid includes to
prevent damage to road pavement (Ooi et al., 2022), reinforcing
embankment on foundation (Mohammed et al., 2022) and more.

The selection of materials used in backfilling after excavation
and ground reinforcing is important. Concrete or cement is a
common material used in backfilling with good performance
but comes with high cost. On the other hand, the surrounding
soil which is soft clay is the case is also a feasible choice
even though the performance is not as good as concrete. In
addition, soft clay can also be mixed with air and cement to
form a lightweight material that can be used as backfill material
as the performance of the lightweight material performs well as
embankment material (Chaiyaput et al., 2023).

In this study, a new method for improving weak ground by
using EC Geoblock precast concrete block is proposed and
compared with geogrid to assess its performance on ground
improvement on soft clay. Finite Element Modelling is a great and
cost-efficient way to test the performance of the new proposal.
PLAXIS 3D is a great user-friendly commercial software
package that have been used to simulate various scenarios
involving geogrid, pile, foundation and more (Al Ghanim et al.,
2019; Alsirawan, 2021; Salih et al., 2022). Hence, PLAXIS 3D is
used to perform the simulation for the current study.
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Figure 1: Soft soil location in Peninsular Malaysia
(Source: Reconnaissance soil map, 2002 — revised)

2.0 MATERIALS

2.1 Soil Properties

The soil constitutive model used to model two of the soil is
hardening soil model. Even though, Mohr’s coulomb model has
been a popular choice in modelling soil due to its simplicity, it
is not chosen for the current study as it failed to account for
the non-linearity of soil and stress-dependency of soil stiffness
which might lead to erroneous computation of strain that led
to bad accuracy in soil deformation modelling. On the other
hand, hardening soil model which is an elastic-plastic model
is an advance soil model which is capable of simulating both
non-linearity and stress-dependency of soil based on power
law. Hence, it is the better choice for modeling soil, so the
hardening soil model is chosen for the current study. Table 1
summarised the two soil properties, which are soft clay, the
main soil profile, and gravel, the filling material of the newly
proposed foundation.

Table 1: Properties of soils

2.2 Specification of EC Geoblock

The “E” and “C” in the name of the blocks represent the shape
of the blocks. The C block is half the size of the E block and
both of the dimensions are illustrated in Figure 2. The precast
blocks are designed to fulfill the following criteria; i) lightweight
and small enough to be carried by people, ii) self-interlocking
mechanism and iii) able to contain infill materials to create
porous or impermeable structure.

e e PR T2z
[ L
T e oo

E BLOCK C BLOCK

Figure 2: Dimensions of E and C Blocks

2.3 Specification of Geogrid

The axial stiffness, EA of the geogrid used for the study is
950kN/m. The value adopted is based on (Nezamabadi et al.,
2017) and also used in (Abdul Halim et al., 2021).

3.0 METHODS

As the study area consists of clay and groundwater level is 1m
below ground level, ground improvement is necessary before
any forms of construction that exerts load to the ground can
happen. In this study, the newly proposed ground improvement
technique using EC Geoblock arrangement is compared with
geogrid which is a common geosynthetic material used to
strengthen soil. The study employs approach similar with study
(GeoStruct Academy, 2024). Hence, this approach is deemed
effective in determining the bearing capacity.
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,

Figure 3: Installation of EC Geoblock
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DIEIEEE g - Ulelzlies | BlEnsd surface. Subsequently, geogrid reinforcement
Unsaturated unit weight, Y, .., kN/m? 16 17.0 is installed at the bottom of the excavated area,
Saturated unit weight, Y, kN/m? 17 20.0 followed by backfilling of sand. Lastly, a surface
Effective cohesion, ¢'er kN/m? 5 0 load is exerted to the reinforced area through a
Effective friction angle, ¢’ ° 25 33 1.2 by 1.2m plate. This section includes a total of
Dilatancy angle, @ ° 0 3 three analyses. The three will focus on geogrid,
Ref. secant stiffness, £/ kN/m?2 2%10° 35x10° varying the spacing and number of geogrid layers.
Ref. tangential stiffness, E/*/, kN/m? 2x10° 35x10° 32 EC Geoblock

. eobloc
Ref. unloading/reloading stiffness, E" kN/m? 1x104 105x10° .
b gl i E g ; ”fﬁ 10 05 The proposed EC Geoblock can be arranged in
ower fstress- ev_e ep_en encyo_ stiffness) m : : a way where each block is interlocked together
Uniloading-reloading Poisson's ratio, v,, - = = without the use of adhesive. The arrangement
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will leave a few square voids in which good drainage material in
this case gravel can be filled for better draining. The proposed
foundation consist of E and C shape block and the installation
process starts with excavation of 0.55m. Subsequently, laying
the block in vertical direction before inverting the block and
placing the blocks in horizontal direction on top of the block in
vertical direction as shown in Figure 4. The blocks in the second
layer can also be non-inverted so more layers can be added to
improve ground stability if necessary. After placing the blocks, the
space above and in between block is backfilled with sand before
application of surface load through a 1.2 by 1.2 m steel plate.

4.0 RESULTS AND DISCUSSION

4.1 \Vertical Settlement

Clay is a type of soil that can be easily compresses, therefore
when a structure is built or load is applied on it, there may be
severe settling. This could result in soil collapse which is a
severe ground hazard. Maximum settlement for the four cases
before soil collapse are shown in Figure 4 and Figure 5. It
can be seen that, high settlements are observed at the center
for initial and geogrid reinforced ground whereas upward soil
movement can be seen at EC Geoblock reinforced ground.

»\

/ S
= haraas;

% N

N7

Figure 6: Failure behaviour of geogrid and EC Geoblock
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-10.00
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5 layer of Geogrid
——EC Geoblack

-20.00

-25.00

Figure 7: Load-settlement curve

o
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settlement curve illustrated in Figure 7, EC Geoblock is
able to withstand close to 50kPa load while the ground
reinforced with 2 layer of geogrid can only tolerate close
to 25 kPa load. The difference is over between 2 layer of
geogrid and EC Geoblock is more than twice. Therefore,
EC Geoblock is more efficient and reliable than geogrid
which may reach 25mm settlement limit at lower load.

4.2 Bearing Capacity

Figure 4: Vertical settlement of 5 layers of geogrid
reinforced ground and EC geoblock reinforced ground

Soil bearing capacity describe the maximum load that a
soil can withstand before it collapses and it is crucial in

designing foundation or ground improvement techniques.
By using double tangent method on the displacement vs
load graph, the bearing capacities of all five cases are
determined and summarised in Table 2. In this method,
two tangents are drawn: one at the beginning of the load-
settlement curve and the other at the point where the
curve's curvature changes. The double tangent method
is a feasible method as this method have been used in
recent articles (Jaiswal & Chauhan, 2021; Mohamed et

Figure 5: Vertical settlement of unreinforced ground
and 2 layers of geogrid reinforced ground

Soil collapses of all four cases are believed to be due to
excessive load as each case was loaded until failure. All
reinforcements experience large vertical settlement. Upward
movement can be seen at the corner of geogrids and geogrid
settle at the center without much movement. On the other
hand, The settlement of EC Geoblock exhibits a significant
offset from the center.

A general total settlement of designing shallow foundation
is around 25mm from empirical evidence (Gholamreza Mesri et
al., 1996) and current practice (Das, 2023). Settlement exiting
the stated limit can lead to structural distress. Based on the load

al., 2023).While double tangent method is able to provide

quick estimate, it has limitation when compared to load-

settlement curve obtained from simulation where the
soil collapse from incremental loading as this method heavily
depends on the tangent line drawn which can vary between
various individuals. Hence, the bearing capacity for the current
study is obtained using the second method.

The soil reinforced with EC Geoblock has the highest soil
bearing capacity and soil without reinforcement has the lowest
soil bearing capacity. The result revealed that bearing capacity
increase with geogrid layers and ground reinforced with EC
Geoblock has the highest bearing capacity and settlement. The
high bearing capacity from EC Geoblock reinforced ground are
mainly due to concrete being a more rigid material than geogrid
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and great confinement effect provided through the fill material
within the spaces of the structure which can assist in reducing
lateral spreading (Krishna & Latha, 2023).

Since it is not practical and not common to design shallow
ground reinforcement to withstand load close to 10000kPa,
the settlement of EC Geoblock reinforced with failure load of
case lll will be compared against the settlement of case lIl.
The settlement recorded for EC Geoblock reinforced ground
is around 0.5554m whereas ground reinforced with 5 layers of
geogrid experience 0.9262m of settlement. The settlement of
case lll is almost twice more than the EC geoblock reinforced
ground with same loading applied.

Table 2: Bearing capacity values of each scenatrio

Scenario Description Beari:?k(:ap)acity,
| No reinforcement 150.72
1l 2 layers of Geogrid with sand backfill 436.97
i 5 layers of Geogrid with sand backfill 1103.18
v EC Geoblock with sand backfill 9925.08

Figure 8: Settlement and deformation behavior of
EC Geoblock under collapse load of case Il

5.0 CONCLUSION AND FUTURE RESEARCH

FEA of five different scenarios with load application to failure
are done in this study. From the simulation, it is proven that
EC Geoblock has better performance in vertical settlement and
bearing capacity to Geogrid. The data show remarkable almost
tenfold increase in bearing capacity than using 5 layers of
geogrids. In addition, EC Geoblock exhibited significantly higher
load bearing capacity at a defined settlement limit of 25mm
capable of withstanding nearly twice the load compared to a
five-layer geogrid reinforcement configuration. Furthermore,
the interlocking nature of EC Geoblock ensure effective load
distribution over a wide area and the voids in between the
formation allow great drainage ability to mitigate the risk of soil
collapse. Therefore, the evidence supports the adoption of EC
Geoblock for ground improvement as a equivalent or better
alternative to geogrid reinforcement. Future research can
include the testing of multiple layers of the new arrangement of
EC GeoBlock or a model test related to the new system.

ACKNOWLEDGMENT

Authors would like to acknowledge and thanks to Civil
Engineering Department, Engineering Faculty, Universiti Putra
Malaysia, Malaysia and GEOCO Sdn. Bhd.

APPENDIX

Settlment (mm)

Load (kPa) Load kpa)

Figure A1: Full load-settlement curve for case | to IV

AUTHOR CONTRIBUTIONS

e Yan Ho Loke: Conceptualisation, data collection,
methodology, and formal analysis.

¢ Nik Norsyahariati Nik Daud: Conceptualisation, study
design, and supervision.

e  Wyn Shern Loke: Writing—original draft preparation
and literature review. ll

REFERENCES

[11  Abdul Halim, M. F., Yahya, N. F., Tuan Ismail, T. N. H.,
& Abd Latif, M. F. (2021). Numerical Analysis of Geogrid
Reinforced Embankment on Soft Clay. Progress in
Engineering Application and Technology, 2(2), 223-230.
https://publisher.uthm.edu.my/periodicals/index.php/
peat/article/view/993

[2] Al Ghanim, A. A., Shafiqu, Q. S. M., & lbraheem, A.
T. (2019). Finite element analysis of the geogrid-pile
foundation system under earthquake loading. Al-Nahrain
Journal for Engineering Sciences, 22(3), 202-207.

[8] Alsirawan, R. (2021). Analysis of Embankment Supported
by Rigid Inclusions Using Plaxis 3D. Acta Technica
Jaurinensis, 14(4), 455-476.

[4] Barker, W. R. (1987). Open-graded bases for airfield
pavements.

[6] Chaiyaput, S., Ayawanna, J., Jongpradist, P., Poorahong,
H., Sukkarak, R., & Jamsawang, P. (2023). Application
of a cement—clay—air foam mixture as a lightweight
embankment material for construction on soft clay. Case
Studies in Construction Materials, €02188.

[6] Das, B. M. (2023). Principles of Foundation Engineering,
Si. Cengage Learning.

[71 GeoStruct Academy. (2024, June 10). Lesson 32.
Bearing Capacity of Foundation on Two Layered Soil
Using PLAXIS 3D. YouTube: https://www.youtube.com/
watch?v=zD1hN81fMME

[8] Gholamreza Mesri, Terzaghi, K., & Brazelton, R. (1996).
Soil mechanics in engineering practice. Wiley.

12

Journal — The Institution of Engineers, Malaysia (Vol. 86, No. 2, June 2025)



YAN HO LOKE, NIK NORSYAHARIATI NIK DAUD, WYN SHERN LOKE

[10]

(1]

[12]

[13]

[14]

Haas, R., Walls, J., & Carroll, R. (1988). Geogrid
reinforcement of granular bases in flexible pavements.
Transportation research record, 1188(1), 19-27.

Jaiswal, S., & Chauhan, V. B. (2021). Ultimate bearing
capacity of strip footing resting on rock mass using
adaptive finite element method. Journal of King Saud
University-Engineering Sciences, 36(4), 235-248.

Krishna, A., & Latha, G. M. (2023). Evolution of Geocells
as Sustainable Support to Transportation Infrastructure.
Sustainability, 15(15), 11773. https://doi.org/10.3390/
su151511773

Mohamad, N., Razali, C., Hadi, A., Som, P., Eng, B., Rusli,
M., & Mohamad, F. (2016). Challenges in construction over
soft soil-case studies in Malaysia. /IOP conference series:
materials science and engineering, 136(1): 012002.

Mohamed, M. K., Sakr, M. A., & Azzam, W. R. (2023).
Geotechnical behavior of encased stone columns in soft
clay soil. Innovative Infrastructure Solutions, 8(80).

Mohammed, S. A., Naimi, S., & Abdul Kareem, A. H. (2022).
The effect of geogrid reinforcement of embankment over

[19]

(6]

(7]

(18]

soft foundation. Periodicals of Engineering and Natural
Sciences (PEN) 10(6): 5-27. doi:10.21533/pen.v10i6.3345

Nezamabadi, M. F., Lajevardi, S. H., & Sadeghi, M.
(2017). Effect of different category of geogrid and sand
layer on pull-out behaviour. The 2nd World Congress
on Civil, Structural, and Environmental Engineering. doi:
10.11159/icgre17.175

Ooi, T., Tee, R., Chan, C., & Lau, J. (2022). Case
Histories of Performance of Geogrids in Soft Ground.
International Symposium on Practical Applications of
Ground Engineering for Embankments on Soft Soils
(GEESS2022, Kuala Lumpur.

Reconnaissance soil map (2002). Access via: https:/
geotanih.doa.gov.my/about/peninsular?print=1

Salih, A. G., Rashid, A. S., & Salih, N. B. (2022). Finite
Element Analysis of the Load-Settlement Behavior of
Large-Scale Shallow Foundations on Fine-Grained Soil
Utilizing Plaxis 3D. Current Trends in Geotechnical
Engineering and Construction (pp.249-260).

g
QN

PROFILES

EC GeoBlock.
Email address: lokeyanho@gmail.com

Email address: niknor@upm.edu.my

Email address: ws.loke8@gmail.com

YAN HO LOKE (Dip. Civil Eng. (UTM), B.E.Civil (UPM)) is currently a professional engineer with practising certificate.
He is currently managing director of Geoco Sdn Bhd. He employs his leadership and skills, guides the company in
providing sound engineering solutions in ground engineering works such as site investigations, slope stabilisations,
earth retaining structures, underpinning, shallow and deep foundations and deep excavation works. His interest and
vast experience spanning over 30 years in the field of geotechnical engineering, have led him to invent the innovative

NIK NORSYAHARIATI NIK DAUD has a PhD in Civil Engineering and a senior lecturer at the Universiti Putra Malaysia
(UPM), Malaysia. She is a registered Graduate Engineer under the Board of Engineers Malaysia (BEM) and The
Institution of Engineers, Malaysia (IEM). She also served as the Head of Geotechnical and Geological Engineering Unit
and Head of Soil Mechanics Laboratory at the department. She has several publications and awards in both national and
international levels. Her research interests are geotechnical engineering and environmental geotechnics.

WYN SHERN LOKE graduated with a degree in Civil Engineering with honours from Monash University Malaysia
(MUM) in 2022. He has developed a solid foundation in finite element analysis through his final year project involving slope
and pile elements. He is a graduate engineer registered under the Board of Engineers Malaysia (BEM) and he also served
as a project engineer in Geoco Sdn. Bhd. His research interests are geotechnical engineering and numerical analysis.

Journal — The Institution of Engineers, Malaysia (Vol. 86, No. 2, June 2025)

13



SEPARATION OF METHANOL AND ACETONITRILE MIXTURE VIA
EXTRACTIVE DISTILLATION USING IMIDAZOLIUM-BASED IONIC
LIQUIDS AND CONVENTIONAL SOLVENTS AS ENTRAINERS:

A SIMULATION APPROACH

Zhi Ting Ang', lanatul Khoiroh?

Abstract

In this work, a comparative simulation study of extractive distillation using
imidazolium-based ionic liquids and conventional solvents for the separation of
methanol and acetonitrile was conducted using Aspen HYSYS. The ionic liquids
selected were 1-ethyl-3-methylimidazolium bis(trifluoromethylsulfonyl)-imide or
[EMIM][BTI], 1-butyl-3-methylimidazolium or bis(trifluoromethylsulfonyl)-imide
[BMIM][TFSI], and 1-butyl-3-methylimidazolium acetate or [BMIM][OAc], while the
conventional solvents were aniline, ethylene glycol, and glycerol. A case study on
the solvent feed conditions was conducted to determine the optimum operating
temperature and pressure for the extractive distillation columns. The simulation
results show that the application of ionic liquid as the entrainer is more effective
in eliminating the azeotropic point of methanol and acetonitrile as compared to the
conventional solvents under the same specifications for the extractive distillation
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1.0 INTRODUCTION

The distillation process, one of the major separation processes
in the chemical industry, accounts for 10-15% of the total energy
consumption in chemical plants (Ma et al., 2019). Despite
its extensive energy consumption in the chemical industry,
distillation remains the most widely used method in separating
a mixture into pure components (Sinnot et al., 2019). The
principle of distillation is based on the differences in volatility
between the components present in the liquid mixtures (Ma et
al., 2019). Acetonitrile and methanol are two of the most widely
used chemicals in the chemical and pharmaceutical industries
due to their high solubility in organic materials (Joshi et al.,
2019). For example, large amounts of acetonitrile and methanol
are utilised during the manufacture of peptide drugs (Hintzen
et al., 2014). Therefore, the separation of mixtures consist of
methanol and acetonitrile must be carried out to minimise the
environmental impacts, as well as recycling the methanol and
acetonitrile (Zhu et al., 2016).

Unfortunately, the methanol and acetonitrile mixture cannot
be separated via conventional distillation processes, as the
mixture forms a minimum boiling homogeneous azeotrope at
336.7 K and atmospheric pressure, containing 81% methanol
(Luyben, 2013). Several distillation technologies, including
pressure-swing distillation, reactive distillation, extractive
distillation, and azeotropic distillation, have been proposed to
separate azeotropic mixtures (Ma et al., 2019). Pressure-swing
distillation is commonly used for the homogenous azeotropic
mixtures that are sensitive to changes in pressure (Sinnot et
al., 2019). On the other hand, reactive distillation involves a

complex separation process, as it separates the components in
the mixture while performing the chemical reaction (Ma et al.,
2019). Extractive distillation involves the addition of separating
agent or entrainer to alter the relative volatility between the
key components without forming an azeotrope (Coker, 2010).
Extractive distillation is similar to azeotropic distillation;
however, no azeotropes are formed upon the addition of the
entrainer, and the entrainer added is essentially non-volatile
(Coker, 2010).

The entrainer used for the separation processes typically
possesses a significantly higher boiling point than the mixture
components and can induce a salting-out effect, thereby
reducing the volatility of the component that interacts with
the entrainer (Wankat, 2012). The remaining component
present in the mixture is then become relatively more volatile
and easier to be separated and removed as the distillate
(Wankat, 2012). Apart from affecting the relative volatilities
of the key components, several characteristics are important
for selecting a suitable entrainer. These include low latent
heat, non-reactivity, non-corrosiveness, non-toxicity, and
solubility with the components in the mixture (Coker, 2010).
Several conventional solvents have been used as entrainers,
such as aniline, dimethylformamide (DMF), glycerol, and
ethylene glycol. These solvents have also been studied for the
separation of azeotropic mixture of methanol and acetonitrile
(Li et al., 2012). However, these entrainers have several
disadvantages, such as causing environmental pollution due
to volatile emissions and presenting significant challenges
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in recycling due to their complex separation and purification
processes (Cai et al., 2013).

lonic liquids (ILs) possess various unique physic-chemical
properties to replace the conventional solvents, including good
chemical and thermal stability, excellent dissolving capacity,
and non-volatility (Seiler et al., 2014). Numerous studies have
been conducted to investigate and review the utilisation of
ILs as entrainers for extractive distillation (Shen et al., 2023:
You et al., 2022; Martinez-Galmiche et al., 2022; and Vilas-
Boas et al., 2024). lonic liquid consisting of cations such as
imidazolium and alkyl quaternary coupled with anions such as
hydrogen sulphate, halogen, and acetate are commonly used
to separate polar-polar systems, including alcohol/water, nitrile/
water, and alcohol/nitrile mixtures (Pereiro et al., 2012). On the
other hand, ILs consisting cations such as imidazolium and
pyridine coupled with anions such as tetrafluoroborate (BF4),
bis(trifluoromethyl-sulfonyl)imide (NTf2) and dicyanamide are
commonly selected to separate nonpolar-nonpolar systems,
including alkane/alkene and aliphatic/aromatics mixtures
(Pereiro et al., 2012). While ILs consisting of imidazolium
cation and sulphate anion are commonly used to separate
polar-nonpolar systems, including alcohol/aliphatic mixtures
(Pereiro et al., 2012).

A study was conducted by Li et al. (2016) to investigate the
effects of 1-octyl-3-methylimidazolium tetrafluoroborate, [OMIM]
[BF4, and 1-ethyl-3-methylimidazolium tetrafluoroborate,
[EMIM][BF,], on the vapor-liquid equilibrium behaviour of the
methanol-acetonitrile system. It was reported that [OMIM]
[BF4] has a stronger salting-out effect on methanol compared
to [EMIM][BF,]. However, ILs with the [BF,]- anion are difficult
to synthesise, and corrosive hydrogen fluoride could be
emitted upon contact with water (Cai et al., 2013). On the
other hand, Zhang et al. (2016)] investigated the performance
of separating methanol and acetonitrile mixture using 1-ethyl-
3-methylimidazolium  bis(trifluoromethylsulfonyl)imide  or
[EMIM][NTf,]. It was found that the azeotropic phenomenon
could be eliminated using this ionic liquid. However, the
current production cost of ionic liquids containing [NTf,]- is
economically unfavourable, making them less viable for large-
scale use (Nasirpour et al, 2020).

Another study by Z. Zhang et al. (2018) compared the
performance of 1-butyl-3-methylimidazolium chloride or
[BMIM][CI], 1-butyl-3-methylimidazolium bromide or [BMIM][Br]
and 1-butyl-3-methylimidazolium acetate or [BMIM][OAc] as
entrainers to separate methanol and acetonitrile at atmospheric
pressure. The finding reveals that these three ionic liquids
produced a significant salting-effect and enhanced the relative
volatility of acetonitrile to methanol. A directly proportional
relationship between the amount of ILs and the salting-out
effect was determined in the study (Zhang et al., 2018). It was
also concluded that the [BMIM][OAc] has the best separation
performance compared to [BMIM][CI] and [BMIM][Br].

In this work, three ionic liquids, namely 1-ethyl-3-
methylimidazolium bis(trifluoromethylsulfonyl)-imide or [EMIM]
[BTI], 1-butyl-3-methylimidazolium bis(trifluoromethylsulfonyl)-
imide or [BMIM][TFSI], 1-butyl-3-methylimidazolium acetate
or [BMIM][OAc] were tested as entrainers to separate binary
mixture composed of methanol and acetonitrile via simulation

approaches using Aspen HYSYS V11. The effects and
performance of these ILs and three conventional solvents were
compared and evaluated to determine the optimum operating
temperature and pressure for the extractive distillation column.
The solvents studied include aniline, ethylene glycol and
glycerol. The results obtained from simulation and case studies
aim to corroborate the feasibility of utilising ILs as entrainers to
separate methanol and acetonitrile.

2.0 METHODOLOGY

The non-random two-liquid (NRTL) model (Renon et al., 1968)
was selected as the thermodynamic package to evaluate the
vapor-liquid equilibrium of the mixture in Aspen HYSYS V11
software. The hypothetical functions available in Aspen HYSYS
were utilised to estimate the properties of ionic liquids. The
performance of these ionic liquids and conventional solvents
were compared using the same columns specifications including
the number of stages, solvent to feed ratio, feed stage as well as
the solvent feed stage for both columns. These specifications
were adapted from the study conducted by Wang et al. (2019).
Fig. 1 shows the flowsheet for the extractive distillation process
whereas Table 1 shows the specifications for both extractive
distillation column (EDC) and solvent recovery column (SRC).
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Figure 1: Process flowsheet for extractive distillation
of methanol and acetonitrile

Table 1: Specifications of extractive distillation column (EDC)
and solvent recovery column (SRC)

Specifications EDC SRC
Number of Stages 48 8
Solvent to Feed Ratio 1 -
Feed Stage 4
Solvent Feed Stage B3} 5

The operating conditions for solvent feed including

temperature and pressure were optimised by conducting
individual case studies on each of the parameters. The
effect of each parameter on the separation performance was
investigated through case studies. The best settings for both
columns were evaluated based on the purity of methanol and
acetonitrile recovered.

3.0 RESULTS AND DISCUSSION

3.1 Simulation of Extractive Distillation Process

The results obtained from the simulation of extractive distillation
for methanol and acetonitrile using conventional solvents and
ionic liquids are tabulated in Table 2 and Table 3.
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Table 2: Simulation results for extractive distillation of methanol-acetonitrile using conventional solvents

Parameters Unit Aniline Ethylene Glycol Glycerol

EDC SRC EDC SRC EDC SRC
Reflux Ratio - 0.205 0.450 1.458 2.060 2.092 0.004
Distillate Flow Rate kmol/h 85.0 16.0 85.0 16.0 85.0 15.1
Bottom Flow Rate kmol/h 116.0 100.0 116.0 100.0 115.1 100.0
Purity of Methanol/ Acetonitrile % 94.0 86.7 94.0 86.9 94.0 92.1
Purity of Solvent Recovered % - 99.0 - 96.0 - 99.9

Table 3: Simulation results for extractive distillation of methanol-acetonitrile using ionic liquids

Parameters Unit [EMIM][BTI] [BMIM][TFSI] [BMIM][OACc]

EDC SRC EDC SRC EDC SRC
Reflux Ratio - 1.176 0.047 1.176 0.047 1.176 0.047
Distillate Flow Rate kmol/h 85.0 15.0 85 15 85.0 15.0
Bottom Flow Rate kmol/h 115.0 100.0 115 100 115.0 100.0
Purity of Methanol/ Acetonitrile % 94.8 97.1 95.2 99.5 94.8 97.1
Purity of Solvent Recovered % - 100.0 - 100.0 - 100.0

According to the simulation results tabulated in Table 2, the
use of glycerol as the entrainer for extractive distillation achieves
the best separation performance among the conventional
solvents. However, the comparison between the simulation
results for both conventional solvents and ionic liquids (Table 3)
shows that the use of ionic liquids as an entrainer can achieve
higher purity for methanol, acetonitrile, as well as the solvent
recovered. It is found that the highest purity of the binary mixture
in extractive distillation column is achieved using [BMIM]
[TESI] with 95.2% purity. This increase in relative volatility
may be attributed to the properties of ionic liquids, including
their ability to modify the thermodynamics and molecular
interactions within the system. By introducing [BMIM][TFSI]
into the extractive distillation process, the separation between
the two components becomes more pronounced, resulting in
higher selectivity and purity of acetonitrile. Furthermore, the
addition of ionic liquids shifts the azeotropic point towards higher
methanol concentrations similar to study by Boli et al. (2020).
This means that the presence of ILs can alter the composition
of the azeotrope formed by the methanol-acetonitrile mixture,
allowing for easier separation by extractive distillation. Shifting
the azeotropic point is a desirable outcome as it overcomes the
limitations imposed by azeotropic behaviour (Sofea et al., 2022).

On the other hand, a higher loss of solvents through the
distillate of the extractive distillation column and the solvent
recovery column is observed for the extractive distillation
process that utilises conventional solvents (Table 2) as an
entrainer compared to ILs (Table 3). Consequently, a larger
amount of make-up solvent is required for the process, resulting
in higher operating costs (Wang et al., 2023).

These findings emphasise the advantageous role of
ionic liquids, such as [BMIM][TFSI], in extractive distillation
processes. Their unique properties and interactions with
the mixture components contribute to enhanced separation
performance, higher selectivity, and the ability to modify
azeotropic behavior. However, it is important to consider
factors such as the cost, availability, and environmental impact
of ionic liquids when evaluating their suitability for large-scale
industrial applications (Berton et al., 2022). Further research
and experimentation are necessary to fully explore the potential
of [BMIM][TFSI] and other ionic liquids in extractive distillation
and other separation processes.

It is worth noting that these results were fully based on
simulation data, and further experimental investigations are
required to validate these findings. Nonetheless, comparative
analysis provides valuable insights into the potential benefits
of employing ionic liquids in extractive distillation processes,
emphasising their superior performance in terms of both
separation efficiency and cost-effectiveness.

3.2 Optimisation of Solvent Feed Conditions

The optimum operating temperature and pressure of the
solvent for the extractive distillation process using [BMIM]
[TFSI] as entrainer were further determined by using the case
study function available in Aspen HYSYS. The determination
of the optimum operating temperature and pressure for the
extractive distillation process employing [BMIM][TFSI] as an
entrainer can be accomplished by utilising the case study
function available in Aspen HYSYS, a widely used process
simulation software. This function allows for the exploration
of various operating conditions and provides valuable insights
into the process of performance. Fig 2 and Fig. 3 show the
results determined from the case studies.

According to the results obtained from the case studies on
solvent feed temperature and pressure, there is no appreciable
reduction observed (almost constant) in the molar flow of methanol
and acetonitrile recovered from the distillate of the extractive
distillation column and solvent recovery column as the solvent
feed temperature and pressure increase. However, it is important
to note that lower feed temperature and pressure are generally
more favoured to reduce the cost of utilities and equipment,
as a higher solvent feed temperature and pressure will require
more heating utilities and additional equipment such as pump
and compressor. Further investigations on the top temperature,
bottom temperature of both columns, as well as economic
analysis on the capital and operating costs can be carried out
to optimise the extractive distillation using [BMIM][TFSI] as
entrainer (Wang et al., 2023). These may involve exploring the
optimal top and bottom temperatures of both columns, as well
as performing an economic analysis to evaluate the capital and
operating costs associated with the chosen operating conditions.
Such analyses can provide a comprehensive understanding of
the process and guide the decision-making process in designing
an efficient and cost-effective extraction system.
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4.0 CONCLUSION

The Aspen HYSY'S simulation using the NRTL model has been
performed to simulate the extractive distillation process for
the azeotropic mixture containing methanol and acetonitrile.
According to the simulation results, 1-butyl-3-methylimidazolium
bis(trifluoromethylsulfonyl)-imide [BMIM][TFSI] is the most
efficient solvent for the extractive distillation process. Besides
that, the simulation results also showed that the application
of ionic liquids as entrainer for the extractive distillation of
methanol and acetonitrile are feasible. It is generally more
desirable to operate the extractive distillation column at lower
temperature and pressure to reduce the operating cost and
capital costs. Further improvements can be made by integrating
heat integration technology and heat pump technology to reduce
the utilities cost for the extractive distillation process. Apart from
that, life cycle analysis can be conducted to further evaluate and
compare the environmental impacts of the extractive distillation
process using conventional solvents and ionic liquids.
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TUNNELLING IN NEGATIVE FACE LOSS ENVIRONMENT

— FROM RISK TO OPPORTUNITY

Chee Min Khoo", Hisham Mohamad?

Abstract

In conventional tunnelling scenario, the face pressure exerted by the Tunnel Boring
Machine (TBM) is typically lower than the mobilised earth pressure, resulting in
controlled ground movement towards the tunnel face, known as positive face loss.
However, negative face loss poses a distinct challenge where the face pressure
exceeds the mobilised earth pressure, causing the ground to move away from the
tunnel face. This paper presents a full-scale field investigation on tunnel-soil-pile
interaction under negative face loss tunnelling environments. The study integrates
field measurements with numerical analysis to assess the transient effects of shield
tunnelling on a fully instrumented experiment pile, which was pre-loaded and
equipped with strain gauges, an inclinometer, and distributed fibre optic sensing.
Real-time monitoring was conducted throughout the tunnel advancement, while
three-dimensional finite element modelling was developed using actual TBM driving
data to simulate pile responses as various tunnelling stages. The field observations
and numerical results validate the hypothesised movement paths of the pile under
negative face loss and offer new insights into the pile’s behaviour. The study highlights
the importance of controlling tunnel volume loss, with an optimal TBM face pressure
range recommended between 0.8 and 1.1 times the overburden pressure, and
grouting pressure between 1.1 and 1.5 times the overburden pressure to mitigate
ground settlement. The validated numerical framework serves as a basis for further
parametric studies and provides practical recommendations for risk mitigation and
enhanced tunnelling efficiency. These findings mark a significant advancement in
understanding tunnelling-induced effects on piles, transforming negative face loss
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from a mere risk into a potential opportunity for optimised tunnelling performance.

List of Notations

y is the distance between the TBM face and the experiment pile

D is the tunnel diameter

pris the face pressure

pg is the tail skin grouting pressure
o is the overburden pressure

1.0 INTRODUCTION

Shield tunnelling using pressurised face Tunnel Boring
Machines (TBMs), such as Earth Pressure Balance (EPB) and
slurry shields, is a highly mechanised, relatively safe, and fast
tunnel construction method. In a typical tunnelling scenario,
the face pressure exerted by the TBM remains lower than the
mobilised earth pressure, allowing for controlled advancement
as the ground moves towards the machine. This phenomenon
generally results in predictable surface settlement, consistent
with the principle of positive face loss. In contrast, negative
face loss presents a unique challenge. Here, the face pressure
exceeds the mobilised earth pressure, pushing the ground
away from the TBM face and potentially causing surface heave.
This can pose risks to underground utilities, above-ground
structures, and the environment if not managed effectively.

In the case of a tunnelling adjacent to a pile foundation,
where the pile is initially in equilibrium with long-term external
loads and soil consolidation before tunnel excavation,
the excavation disrupts this balance, causing additional
deformation and stress adjustments in both the surrounding
soil mass and the pile foundation. Due to the redistribution

of deformation and stress induced by tunnel excavation, the
pile experiences displacements in various directions based on
its location relative to the TBM and the magnitude of ground
loss components, such as face loss, shield loss, and tail
loss (Loganathan, 2016). In the context of negative face loss
condition, the pile moves outward as the TBM approaches.
After the TBM passes, positive shield and tail loss occurs,
causing the pile to move toward the tunnel. Figure 1 depicts the
pile movement path in this scenario. Therefore, understanding
the dynamics of TBM operating pressures and volume loss is
crucial for tunnelling projects, as it governs ground behaviour
and pile movement patterns. Both the capacity and serviceability
of the piles in response to tunnelling-induced transient effects
must be carefully evaluated.

Considerable research has been conducted on tunnelling
beneath or adjacent to piles, employing various methodologies
including field studies, laboratory centrifuge tests, empirical,
analytical, and numerical approaches. However, most of these
studies focus on frictional or frictional-end bearing piles, with the
exception of a socketed pile modelled in one of the centrifuge
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tests by Ong (2009). In full-scale field studies, pile responses to
nearby tunnelling have often been evaluated indirectly through
monitoring of structures and ground instrumentation. Direct
in-pile instrumentation, however, has been limited, presenting
opportunities for more in-depth investigations. Some notable
in-pile instrumentation field studies are summarised in Table 1,
where the instrumented piles had their toe levels terminated
either above the tunnel crown or beside the tunnel extrados at
varying depths.

Results from in-pile instrumentation revealed distinct
zones of influence around tunnels during construction. Within
these zones, both the ground and piles experienced varying
degrees and directions of relative displacements. As the TBM
approached, passed beneath or adjacent to, and continued
beyond the pile, notable redistributions of load along the pile
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Figure 1: Ground response and pile movement path
in negative face loss scenario (Loganathan, 2016)

lengths were observed. This phenomenon induced lateral pile
deflections and bending moments, some of which were transient
and reversible, depending on the prevalence of several factors
(Khoo, 2024). However, few researchers have focused on
pile lateral deflection. Loganathan’s (2016) hypothesis on the
settlement influence zone and pile movement paths remains
an area worth exploring.

To contribute to this body of knowledge, full-scale field
research was recently conducted at Malaysia’s Klang Valley
Mass Rapid Transit (KVMRT) - Putrajaya Line. The study
builds on previous efforts and addresses gaps in knowledge by
employing distributed fibre optic sensing technology based on
stimulated Brillouin scattering, using the Brillouin Optical Time
Domain Analysis (BOTDA) technique, to monitor real-time strain
in a pre-loaded experiment micropile in close proximity to twin
bored tunnels excavated using Variable Density (multimode)
TBMs. This novel technique offers several advantages over
conventional point-based sensors (e.g. strain gauges) for
assessing tunnel-soil-pile interactions (Soga et al., 2008). It is
also effective in identifying anomalies in cast-in-situ concrete
piles (Mohamad et al., 2016). The integrated sensors measure
three-dimensional deformations, including bending and lateral
displacements, providing more precise data on tunnel-soil-pile
interaction and pile responses throughout the entire pile length
during the transient effects of shield tunnelling. This advanced
technology has proven effective in monitoring various large civil
and geotechnical structures, including piles (Ohno et al.,2002,
Klar et al., 2006), test piles (Mohamad et al, 2009; Tee et
al., 2016; Tee et al., 2017), retaining walls (Mohamad et al.,
2011), as well as bridges and tunnels (Mohamad et al., 2010;
Mohamad et al., 2012).

Field data from the research site were interpreted and back-
analysed using three-dimensional finite element modelling,
alongside TBM driving data recorded during tunnelling.
Numerical results from the tunnel-soil-pile interaction analysis
were validated with field measurements. The validated
framework has opened avenues for further exploration through
numerical parametric studies. This paper aims to deepen the
understanding of the transient effects of shield tunnelling on
a loaded pile in a negative face loss environment, offering
valuable insights for the scientific and tunnelling community,
along with recommendations and strategies to mitigate risks

Table 1: Summary of reported field studies with in-pile instrumentation

Citation Project Soil Type Tunnel Type Pile Type In-Pile Monitoring

Mair (1993) Angel Underground | London clay Hand-dug Bored pile Inclinometer

Lee et al. (1994) Station, London tunnel (under-reamed)

Teunissen & Hutteman (1998) | North/South Line, Very soft silty clay Shield tunnel Timber pile, Pile top pressure sensor,

Kaalberg et al. (2005) Amsterdam overlying sand layer concrete pile precise levelling

Coutts & Wong (2000) North-East Line Bukit Timah granitic | EPB shield Bored pile Vibrating wire strain gauge

Pang et al. (2005) C704, Singapore residual soil tunnel

Jacobsz et al. (2005) Channel Tunnel Rail | Terrace gravel and | EPB shield Driven pile, Vibrating wire strain gauge,

Selematas et al. (2005) Link C250, Essex, London clay tunnel bored pile base load cell, electrolevel
UK inclinometer

Cham (2007) Circle Line C852, Bukit Timah granitic | EPB shield Bored pile Vibrating wire strain gauge
Singapore residual soil tunnel

Mohamad et al. (2022) Grand Paris Express | Fine clayey sand EPB shield Cast-in-situ pile | Strain gauge, optical fibre
Line 16, France overlying limestone | tunnel cable
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associated with pile responses during various stages of tunnel
excavation. The findings underscore the delicate balance in
negative face loss tunnelling, where careful management can
mitigate risks while enhancing tunnelling safety and efficiency.

2.0 BACKGROUND OF THE STUDY

2.1 The Research Site

The research site is located at the Education Quarters in the
central business district of Kuala Lumpur and was designated
for a full-scale field investigation. This is part of the KVMRT
Putrajaya Line project, where twin bored tunnels, each with a
diameter of 6.35 m, were driven partially beneath the Quarters.
The tunnelling commenced from the northwest at Hospital
Kuala Lumpur (HKL) Cross-over and extended southeastward
to Raja Uda Station, as illustrated in Figure 2. Notably, the
southbound tunnel passed directly beneath a 5-storey building,
presenting significant challenges due to the presence of the
existing building foundations.

To mitigate this challenge, the affected piles were removed,
and underpinning work was carried out ahead of the TBM
passage. The underpinning process involved the installation
of micropiles capped under a reinforced concrete transfer
structure, which spanned across the tunnel. Given the
anticipated complexities of the tunnel construction, an additional
‘experiment’ micropile was strategically installed. Figure 3
provides a plan view and cross-section of the tunnel relative to
the existing building foundation, newly installed underpinning
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Figure 2: Location plan of the research site
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Figure 3: Plan view and cross-section of the underpinning works

piles, and the experiment pile. Detailed information of the
pile removal and underpinning works can be found in the
references (Tan et al., 2019, Khoo et al., 2024a). This strategic
decision enabled comprehensive in-pile instrumentation and
real-time monitoring throughout the tunnelling process, with
the experiment pile playing a critical role in providing insights into
the interactions and transient responses of the pile-tunnel system.

2.2 Ground Characterisation

The site is located within the Kuala Lumpur Limestone
formation, characterised by flat terrain with an average elevation
of Reduced Level (RL) 34 m. Site investigations confirmed
the expected regional geological setting, revealing alluvium
overlying limestone bedrock. However, the bedrock levels at
the site were predicted to be erratic, with potential cavities due
to the karstic features inherent in the limestone formation. The
alluvium consists mainly of interbedded layers of loose sand
and soft clay/silt. Groundwater was encountered at a depth of 4 m
at the research site, with a typical seasonal fluctuation of £0.5 m.
Figure 4 illustrates the interpreted geological profile along the
southbound tunnel alignment, where the tunnel is located, with
cover-to-diameter ratios ranging from approximately 1.6 to 2.0.

Experiment pile BH-UG-P38
ABH-8

40— pp13 NCBH-63

ALLUVIUM

'SOUTHBOUND TUNNEL

Depth (RL m)
Depth (RL m)

g = RESIDUAL SOIL
-5 — (KENNY HILL) % = -5

WEATHERED
LIMESTONE

LIMESTONE

14
555 N T T T T TSSO TSR 3 6

ol sPT> 50
(KENNY HILL)

Figure 4: Interpreted geological profile along
the southbound tunnel alignment

The ground stratification consists of alluvium overlying
limestone bedrock, and the pile, being socketed int the bedrock,
provides a controlled environment with a fixed-end condition.
This feature represents a novel aspect to the research, as,
to the best of the authors’ knowledge, no prior studies have
specifically investigated this scenario.

2.3 The Experiment Pile and Instrumentation

The experiment pile, with a diameter of 300 mm, was positioned
1.5 m away from the extrados of the southbound tunnel. It is
reinforced with an APl (American Petroleum Institute) pipe,
measuring 177.8 mm in outer diameter and 10.36 mm in wall
thickness. The pile was installed to a depth of 1.5 m into the
limestone bedrock at 32.3 m below ground level. The micropile
(Grade G30) is designed with a working capacity of 600 kN.
Key details of the experiment pile are summarised in Table 2. A
detailed account on the pile head setup for pre-loading can be
found in Khoo et al. (2024a).
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Table 2: Details of the experiment pile

Parameter Unit Value

Pile diameter mm 300

Pile working load kN 600

Pile reinforcement - API pipe (177.8 mm O.D. with
10.36 mm wall thickness)

Cement grout grade MN/m? | 30

Water cement ratio - 0.45

Rock socket length m 1.5

Total pile length m 33.8

Date of installation - 16 March 2018

The in-pile instrumentation was meticulously designed to
provide real-time data on the tunnelling-induced transient pile
responses, including vertical displacement at the pile head,
horizontal deformation of the pile shaft, axial load distribution,
and internal forces within the pile. This instrumentation
incorporated both conventional vibrating wire strain gauges
and inclinometer, as well as advanced fiber optic distributed
sensors. The integration of both conventional and advanced
sensing technologies enhances the reliability and accuracy of
measurements, enabling a comprehensive evaluation of the
pile’s response to tunnelling-induced transient effects. Details
of the in-pile instrumentation and arrangement are illustrated
in Figure 5.
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Figure 5: In-pile instrumentation and arrangement

Six levels of vibrating wire strain gauges were strategically
affixed to the pile reinforcement (API pipe). These gauges were
placed at 3-meter intervals, beginning from a depth of 4 m
below the ground surface. Each level corresponds to significant
measuring points. Level 1 — 6 m above the tunnel crown, Level
2 — 3 m above the tunnel crown, Level 3 — tunnel crown, Level 4,
tunnel springline, Level 5 — tunnel invert, and Level 6 — 3 m below
tunnel invert. At every level, the strain gauges were arranged on
four sides (two pairs per level), with each pair aligned parallel
and perpendicular to the tunnel orientation. These strain gauges
were spot-welded on 10 mm steel bands and securely fastened
to the designated levels on the API pipe. Unfortunately, some
sensors did not survive the installation process.

Additionally, an inclinometer casing was pre-installed
inside the API pile during the grouting process, providing
redundancy for pile deflection measurements and ensuring
comprehensive data collection on the pile’s behaviour during
the tunnelling process. The baseline measurement, which was
used for interpretation, was conducted one month before the
TBM reached the target, to eliminate any strain induced by the
installation process.

In addition to the in-pile instrumentation, settlement
markers, inclinometers, and piezometers were installed in
the ground adjacent to the experiment pile. The building that
the tunnel undercrossed was also closely monitored. This
comprehensive instrumentation regime enabled a thorough
investigation of tunnelling-induced effects and tunnel-soil-
pile interaction. Figure 6 illustrates the ground and structure
instrumentation surrounding the experiment pile.
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Figure 6: Ground and structure instrumentation

3.0 FIELD MEASUREMENTS AND NUMERICAL
ANALYSIS

3.1 Key Tunnelling Data
The installation of the instrumented experiment pile was
completed in March 2018, followed by pile removal work ahead
of the passage of the TBMs. Construction activities were carefully
coordinated to ensure that the underpinning and pile removal did
not interfere with tunnelling operations or affect the permanent
tunnel lining. Consolidation due to the piling and ground treatment
works was assumed to be complete prior to TBM advancement,
given the high permeability of the alluvium sandy soil.

This study specifically focused on the southbound tunnelling
over a distance of approximately between y = -10D and +10D
from the experiment pile, as illustrated by the time-location of
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the TBM in Figure 7, where y represents the distance between
the TBM face and the experiment pile, normalised by the tunnel
diameter (D). Positive values of y indicate distance where the
TBM has passed beyond the pile. This section of tunnel was
completed between 3 May 2019 and 16 May 2019. It is important
to note that the TBM stopped for planned cutterhead intervention
on 6 and 7 May 2019, which took place within a grout block.
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Figure 7: Time-location of the southbound TB
in relation to the experiment pile
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Figure 8: Recorded excavation chamber pressures

Variable density tunnel boring machines were selected
for excavating the tunnels from HKL Cross-over to Raja Uda
Station, operating in the earth pressure balance (EPB) mode.
During the TBM progress, a continuous range of face support
pressure was provided. Figure 8 shows the recorded average
face pressure in the excavation chamber. It is evident that a
higher face pressure was applied ahead of the experiment pile.
The face pressure gradually increased from 2 bar (at a distance
of y = -3D) to a maximum of 2.6 bar as the TBM cutterhead
reached the experiment pile location, eventually decreasing to
the normal face pressure at a distance of 1D away.

As part of the key tunnelling data, the normal range of
advance speed was between 20 — 50 mm/min, with an average
of 34.5 mm/min for this length of the bored section. Advance
thrust forces and group pressures fluctuated between 10 — 17
MN and 50 — 150 bar, respectively. The grouting pressure at
the grout ports remained relatively constant throughout the
tunnel drive, with average pressures approximately 2 - 4 bar.

3.2 Numerical Simulation

The three-dimensional numerical modelling and simulation
were conducted using a commercially available finite element
program, PLAXIS 3D, to replicate tunnel advancement in a

manner closely resembling actual excavation processes. A
comprehensive 3D model with dimensions of 140m in length,
40 m in height, and 100 m in width was employed for the
analysis, consisting of 56,584 elements and 88,440 nodes, as
shown in Figure 9. Readers are referred to Khoo et al. (2024b,
2025) for further details on the model set-up, soil constitutive
model, and material properties. This paper reiterates some of
the key simulation techniques adopted.

40m

=X 'Sp\;'t:ﬁb'otjn&'[lfnhél AR : 4

Figure 9: Perspective view of the developed 3D model

The model simulated the first 42 m of tunnels modelled
using the “all-in-once installation” approach (Vermeer et al.,
2002), followed by a step-by-step simulation to represent
sequential tunnel advancement. The recorded face pressures
from the TBM excavation chamber were applied to the tunnel
face using a multi-segmental trapezoidal profile instead of the
conventional triangular earth pressure (Khoo et al., 2024b).
This approach accounted for pressure loss along the screw
conveyor in EPB tunnelling, where the pressure gradually
decreases, and reaching zero at the discharging outlet.
According to Herrenknecht & Rehm (2003), as reproduced in
Figure 10, the pressure at the screw conveyor inlet reduces to
80% of the applied face pressure, with the pressure gradient
influenced by the fluidity and impermeability of the muck. The
irregular pressure distribution reflects the inherent challenges in
maintaining a classical earth pressure profile during excavation.

Excavation chamber
[T ]

—— Low pressuregradient
Screw conveyor

Injection

Discharge

Plug area

Figure 10: Earth pressure distribution diagram
(Herrenknecht and Rehm, 2003)

As shown in Figure 11, tail void grouting was modelled
by applying radially distribution isotropic pressure around the
tunnel periphery to replicate the injection pressure of grout in
its fluid state. This grouting simulation method has been widely
adopted by researchers, including Kasper & Meschke (2004)
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and Mollon et al. (2013). The recorded grouting pressures
during tunnel advancement were incorporated into the numerical
model to improve the simulation’s realism and accuracy.

A
Grouting pressure

Section A-A

J: Tail skin
A

Figure 11: Profile of radial distribution grouting
increasing with depth adopted in the simulation

3.3 Field Measurements and Numerical Analysis
Results
The initial step in the study involved comprehensive calibration
and validation of the numerical model to verify the experiment
pile’s load-settlement behaviour and axial load distribution
during the pre-loading stage, before being subjected to
tunnelling effects. The observed agreement (> 95%) between
computed and measured pile head settlements (Figure 12),
as well as pile load distributions (Figure 13), underscores the
validity of the numerical framework established in this study
(Khoo, 2024).

The numerical analysis results were subsequently
compared with field measurements, focusing on transient pile
responses such as pile head movement, axial load distribution,
bending moments, and lateral deflection. This comprehensive
comparison demonstrates the numerical simulations’ accuracy
and reliability in capturing the dynamic behaviour of the pile
under tunnelling-induced effects. For detailed comparisons
of pile head movement, axial load distribution, and bending
moments between field measurements and numerical back-
analysis, readers are referred to Khoo et al. (2025). This paper
provides a summary of the key findings related to pile lateral
deflection.

Figure 14 presents a detailed view of the time-based
movement path of the pile at six critical depths. In this
illustration, the positive direction of Axis-A indicates movement
away from the tunnel in the transverse direction, while the
positive direction of Axis-B denotes movement away from the
tunnel face in the longitudinal direction.

Both the field measurements and numerical results
consistently demonstrate that as the TBM approached the
target, the pile generally experienced outward movement,
with the exception of Level 1 in the numerical analysis. This
anomaly may be attributed to the numerically simulated top-
loaded fixed-end pile behaving as a slender bending element.
Once the TBM face passed the pile, the lateral deflection at
tunnel level promptly shifted back towards the tunnel as the
distance increased, although the numerical analysis indicated
slight variations in direction.
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Figure 12: Load settlement behaviour of the experiment pile
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Figure 13: Axial load distribution along the experiment pile
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Figure 14: Incremental pile movement during the tunnel advance
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These findings align with the hypothesis proposed by
Loganathan (2016) regarding pile movement paths in a negative
face loss scenario. According to this hypothesis, when the TBM
face pressure exceeds the mobilised earth pressure at the face,
the ground is pushed away from the TBM face, inducing heave
at the surface and sub-surface ground movement away from the
TBM face. Subsequently, when the TBM has passed, a positive
shield and tail loss occurs, signalling the closing of the physical
gap. This results in the ground moving toward the tunnel, leading
to ground settlement. This entire phenomenon was evidenced
by the measured ground surface movements as depicted in
Figure 15. Additionally, the measurement of building settlement,
shown in Figure 16, further validates these observations. Refer
Figure 6 for the locations of the instrumentation.
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Figure 15: Measured ground surface movements

are calibrated to the validated research site data to observe
pile responses and the magnitude of ground surface settlement
while maintaining consistent soil properties, pile properties, and
other TBM driving parameters. The analyses aim to ascertain
the relationship between applied face pressure and key effects
on pile responses, including pile head displacement, pile lateral
deflections (perpendicular and parallel to the tunnel), and pile
axial load.

Table 3: Variation of face support pressure

Face Pressure, ps (kN/m?) Ratio to Baseline pi/o
48.75 0.25 0.3
97.50 0.50 0.5
146.50 0.75 0.8
195.00 1.00 1.1
243.75 1.25 1.4
292.50 1.50 1.6
341.25 1.75 1.9
390.00 2.00 2.2
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Figure 16: Measured building settlements

4.0 PARAMETRIC STUDY

Following the successful back-analysis and validation of the
three-dimensional (3D) finite element model using valuable
TBM operating data and field measurements from the research
site, a series of parametric studies has been implemented
to identify an optimum range of tunnelling parameters for
controlling ground loss and minimising the impacts on the
adjacent pile during various stages of tunnel excavation.
Specifically, the influence of face support pressure and tail
skin grouting pressure is assessed, providing insights into the
significance of each parameter concerning the pile responses
induced by tunnelling.

4.1 Effects of Face Support Pressure

The application of face support pressure is normalised to the
overburden pressure (p/0) at the tunnel crown level, with
specified variations as outlined in Table 3. These diverse ranges

When the normalised face pressure (p/0) exceeds 1.0, a
negative face loss scenario occurs. Otherwise, it is considered
as positive face loss, where the face pressure is within the
range of overburden pressure or significantly lower than the
overburden pressure.

For each applied face pressure, the evolution of the impacts
is studied for a distance of TBM advance fromy =-2D up toy
= 9D from the experiment pile, where y is the distance between
the TBM face and the experiment pile, normalised by the
tunnel diameter (D). The negative distance signifies the TBM'’s
position prior to reaching the pile. This range of distance is
selected considering the recommended zone of influence from
the research study (Khoo et al., 2025) as well as a sufficiently
long distance for stabilising the equilibrium of tunnelling effects.

4.1.1 Pile Head Displacement

Figure 17 illustrates the pile head settlement at various py/c
values. Generally, it can be observed that the pile head
experiences a lesser magnitude of settlement within the range
of p;/o between 0.8 and 1.1. This trend is evident as the TBM
passes by the pile until a distance of y = 3D. However, there
is a noticeable increase in pile head settlement when p/c
exceeds 1.1.
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Figure 17: Pile head displacement, U,
vs. face pressure/overburden pressure, p;/c
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It should be emphasised, however, that the numerical
model fails to converge if p/o is less than 0.5. This implies that
a minimum face support pressure is required for the successful
simulation of this project case study. In practice, if the face
support pressure decreases further, significant deformation or
total collapse of the soil body may occur.

4.1.2 Pile Lateral Deflections

Figure 18 illustrates the maximum pile lateral deflections at
various ps/o values for the transverse direction (perpendicular
to the tunnel). Positive values indicate movement away from the
tunnel extrados. Generally, the pile lateral deflection becomes
noticeable in the transverse direction when the p;/o ratio is about
1.4 or higher. The same trend is observed for an approaching

shield is passing through the pile) temporarily before release
outward after the entire TBM shield has passed beyond the pile
a distance of y = 2D. The maximum pile lateral deflection occurs
in a zone above the tunnel springline to the tunnel crown.

Opposite to the transverse direction, the magnitude of pile
lateral deflection in the longitudinal direction significantly and
linearly increases with the increased py/o ratio, even from a
lower ratio of 0.5, as shown in Figure 20. Logically, a higher
face pressure applied will directly push the pile forward along
the tunnel alignment. The pile lateral deflection reaches its
peak when the TBM face approaches the pile and starts to
decrease after the TBM passed beyond.
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Figure 19: Evolution of pile lateral deflection, Uy profile

The evolution of pile lateral deflection profiles is illustrated
in Figure 19. From here, we can see that the pile movement
path is obvious, especially for the case of negative face loss
(p/0>1.0), where the pile is being pushed away when the TBM
is approaching and being pulled inward at y = 1D (where the
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Figure 21: Evolution of pile lateral deflection, U,

In a similar presentation, Figure 21 illustrates the evolution
of pile lateral deflection in the longitudinal direction. Similar pile
movement behaviour is noted except that the incurred inward
movements are irreversible as observed when TBM passed
far beyond the pile, y = 9D. This observation tallies with the
hypothesis proposed by Loganathan (2016) for a negative
face loss tunnelling environment, where the ground is pushed
away from the TBM face, may induce heave at the surface
and subsurface ground movement away from the TBM face,
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subsequently, when the TBM has passed, a positive shield and
tail loss occurs, signifying the closing of the physical gap. This
results in the ground movement toward the tunnel, leading to
ground settlement.

4.1.3 Pile Axial Load

Regarding the pile axial load, the evaluation focuses on the
maximum value occurring in the critical zone between one time
diameter above and below the tunnel horizon. This is crucial as
the maximum axial load, attributed to the additional drag load
due to tunnelling-induced ground settlement, typically occurs at
the tunnel horizon.

Figure 22 illustrates the impacts on pile axial load in
response to the varying applied face pressure. Despite the
pile axial load generally being unresponsive to higher face
pressure, a reduced load is obtained when the p//o ratio is
around 0.8 to 1.1 as observed when the TBM is at y = 1D, as
shown in Figure 22.
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Figure 22: Pile axial force
vs. face pressure/overburden pressure, p;/c

4.1.4 Ground Surface Settlement

Figure 23 illustrates the general trend of maximum ground
settlement and ground loss obtained for the range of p:/o ratio
adopted in this study. Clearly, the recommended optimum face
pressure is between 0.8 to 1.1 times the overburden pressure,
aligning with the earlier observations.
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Figure 23: Ground settlement
vs. face pressure/overburden pressure, p;/c

4.2 Effects of Tail Skin Grouting Pressure
Similar to the face support pressure analyses, this set of studies
will vary the normalised grouting pressure to assess its impact on
pile responses. The applied pressure will be increased up to three
times the overburden pressure to explore potential beneficial
effects. The relationship between applied grouting pressure and
variables such as pile head displacement, pile lateral deflections,
axial load and ground surface settlement will be examined.

In exploring the impact of tail skin grouting, grouting
pressure is normalised to the overburden pressure at the
tunnel axis level, spanning a specified range (Table 5).

Table 5: Variation of tail skin grouting pressure

Grouting Pressure, py (kN/m?) Ratio to Baseline py/o
87.5 0.25 0.4
175.5 0.50 0.7
262.5 0.75 1.1
350.0 1.00 1.5
437.5 1.25 1.9
525.0 1.50 22
612.5 1.75 2.6
700.0 2.00 3.0

4.2.1 Pile Head Displacement

Figure 24 illustrates the results of pile head settlement at
various py/o values. The pile exhibits responsiveness to tail
skin grouting effects when the TBM face is at y = 2D, aligning
with the shield tail coinciding with the pile position. Generally,
pile head settlement diminishes with an increasing pq/0 ratio,
indicating pile rebound. Notably, the pile may experience an
upward heave with substantial grouting pressure, particularly
when the py/0 ratio exceeds 2.0.
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Figure 24: Pile head displacement, U,
vs. grouting pressure/overburden pressure, py/o

Itis essential to highlight that the simulation adopted radially
distributed pressure around a tunnel ring (perpendicular to the
ground), deviating from real-word scenarios where grouting
pressure is applied to the annulus gap between the lining and
surrounding soil. Additionally, the study observes temporary
compression of the pile due to downdrag load generated
during TBM passage, with subsequent release after the
TBM surpasses y = 3D. The rate of pile rebound consistently
heightens as the TBM moves farther away.
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Similar to the prior face pressures study, convergence
issues arise if py/o is less than 0.5, underscoring the need for
a minimum grouting pressure for successful simulation in this
project case study.

4.2.2 Pile Lateral Deflection

Figure 25 provides an overview of pile lateral deflections at
various py/0 values for the transverse direction (perpendicular
to the tunnel).
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Figure 25: Pile lateral deflection,
U, vs. grouting pressure/overburden pressure, ps/0

The behaviour of pile lateral deflection in the transverse
direction mirrors that of pile head settlement, given the adoption
of radially distributed pressure in simulating tail skin grouting
pressure. Notably, lateral deflection exhibits exponential growth
with an increasing py/o ratio. Similar patterns are observed in
the longitudinal direction, as depicted in Figure 26.
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Figure 26: Pile lateral deflection, U,
vs. grouting pressure/overburden pressure, ps/0

4.2.3 Pile Axial Load

Figure 27 offers insights into the development and distribution
of pile axial load during the TBM passage under varying
applied grouting pressures. Additionally, Figure 28 presents
the maximum axial load (compression) experienced by the pile
in response to the effects of grouting pressure. As anticipated,
downdrag load resulting from negative skin friction, caused by
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Figure 28: Pile axial load
vs. grouting pressure/overburden pressure, py/c

tunnelling-induced ground settlement, is generated. The pile
demonstrates responsiveness to this, influence when the TBM
is positioned at y = 2D and beyond.

The primary observation suggests that higher grouting
pressure induces ground heaving, including pile head rebound,
as depicted in Figure 24. This effect proves advantageous in
swiftly counteracting negative skin friction quickly. It is plausible
that the resulting additional positive skin friction contributes to
enhancing the geotechnical capacity of the pile. Conversely,
lower grouting pressure (pg/c < 1.0) leads to increased
downdrag load compared to the baseline scenario.

4.2.4 Ground Surface Settlement

Figure 29 illustrates the overall trend of maximum ground
settlement and ground loss within the range of ps/c ratio
considered in this study. Notably, the recommended optimum
grouting pressure is identified between 1.1 to 1.5 times
the overburden pressure. This range correlates with the
lowest magnitudes of ground settlement and ground loss,
demonstrating its effectiveness in minimising the impact on the
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Figure 29: Ground settlement
vs. grouting pressure/overburden pressure, p,/c

adjacent pile and surrounding ground. It is crucial, however, to
consider the implications of applying higher grouting pressure
in the design of the tunnel lining design.

4.0 CONCLUSIONS

This study conducted a comprehensive numerical investigation
to evaluate the effects of varying face support pressures
and tail skin grouting pressures on tunnelling-induced
pile responses and ground surface settlement. The three-
dimensional finite element model, calibrated and validated
using field measurements and tunnelling data from a full-scale
field research study, provided valuable insights into tunnel-soil-
pile interactions.

The parametric analysis revealed distinctions tunnelling
behaviours, particularly between negative face loss - occurring
when normalised face pressure exceeds 1.0 - and positive face
loss, when face pressure falls within or below the overburden
pressure. This distinction highlights the critical influence of both
face support and tail skin grouting pressures on pile responses
and ground settlement during tunnelling operations.

Significant patterns in pile displacements were observed,
notably in pile head settlement and lateral deflections, which
varied across different tunnel excavation stages. The study
also examined pile axial load distribution and ground settlement
within the critical tunnel influence zone. The findings emphasise
the importance of maintaining adequate face support pressures
to mitigate excessive ground settlements and pile deformations.
An optimum face support pressure range of 0.8 to 1.1 times the
overburden pressure was identified, minimising pile responses
and ground settlement.

Regarding tail skin grouting pressure, increasing grouting
pressure was found to reduce pile head settlement while
inducing exponential transverse lateral deflections and
longitudinal pile rotation. Axial force analyses suggested
that higher grouting pressure could induce ground heaving,
counteracting negative skin friction and resulting in reduced
axial loads. An optimum grouting pressure range of 1.1 to 1.5
times the overburden pressure was recommended to minimise
ground loss and settlement, although the potential implications
on tunnel lining design warrant careful consideration.

This research has provided an updated understanding of
the transient responses of a single-loaded pile to tunnelling
effects. The findings suggest that, for tunnelling in highly
permeable soils, the application of negative face loss can
minimise ground settlement and enhance pile performance
by counteracting the stresses induced by downgrad load. This
insight opens up new opportunities for optimising tunnelling
performance.
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LIFE CYCLE ASSESSMENT OF PALM OIL WASTE BIOCHAR
AS A PARTIAL CEMENT REPLACEMENT IN CONCRETE

PRODUCTION IN MALAYSIA

Ashley Yiing Yi Chow", Aan Mohammad Nusrat Aman?, Anurita Selvarajoo®

Abstract

As the environmental impact of construction materials faces increased scrutiny,
sustainable alternatives are garnering interest. Biochar emerged as a potential
candidate for partially replacing cement in construction applications. Life cycle
assessment (LCA) evaluates the environmental impacts of products, processes,
and services throughout their life cycle, and identify environmental improvement
opportunities. This study provides a comprehensive LCA of biochar produced from
empty fruit bunches and palm kernel shells as a partial cement replacement, aiming
to evaluate its environmental performance across various life cycle stages. The
research includes five scenarios: 4% biochar from empty fruit bunches with pyrolysis
at 500°C and 455°C, 4% biochar from palm kernel shells with pyrolysis at 500°C and
409°C, and without biochar used. This study has a cradle-to-gate approach, analysing
the environmental impacts of biochar production, transportation, incorporation
into cement, and the resulting concrete's life cycle. The LCA is conducted using
OpenLCA software and the Tool for the Reduction and Assessment of Chemical
and Other Environmental Impacts TRACI for life cycle impact assessment (LCIA).
The study concludes that palm oil waste biochar as a partial cement replacement
reduces greenhouse gas emissions, with 4% palm kernel shell biochar pyrolysed at
409°C showing the best results among all scenarios with the emissions of carbon
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dioxide gas lesser by 0.474kg CO2-Eq.

List of Notations

LCA is the life cycle assessment

LCI is the life cycle inventory AP
LCIA is the life cycle impact assessment EP
CO;, is the carbon dioxide PO
EFB is the empty fruit bunch HH
PKS is the palm kernel shell

cycle assessment, Palm kernel shell

GWRP is the global warming potential
is the acidification potential

is the eutrophication

is the photochemical oxidation
is the human health

1.0 INTRODUCTION

Concrete is one of the most popular materials in the construction
industry (Ding et al., 2016). To reduce carbon dioxide (CO,)
emissions during concrete production, the industry is exploring
the use of palm oil waste biochar as a partial replacement
for cement. The cement industry is a significant source of
CO, emissions, releasing about 900 kg of CO, per ton of
cement produced (Benhelal et al., 2013). As cement is a key
component in concrete, its production indirectly contributes to
CO; emissions during concrete production.

In 2019, global palm oil production exceeded 74.8 million
tonnes, accounting for roughly 41.37% of the world's vegetable
oil supply (Ritchie and Roser, 2021). Palm oil is used in various
sectors, including food (68%), consumer goods (27%), and
bio-energies (5%) (Ritchie, 2020). The integrated biorefinery
concept in the palm oil industry shows promise by using oil
palm biomass to produce bio-based products (Mora-Villalobos
etal., 2023). Activated carbons, which are effective at capturing
CO,, can be derived from biochar, an inexpensive source. Oil
palm biomass, with a carbon content ranging from 42.7% to
57.9%, including 3.5-27% fixed carbon, is a viable source for
biochar production (Zakaria et al., 2023). Therefore, using palm

oil waste biochar as a partial cement replacement in concrete
production is a promising sustainability strategy.

Traditional concrete production methods are associated
with significant carbon emissions and environmental concerns,
contributing to global climate change and environmental
degradation. Concrete production's high carbon dioxide
emissions are mainly due to the energy-intensive cement
production process and the transportation of raw materials.
Additionally, disposing of palm oil waste causes environmental
issues, including air and water pollution, soil degradation, and
habitat destruction. The transportation of palm oil waste biochar
from rural production areas to urban concrete production
facilities also contributes to carbon emissions, which can offset
the environmental benefits of using biochar.

To address these challenges, there needs to be a shift
towards lower carbon emissions in concrete production.
Integrating palm oil waste biochar as a cement substitute
can help to reduce carbon emissions from both concrete
production and waste management. However, challenges such
as optimising biochar properties, ensuring compatibility with
existing concrete mixtures, and assessing the environmental
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impact of biochar incorporation must be addressed (Guspa et
al., 2018). This research aims to evaluate the feasibility and
environmental implications of using palm oil waste biochar as
a partial cement replacement in concrete production, focusing
on reducing carbon emissions and managing waste in the
construction industry.

The study aims to conduct a comprehensive life cycle
assessment (LCA) of palm oil waste biochar as a partial
cement replacement in concrete production in Malaysia. It
evaluates the environmental impacts associated with the
entire lifecycle of palm oil waste biochar, from production to
its incorporation into concrete mixes. The study also aims to
provide recommendations for optimising the environmental
performance of palm oil waste biochar as a cement replacement
and promote its use in concrete production in Malaysia. The
intended recipients of this research include construction
engineers, cement and concrete producers, and material
suppliers and manufacturers.

Conducting a LCA of palm oil waste biochar as a partial
cement replacement in concrete production in Malaysia is
significant as it addresses critical environmental and economic
challenges while promoting sustainable development in the
construction industry. By assessing the entire life cycle of
palm oil waste biochar, from production to incorporation into
concrete mixes, the LCA can quantify the environmental
benefits of using biochar as a partial cement replacement. This
includes impacts such as global warming potential (GWP),
acidification potential (AP), eutrophication (EP), photochemical
oxidation (PO), and human health (HH) compared to traditional
concrete production methods. Understanding these impacts is
crucial for mitigating environmental degradation and advancing
sustainable practices.

2.0 LIFECYCLE ASSESSMENT CONCEPT

To guide the utilisation of palm oil waste biochar as cement
replacement among stakeholders in the construction industry,
it is essential to conduct a Life Cycle Assessment (LCA)
study on the biochar in concrete production. These outcomes
encompass global warming potential (GWP), acidification
potential (AP), eutrophication (EP), photochemical oxidation
(PO), and human health (HH).

LCA studies necessitate a collection of data to quantify the
extent of these outcomes, known as the life cycle inventory
(LCI). Each study focuses on distinct stages of a material's
lifespan, defined by system boundaries. These delineations
specify different phases, as for "cradle-to-gate," which covers
the extraction of raw materials up to production. Whereas for
"cradle-to-grave," encompasses extraction for production to the
end of the material's lifespan. Additionally, "cradle-to-cradle"
denotes extraction for production till the material is recycled
and reused as raw material for production again. However, in
this study, cradle-to-gate is only be considered.

2.1 LCA on Biochar

Biochar, a carbon-rich material produced through the thermal
decomposition of organic biomass, has gained significant
interest for its diverse applications in agriculture, environmental
restoration, and carbon sequestration (Lehmann et al., 2015).

This study delves into biochar's concept, production methods,
properties, and its role in addressing environmental challenges,
with a particular focus on palm oil waste biochar. Biochar is
created through pyrolysis, where biomass is heated in a low-
oxygen environment. This ancient technique, used historically to
enhance soil fertility, is now recognised for its broader potential.
Biochar can be derived from various biomass sources like
crop residues, wood chips, and organic waste. The pyrolysis
process, involving temperatures from 350°C to 700°C, converts
volatile organic compounds into gases, leaving a carbon-dense
residue. The resulting biochar's properties—such as high
permeability, large surface area, and high carbon content—
depend on factors like feedstock type, pyrolysis conditions, and
post-production treatments. These properties endow biochar
with excellent adsorption capacity, water retention ability, and
soil enhancement capabilities. Notably, biochar is stable in sail,
potentially sequestering carbon for centuries to millennia (Li et
al., 2023).

Palm oil waste biochar, a byproduct of the palm oil industry,
represents a sustainable innovation in waste management and
environmental conservation. Amid growing concerns about
waste disposal and climate change, palm oil waste biochar
offers a solution that addresses waste management, carbon
sequestration, and soil enrichment. In agriculture, it enhances
soil quality by improving fertility, water retention, and nutrient
availability, reducing the need for chemical fertilisers. Its porous
nature allows it to store water and essential nutrients, creating
optimal conditions for plant growth. Additionally, its carbon
sequestration potential contributes to reducing greenhouse
gas emissions, aligning with global climate change mitigation
efforts. Beyond agriculture, palm oil waste biochar is used
in wastewater treatment, renewable energy production, and
carbon capture technologies, highlighting its versatility and
importance in sustainable development. The use of biochar,
including palm oil waste biochar, offers numerous benefits
such as soil improvement, waste valorisation, and carbon
sequestration (Guspa et al., 2018). By converting organic waste
into a valuable resource, biochar production supports circular
economy principles and reduces environmental pollution.
However, challenges like feedstock availability, scalability,
and market acceptance need to be addressed to fully realise
biochar technology's potential.

2.2 LCAon Concrete

Concrete is fundamental to modern construction, used globally
due to its strength, durability, and versatility (Nilimaa, 2023).
It is essential for various infrastructure projects, including
skyscrapers, highways, and dams. Despite its benefits,
concrete's environmental impact necessitates an evaluation
of its sustainability using Life Cycle Assessment (LCA)
methodologies. Concrete is made from aggregates (sand and
gravel), cement, and water, forming a solid matrix through
hydration. This composition makes it durable, fire-resistant,
and cost-effective, contributing to its widespread use. It is
because concrete production has significant environmental
consequences, primarily from raw material extraction and
processing, especially cement (Nilimaa, J. 2023). Cement
production involves the calcination of limestone, which
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is energy-intensive and emits substantial carbon dioxide Table 1: Life cycle inventory data
(CO,). Additionally, extracting aggregates disturbs land and Inventory [ Value [Unit | Reference
requires energy-intensive processing, further impacting the Average transportation distance

environment. LCA of concrete considers factors affecting From Mill to Biochar | 69.94 km
its sustainability, including raw material choices, production Production Plant
methods, transportation, and waste management. Using From Biochar 30.63 km

supplementary cementitious materials like fly ash, slag, and g:)ondcligtt'g%:tlgﬂt]g’

soil can reduce the carbon footprint by partially substituting Plant
cement. Innovations in concrete mix design, such as recycled From Cement Batching | 31.33 km
aggregates and optimised cement content, can also significantly Plant to Concrete

. . . e Batching Plant
lower environmental impacts without sacrificing performance. -
Transportation by Truck
Load 7.5-12 t

3.0 LCAMETHODOLOGY
The LCA for materials adhere to the guidelines set forth in ISO
14040 and ISO 14044 standards. These standards outline LCA

Diesel Consumption | 0.00667645 | MJ/km | (Arshad, 2019)
Emissions from diesel

. , ) : co2 5.79495134 | kg/MJ | (Mustapa & Bekhet,
as the systematic gathering and evaluation of inputs, outputs, 2016)
and potential environmental repercussions associated with co 0.003889 kg/MJ | (Anon, 1996)
a product system. The LCA process comprises four distinct HC 0.0009723 | kg/MJ | (Anon, 1996)
stages: goal and scope definition, life cycle inventory, impact NO 0.005004 kg/MJ | (Anon, 1996)
assessment, and interpretation, as depicted in Figure 1 below. EFB LCI
Electricity 92.9824564 | kWh/kg | (Nasrin et al., 2017)
Drying 278.947368 | MJ/kg | (Nasrin et al., 2017)
Goalandiscape N Emissions from EFB
(IS0 14041) ’ co 0.00151047 | kg (Chan et al., 2016)
co2 0.01428132 | kg (Chan et al., 2016)
CH4 0.00305622 | kg (Chan et al., 2016)
PKS LCI
Life Cycle Inventory . Interpretation Electricity 38 kWh/kg (Z%LZJZ(;ianasari etal.,
e 14041) ) Drying 1200 kWh/kg | (Rusdianasari et al.,
2022)
Emissions from PKS
L co 0.0227454 | kg (Qureshi et al., 2022)
Impact Assessment CO2 0.02454545 | kg (Qureshi et al., 2022)
(1ISO 14042) ) CH4 0.0348 kg (Qureshi etal., 2022)
Cement LCI
Figure 1: Life cycle assessment framework Limestone 65 % (Sutar et al., 2021)
Clay 20 % (Sutar et al., 2021)
3.1 Life Cycle Inventory Analysis Shale 10 % (Sutar et al., 2021)
The second stage of LCA comprises compiling and quantifying | Gypsum S % (Sutar et al., 2021)

data regarding the product's inputs and outputs throughout its | Emissions from Cement

life cycle or a specific process. All gathered data are shown coz2 0.9 kg (A'? et al., 2011)
in Table 1 Life Cycle Inventory Data. This inventory data is | NO2 4000 mg (AN ere, AVi)
inputted into the OpenLCA software to represent the inputs 9 0y mg (AI! 2ty 2V
and outputs of individual processes. Datas are collected from o 0.42 kg (Al et al, 2011)
. . . . . Concrete LCI

studies has been incorporated into this research, as displayed
. S . Cement 15 %
in Table 1. The utilisation of data from all the sources aims Water 15 %
to ensure the completeness of the LCI data, thereby enabling e 70 0/:
a more qependable as.sessment for the developed scenarios. Emissions from Concrete
The §m|§5|ons from dles.el and from EFB and PKS belongs co2 093 kg (Keegan R., 2020)
to midpoint category while the emissions from cement and co 0.00021 kg (Gursel & Ostertag
concrete belongs to endpoint category. 2016)

NO2 0.00136 kg (Gursel & Ostertag,
3.2 Life Cycle Impact Assessment 2016)
The Environmental Impact Assessment (LCIA) method | NO 0.00136 kg (2%;‘%5)6' & Ostertag,

| in thi is the Tool for the R i

employed in this stuqy is the Tool for t e Reduction and NMVOCs 0.00022 kg (Gursel & Ostertag,
Assessment of Chemical and Other Environmental Impacts 2016)
(TRACI) method. TRACI aims to measure and assess the S0O2 0.00199 kg (Gursel & Ostertag,
possible environmental impacts associated with various 2016)
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human activities, products, and processes, particularly
focusing on chemical and other pollutants that may contribute
to environmental degradation. It provides a framework for
assessing a wide range of environmental impact categories.
TRACI methodology considers both midpoint and endpoint
impact categories. Midpoint impact categories represent specific
environmental stressors or pollutants, such as emissions of
greenhouse gases or air pollutants. Endpoint impact categories,
on the other hand, reflect broader environmental outcomes, such
as human health impacts or ecosystem damage. Table 2 below
shows the unit of each TRACI environmental impact categories.

Table 2: TRACI environmental impact categories

Indicator Unit
Acidification Potential (AP) Moles of H+-Eq
Eutrophication Potential (EP) kg N

Global Warming Potential (GWP) kg CO2-Eq
Photochemical Oxidation (PO) kg NOx-Eq
Human Health (HH) (respiratory effects, average) | kg PM2.5-Eq

Table 3: Locations of palm oil mills, biochar plants,
cement production plants, and concrete batching plants

Location Address

Palm oil mill Jalan Tok Mujir, Kampung Sungai Buaya,
42700 Banting Selangor

Palm oil mill Batu 37, Jalan Raja Musa,
45600 Batang Berjuntai Selangor

Palm oil mill Batu 24, Jalan Kuala Selangor,
47000 Sungai Buloh Selangor

Palm oil mill LOT 334 Jalan Kepong,MUKIM,

45600 Batang Berjuntai Selangor

Biochar plant

Stesen Penyelidikan Usahama
MPOB-UKM, Kajang Selangor

Biochar plant

C-01-11, Jalan Sri Kenari 12, Taman Sri
Kenari, 43000 Kajang Selangor

Biochar plant

8942, Jalan Telok Gong, Kampung Telok
Gong, 42000 Klang Selangor

Biochar plant

Jalan SP 2/1, Taman Serdang Perdana,
Seri Kembangan Selangor

Cement production
plant

8, Jalan Putra Prima 5/12,
47130 Puchong, Selangor

3.3 Modelled Scenarios

As part of this research, five scenarios will be conducted and
compared which includes use of 4% of biochar from empty
fruit bunch with pyrolysis process at 500°C and 455°C, 4% of
biochar from palm kernel shell with pyrolysis process at 500°C
and 409°C, and without biochar used. The evaluation of life
cycle assessment (LCA) in this study is conducted based on
the process shown in Figure 2.1 and Figure 2.2.

Biochar
Production

Transportation

Transportation
—_— _—

Palm Oil Waste

Concrete
Batching Plant

Cement
Production

Transportation

Figure 2.1: Modelled scenario with biochar

Concrete
Batching Plant

Cement
Production

Transportation

Figure 2.2: Modelled scenario without biochar

Table 3 shows the locations of palm oil mills, biochar
plants, cement production plants, and concrete batching plants
are chosen and taken the average distance from one point to
another point.

By averaging the distance of all the locations, Table 4
presents the average distances for palm oil mill to biochar
plant, biochar plant to concrete batching plant, and cement
production plant to concrete batching plant. The average distance
is utilised in the LCA investigation conducted in this study.

4.0 SCENARIOS OVERVIEW

Figure 3.1 to Figure 3.5 show the five scenarios that have been
developed in OpenLCA software to generate environmental
impact assessment. In total of 5 scenarios will be conducted
and compared which includes use of 4% of biochar from empty

Cement production
plant

207, Jalan Subang 6, Taman Perindustrian
Subang, 47500 Subang Selangor

Cement production
plant

No. 2, Jalan Kilang 51/206, Pjs 51,
46050 Petaling Jaya, Selangor

Cement production
plant

Kawasan Industri Kampung Jaya Sungai
Buluh, 47000 Sungai Buloh,Selangor

Concrete batching
plant

Jalan Dua, Chan Sow Lin,
55200 Kuala Lumpur

Concrete batching
plant

17, Jalan Tiga, Chan Sow Lin,
55200 Kuala Lumpur

Concrete batching
plant

1558, Jalan Kusta, Kawasan Industri Kampung
Jaya, 47000 Sungai Buloh, Selangor

Concrete batching
plant

Jalan Perindustrian Balakong, Taman
Balakong Jaya, 43000 Seri Kembangan

Selangor

Table 4: Average distance for each route

Route Average
Distance (km)

Palm Qil Mill to Biochar Plant 69.94

Biochar Plant to Concrete Batching Plant 30.63

Cement Production Plant to Concrete Batching Plant | 31.33

fruit bunch with pyrolysis process at 500°C and 455°C, 4% of
biochar from palm kernel shell with pyrolysis process at 500°C
and 409°C, and without biochar used.

For scenarios with biochar used, the process starts with
transportation of palm oil waste from palm mills and transported
to biochar mill to undergo pyrolysis process to produce biochar.
Different temperatures are taken into account during pyrolysis
process as different temperatures of pyrolysis would produce
different amount of greenhouse gases and different amount of
energy required. The biochar produced will then be transported
to concrete batching plant to act as partial cement replacement
during concrete production. Cement production will take place
at cement production plant and transport to concrete batching
plant for final stage. During concrete production, 4% of cement
will be replaced with biochar during concrete production to
produce concrete with lower greenhouse gas emissions.

As for scenario without the use of biochar, the normal
concrete production is adhered by starting with concrete
production at concrete production plant. The produced concrete
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will then be transported to concrete batching plant to produce
concrete. Results are obtained for making better comparison
of impact categories of global warming potential (GWP),
acidification potential (AP), eutrophication (EP), photochemical
oxidation (PO), and human health (HH) between used of

biochar and without biochar.

4.1 TRACI Analysis

With the 5 scenarios modelled, two different comparisons are
produced which is with and without transportation considered
to provide a more detail results. With this comparison, impact
of materials production and impact due to transportation can be

shown clearly. Table 5.1 and Table 5.2 summarise the TRACI
analysis results of each impact category with all 5 scenarios.
Figure 4.1 and Figure 4.2 show the relative results with and
without transportation.

Each impact categories assessed by TRACI is shown

below for results without transportation in order to identify
clearly how each scenario performs. Global Warming Potential
(GWP) assess the environmental impact of greenhouse gas
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emissions relative to carbon dioxide (CO;), Acidification
Potential (AP) evaluates emissions of sulphur dioxide (SO,)
and nitrogen oxides (NOx), Eutrophication Potential (EP)
evaluates capacity to induce eutrophication, characterised by

the influx of surplus nutrients including nitrogen
and phosphorus, Photochemical Oxidation
(PO) evaluates reaction of pollutants including
nitrogen oxides (NOx) and volatile organic
compounds (VOCs) under sunlight, and Human
Health (HH) (respiratory effects, average) assess
the potential health impacts of air pollutants
comprising particulate matter (PM), ozone (O,),
nitrogen dioxide (NO,), and sulphur dioxide (SO,).

5.0 RESULTS ANALYSIS

Based on Figure 4.1, by setting 100% to the
maximum result for each indicator, normal
concrete production as the control study
shows 100% on all impact categories. This
clearly shows that the use of biochar as partial
cement replacement indeed lowers the impact
of greenhouse gas emissions during concrete
production. For acidification potential, the use of
empty fruit bunch biochar for both 455°C and
500°C produced a result of 80.65% and 87.76%
respectively whereas for the use of palm kernel
shell biochar for both 409°C and 500°C produced
a result of 70.87% and 87.76% respectively.
The greatest difference in percentage is between
normal concrete production and the use of palm
kernel shell biochar for both 409°C with difference
of 29.17%.

Following the environmental impact of
eutrophication  potential, normal cement
production remains 100% while other four
scenarios ranging in between 60% to 80%.
The use of empty fruit bunch biochar for both
455°C and 500°C shows a result of 70.42% and
75.61% respectively while the use of palm kernel
shell biochar for both 409°C and 500°C shows
a result of 65.21% and 75.61% respectively.
The results for global warming potential and
photochemical oxidation for scenarios with
biochar used performs around the same with a
small difference within 3%. Assessing human
health impact, both biochar with 500°C has a
percentage of 94.94% while the use of empty
fruit bunch biochar for 455°C has a percentage
of 86.69% and the use of palm kernel shell
biochar for 409°C has a percentage of 74.21%.
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Table 5.1: TRACI analysis without transportation

Concrete EFB Concrete EFB Concrete PKS Concrete PKS Concrete Unit
Production | Production at 455°C | Production at 500°C | Production at 409°C | Production at 500°C
AP 1.979e-1 1.596e-1 1.736e-1 1.402e-1 1.736e-1 Moles of H+-Eq
EP 1.075e-4 7.538e-5 8.094e-5 6.980e-5 8.094e-5 kg N
GWP 1.382e+0 9.894e-1 1.073e+0 9.081e-1 1.078e+0 kg CO2-Eq
PO 2.420e-3 1.705e-3 1.831e-3 1.580e-3 1.833e-3 kg NOx-Eq
HH 5.906e-4 5.120e-4 5.607e-4 4.383e-4 5.607e-4 kg PM2.5-Eq
Table 5.2: TRACI analysis with transportation
Concrete EFB Concrete EFB Concrete PKS Concrete PKS Concrete Unit
Production | Production at 455°C | Production at 500°C | Production at 409°C | Production at 500°C
AP 1.979e-1 1.837e-1 1.978e-1 1.644e-1 1.978e-1 Moles of H+-Eq
EP 1.075e-4 1.021e-4 1.076e-4 9.651e-5 1.076e-4 kg N
GWP 1.382e+0 1.318e+0 1.401e+0 1.240e+0 1.410e+0 kg CO2-Eq
PO 2.420e-3 2.308e-3 2.434e-3 2.185e-3 2.438e-3 kg NOx-Eq
HH 5.906e-4 5.397e-4 5.884e-4 4.659e-4 5.884e-4 kg PM2.5-Eq
100% taken into consideration, the
o I Concrete Production impact of greenhouse gases
I EF8 Concrete Production at 455°C emissions is lowered by 16.93%
0% [0 EFB Concrete Production at 500°C for acidification potential, 10.22%
40% I PKs Concrete Production at 409°C for  eutrophication  potential,
o I PKS Concrete Production at 500°C 10.27% for global warming
20% potential, 9.71% for photochemical
0% oxidation, and 21.11% for human
A \@\\oﬂ a‘«m\ \éa\\o“ o health compared with normal
ao\\aoxé‘ ‘\eo\‘““\@ob% \N‘\e«(\ca\ o ’ew\s- concrete production.
° oC 29 30 \O
‘\\3\\ a\““ \'\«\Q %) © 9’\"“
R 6.0 OVERALL IMPACT
e \ i\ 2
e = & e Based on Table 5.1, the amount of
N . . .
each impact categories for all five
Figure 4.1: Relative results without transportation scenarlps are shown side by side
for easier comparison. Based on
100% the result, global warming potential
. B concrete Production shows the higher impact among
i I EFB Concrete Production at 455°C all other categories. This can be
60% [0 EFB Concrete Production at 500°C explained by the environmental
40% I PKS Concrete Production at 409°C impact of greenhouse gas
I PKS Concrete Production at 500°C emissions relative to CO. is
20% the highest among all other
0% greenhouse gases. With 1kg
e ~<,a‘°“\ «\\“g\ -aa‘°°\ e@gp,\ of concrete produced, 1.382kg
‘\ad\o\ e““ov“‘ \ouﬁ‘*‘” &\Ga\o*\ @ CO2-Eq is produced for normal
@ Nad \.\N#‘\ _\d\‘,ac‘\g “O\ooe ,\‘a\oﬁe concrete production where the
O \ . .
W e o N o“we&\‘” \““an\\o A «* CO, emissions includes cement
I\ i\ & .
e “\"‘o‘\ S production. As for the other four
o scenarios, the emission of CO,

Figure 4.2: Relative results with transportation

Based on the results produced, the use of palm kernel shell
biochar for 409°C shows the lowest impact of greenhouse
gases emissions among all other scenarios with 29.16% lower
for acidification potential, 35.07% lower for eutrophication
potential, 34.3% lower for global warming potential, 34.71%
lower for photochemical oxidation, and 25.79% lower for
human health with transportation not taken into consideration
compared with normal concrete production. With transportation

produced is 0.99kg CO2-Eq,
1.073kg CO2-Eq, 0.908kg CO2-
Eq, and 1.078kg CO2-Eq respectively.

The subsequent greater impact would be acidification
potential. All five scenarios ranging from 1.403e-1 moles of
H+-Eq for the use of empty fruit bunch biochar for 455°C to
1.978e-1 moles of H+-Eq for normal concrete production. The
other three impact categories which includes eutrophication
potential, photochemical oxidation, and human health impact
has very small value as shown in Table 5.1.
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By comparing Table 5.1 and Table 5.2, it clearly shows that
the impact of transportation towards the impact categories is
great. The value for all four use of biochar scenarios increases
significantly. This is mainly due to the transportation of palm
oil waste from palm oil mill to biochar plant has an average
of 69.94km where the emissions of greenhouse gases from
truck. The difference of GWP values between with and without
transportation for the use of empty fruit bunch biochar for
455°C is 0.329kg CO2-Eq and for 500°C is 0.328kg CO2-Eq
and for the use of palm kernel shell biochar for both 409°C
and 500°C is 0.332kg CO2-Eq. The difference of AP values
between with and without transportation for the use of empty
fruit bunch biochar for 455°C is 0.241 moles of H+-Eq and for
500°C is 0.242 moles of H+-Eq and for the use of palm kernel
shell biochar for both 409°C is 0.242 moles of H+-Eq and for
500°C is 0.242 moles of H+-Eq.

7.0 FUTURE RECOMMENDATIONS

Future research studies on biochar should focus areas that
are able to maximise its potential and address existing gaps
including investigation on the suitability of diverse biomass
sources, including agricultural residues, municipal waste,
and industrial byproducts, to produce biochar with tailored
properties for specific applications. Furthermore, enhancement
on pyrolysis process by studying the effects of varying pyrolysis
conditions (temperature, heating rate, duration) on biochar’s
physical, chemical, and structural properties to optimise its
performance in different uses. Study of soil-biochar interactions
by conducting long-term field studies to understand biochar’s
impact on soil health, microbial activity, nutrient cycling, and crop
productivity across different soil types and climates. Moreover,
study of the efficiency of carbon sequestration by quantifying
biochar’s long-term carbon storage potential and its role in
reducing greenhouse gas emissions, including its stability and
degradation rates in various environments. Additionally, explore
biochar’s effectiveness in wastewater treatment, contaminant
removal, and its potential in renewable energy systems, such
as bioenergy production and carbon capture technologies and
assess the economic feasibility, scalability, and environmental
impacts of biochar production and application through lifecycle
assessments (LCA) and cost-benefit analyses. Investigation of
potential risks associated with biochar, such as the presence
of heavy metals or polycyclic aromatic hydrocarbons (PAHSs),
and develop safe production and application guidelines and
research on strategies to integrate biochar production into
circular economy models, focusing on waste valorisation and
resource efficiency. By addressing these research areas, the
scientific community can unlock the full potential of biochar
as a sustainable solution for agriculture, environmental
management, and climate change mitigation.

8.0 CONCLUSIONS

The assessment on the results produced from OpenLCA
software for the five modelled scenarios, palm oil waste
biochar as partial cement replacement in concrete production
does shows lower impact on all categories. With the results
produced, it is able to identify that palm kernel shell biochar
with 409°C shows the best results among all other scenarios.

However, due to incorporation of transportation, the effect of
biochar as partial cement replacement is unable to perform
a better result as expected. Hence, more detail study can be
initiated in future to resolve the issue caused by taking account
of transportation. Overall, these conclusions align with the
aim of implementing palm oil waste biochar as partial cement
replacement in concrete production. Justifications provided
adhere to the study's objectives, encouraging the use of palm
oil waste biochar in the Malaysian construction industry.
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Keywords
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Main Text
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Conclusions
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Please also include relevant references to demonstrate how previous
engineering research work has been used. These references could be
standards, codes or relevant past journal papers.

Appendices
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