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บทคดัย่อ 

 
งานวจิยันี้มุ่งศกึษาการน าเอาตะกรนัปาลม์น ้ามนัมาใช้ประโยชน์ในการแทนที่เป็น

มวลรวมธรรมชาติผสมกับเถ้าแกลบและเบนโทไนต์ชนิดแคลเซียม เพื่อผลิตเป็นมอร์ตาร์และ
คอนกรตีรกัษ์สิง่แวดล้อม โดยใช้แคลเซยีมเบนโทไนต์และเถ้าแกลบแทนที่ปูนซเีมนต์ปอรต์แลนด์ 
ประเภท 1 ทัง้สองและสามชนิดที่อตัราส่วนร้อยละ 10 20 และ 30 โดยน ้าหนัก ส่วนผสมทัง้หมด
คงทีอ่ตัราส่วนน ้ าต่อวสัด ุประสานไวท้ี ่0.48 ศกึษาพฤตกิรรมเวลาก่อตวัและอุณหภูมขิอง
ปฏกิริยิาไฮเดรชนัของเพสต์ ศึกษาโครงทางทางจุลภาคและแร่ประกอบของมอร์ตาร์ด้วยกล้อง
จุลทรรศน์อิเล็กตรอนแบบส่องกราดและเทคนิคการเลี้ยวเบนรงัสเีอ็กซ์ ตวัอย่างมอร์ตาร์ทัง้หมด
น าไปบ่มในสารละลายน ้าปนูขาวอิม่ตวัที่อุณหภูมหิอ้ง 29±3 องศาเซลเซยีส ความชืน้สมัพทัธร์อ้ยละ 
80-90 เป็นระยะเวลา 7 28 และ 56 วนั ก่อนน าไปทดสอบสมบตัต่ิางๆ ไดแ้ก่ การดดูซมึน ้า รพูรนุปรากฏ 
ก าลงัอดั และความคงทนต่อสารละลายกรดซลัฟูรกิและโซเดยีมซลัเฟต ทดสอบสภาพการซมึผ่านได้
ของประจคุลอไรด ์การดดูซมึน ้าในรเูลก็และก าลงัดงึทางออ้ม (แบบบราซลิ) ของตวัอยา่งคอนกรตี  

จากผลการศกึษา พบว่ามวลรวมตะกรนัปาล์มน ้ามนัสามารถน ามาใช้แทนที่มวล
รวมธรรมชาตเิพื่อผลติมอรต์ารแ์ละคอนกรตีได ้และเมื่อเพิม่ปรมิาณวสัดุแทนที่ปูนซเีมนต์ทัง้สองชนิด
และสามชนิด ส่งผลให้เวลาก่อตวั อุณหภูมจิากปฏกิริยิาไฮเดรชนัของเพสต์ และอตัราการไหลของ
มอรต์ารส์ดมคี่าลดลง โดยเวลาก่อตวัและอุณหภมูปิฏกิริยิาไฮเดรชนัของเพสต์ผสมเถา้แกลบรอ้ยละ 
30 มคี่าลดลงรอ้ยละ 16 และ 14 ตามล าดบั เมือ่เทยีบกบัสตูรควบคุม ทัง้ยงัพบว่าอตัราการไหลของ
มอรต์ารส์ดในสตูรดงักล่าวมคี่าลดลงถงึรอ้ยละ 38 เมือ่เทยีบกบัสตูรควบคุม นอกจากนี้พบว่าในสูตร
แทนที่เถ ้าแกลบรอ้ยละ 20 ให ้ค่าก าลงัอดั 53 เมกะพาสคลั บ่มที ่ 56 วนั ในขณะเดียวกัน
สมรรถนะความคงทนของมอรต์าร ์ได้แก่ การดูดซมึน ้า รูพรุนปรากฏ และความคงทนต่อกรดและ
โซเดียมซลัเฟตพฒันาดีขึ้น เมื่อผสมเถ้าแกลบถึงร้อยละ 30 ที่บ่ม 56 วนั ได้ยบัยัง้ให้ค่าสูญเสีย
น ้าหนักและก าลงัอดั เนื่องจากการกดักร่อนของสารละลายกรดซลัฟิวรกิที่รอ้ยละ 0.47 และ 1.58 
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ตามล าดบั เช่นเดยีวกบัยบัยัง้ค่าน ้าหนักทีเ่พิม่ขึน้น้อยสุดและก าลงัอดัทีล่ดลงหลงัจากแช่สารละลาย
โซเดยีมซลัเฟตเพยีงรอ้ยละ 0.03 และ 0.32 ตามล าดบั ภาพถ่ายโครงสรา้งทางจุลภาคและผลกราฟ
การเลี้ยวเบนรงัสเีอ็กซ์ของตวัอย่างมอร์ตาร์ พบรูปทรงก้อนเกาะกนัและเส้นใยของสารประกอบ
แคลเซยีมซลิเิกตไฮเดรตตกตะกอนหนาแน่นในเนื้อและรโูพรงของมอรต์ารส์ูตรผสมเถ้าแกลบเมื่อ
เทยีบกบัสตูรควบคุม สูตรทีผ่สมสองชนิดกบัแคลเซยีมเบนโทไนต์และสามชนิด จงึส่งผลใหต้วัอย่าง
มอรต์ารส์ูตรที่เตมิเถ้าแกลบมกีารพฒันาก าลงัอดัและความคงทนได้ดีกว่าสูตรอื่นทัง้ผสมสองและ
สามชนิด เช่นเดยีวกบัตวัอย่างคอนกรตีที่ผสมเถ้าแกลบรอ้ยละ 30 บ่ม 56 วนั มคี่าการซมึผ่านได้
ของประจุคลอไรด์ต ่าสุดที่ 336 คูลอมบ์ และค่าสมัประสทิธิก์ารดูดซมึน ้า 0.06 กโิลกรมัต่อตาราง
มลิลเิมตรต่อรากทีส่องของชัว่โมง นอกจากนี้พบว่าค่าก าลงัดงึทางอ้อมแบบบราซลิไดพ้ฒันาเพิม่ขึน้ 
เมื่อตวัอย่างคอนกรตีมอีายุบ่มมากขึน้ และสูตรแทนทีด่ว้ยเถ้าแกลบรอ้ยละ 10 ใหค้่าก าลงัดงึสูงสุดที ่
3.80 เมกะพาสคลั บ่ม 56 วนั ดงันัน้เมื่อพจิารณาจากผลการศกึษาดงักล่าวและค านึงถงึการน าเอา
ของเสยีมาใชป้ระโยชน์สูงสุด นัน้กค็อืสมรรถนะของมอรต์ารแ์ละคอนกรตีใส่มวลรวมตะกรนัปาลม์น ้ามนั
สามารถปรบัปรุงดขีึน้ในสูตรที่ผสมสองชนิดกบัแคลเซยีมเบนโทไนต์ที่รอ้ยละ 10 และเถ้าแกลบที่
รอ้ยละ 30 และสตูรผสมทัง้สามทีแ่คลเซยีมเบนโทไนตร์อ้ยละ 5-10 และเถา้แกลบรอ้ยละ 10-20 
 
 
ค าส าคญั: ตะกรนัปาล์มน ้ามนั, แคลเซยีมเบนโทไนต์, เถ้าแกลบ, ก าลงัอดั, ความคงทนต่อกรด
และซลัเฟต, การซมึผ่านไดข้องประจคุลอไรด ์
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ABSTRACT 
 

This research focused on utilization of palm oil boiler clinker (POBC) as a 
whole natural aggregate substitution blended with calcium bentonite (CB) and rice husk ash 
(RHA) for green mortar and concrete productions. The CB and RHA were partially replaced 
by weight of ordinary Portland cement (OPC), type 1 in three proportions of 10%, 20%, and 
30% for binary and ternary blends. All mixtures were taken constant water to binder ratio of 
0.48. The behavior of fresh pastes on Vicat setting times and hydration temperature were 
investigated. The microstructure and mineral phase compositions of mortars were 
characterized via scanning electron microscope (SEM) and X-ray diffraction technique (XRD). 
All mortar specimens were cured in lime-saturated water at ambient temperature of 29 ± 3 ºC, 
RH = 80-90% for periods of 7, 28, and 56 days before each testing. The harden specimens were 
casted for examination in these following properties: water absorption, apparent porosity, 
compressive strength, sulfuric acid and sodium sulfate resistance. The cylindrical concrete 
specimens were prepared for rapid chloride ion permeability test (RCPT), capillary water 
absorption, and indirect tensile strength test (Brazilian test).  

As a result, it was observed that the POBC aggregate can be potentially 
substituted natural aggregate for mortar and concrete productions. The setting times, 
hydration temperature of pastes, and percentage flow of fresh mortars were reduced with an 
increase in binary and ternary blends. The maximum reduction in setting time and hydration 
temperature was 16% and 14% for the mix incorporating up to 30% RHA. Consequently, an 
increase in RHA up to 30% decreased the percentage flow by 38%. Moreover, the 
compressive strength decreased as an increase in ternary blends with prolonged curing ages, 



viii 

the 56-day highest compressive strength was 53 MPa for the mix incorporating 20% RHA. 
The durability performances of mortar including water absorption and porosity, sulfuric acid 
and sodium sulfate resistance improved with an increase in RHA replacement level up to 
30% and up to 56-day curing ages. The lowest deteriorating due to sulfuric acid attack was 
suppressed 0.47% loss in weight and 1.58% loss in compressive strength for the mix 
incorporating 30% RHA cured for 56 days, as well as the lowest percentage gain in weight 
and loss in compressive strength due to sodium sulfate attack was 0.03% and 0.32%. The 
SEM microstructure and XRD patterns of dominant mortars specimens indicated that flocs-
like and fibrous- like forms of the C-S-H densely formed in the matrix and filled up the pores 
of the mortar containing RHA compared to that of control mix, binary and ternary mixes 
incorporating CB. This findings contributed to the strength and durability improvement. 
Likewise, an increase in RHA replacement level and curing ages reduced the chloride ion 
penetrability and capillary absorption coefficient of the concretes containing POBC as a coarse 
aggregate, while an increase in CB increased those one.  The lowest chloride ion penetrability 
and capillary absorption coefficient was 336 coulombs and 0.06 kg/mm2/h0.5 for the mix 
incorporating up to 30% RHA at the age of 56 days. The indirect tensile strength of concrete 
increased with curing ages. The highest indirect tensile strength was 3.80 MPa for the mix 
incorporating 10% RHA. Therefore, considering in view of practical implication according to 
the experimental results and waste exploitation, the performances of green mortar and 
concrete produced with POBC as an aggregate replacement can be improved by the optimum 
incorporation of binary mixtures of up to 10% CB, 30% RHA, and ternary mixtures of up to 
5-10% CB with 10-20% RHA. 
 
 
Keywords: Palm oil boiler clinker, Calcium bentonite, Rice husk ash, Compressive strength, 
Acid and sulfate durability, Chloride ion penetrability 
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XRF  X-Ray Fluorescence 
 
 
 
 
 



xvii 

LIST OF PUBLICATIONS 
 
 

1. Kueaket, K., & Tonnayopas, D. (2018). Enhanced properties of palm oil boiler clinker concrete with 
Sang Yod rice husk ash. Proceeding of 7th International Conference on Applied Sciences 
and Engineering (ICASEA, 2018), Kota Kinabalu, Sabah, Malaysia, 29-38.  

2. Kueaket, K., & Tonnayopas, D. (2019). Palm oil boiler clinker properties used as a green 
aggregate for construction. Proceeding of the 13th International Conference on 
Mining, Materials, and Petroleum Engineering (CMMP 2019), Krabi, Thailand, 86-
91. 

3. Kueaket, K., & Tonnayopas, D. (2021). Compressive strength and durability performance of mortar 
containing palm oil boiler clinker aggregate, rice husk ash, and calcium bentonite. Journal 
of Applied Engineering Science, 19(1), 193-203. doi: 10.5937/jaes0-27580 

4. Kueaket, K., & Tonnayopas, D. (2021). Sustainable mortar and concrete made from palm 
oil boiler clinker aggregate comprising rice husk ash and calcium bentonite: 
Compressive strength and durability assessment. Journal of Applied Science, 
20(1), 39-55. doi: 10.14416/j.appsci.2021.01.004 

 
 
 
 
 
 
 
 
 
 
 
 
 



xviii 

REPRINTS WERE MADE WITH PERMISSION FROM THE PUBLISHERS 

 



xix 

REPRINTS WERE MADE WITH PERMISSION FROM THE PUBLISHERS 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 



xx 

REPRINTS WERE MADE WITH PERMISSION FROM THE PUBLISHERS 
 

 
 
 
 
 
 
 
 
 
 
 
 
 



xxi 

REPRINTS WERE MADE WITH PERMISSION FROM THE PUBLISHERS 
 

 
 
 



1 

Introduction 

 

 
Construction materials such as coarse aggregate, sand, and cement are the 

most important resources for public utility: road, dam, railway, airport, condominium, and 
other infrastructures that were built for facility and convenience. In Thailand, construction 
aggregate reserve was estimated at approximately 8,010 million tons from 318 quarries 
(Innovation in Raw Materials and Primary Industries Division, 2020). Specifically, limestone 
and shale reserves, which are the fundamental ingredients for cement production, was 
estimated at 2,245 million tons (Department of Mineral Resources, 2007). It can be seen that 
the reserve of nonrenewable construction materials was against the demand of aggregate 
for expanded construction sectors. According to Thailand rural roads standard.2 3 1 - 2 5 6 2 
(2019 ) , 1 m3 of lean concrete (1:3:5) contained 240 kg cement, 728 kg sand, and 1,218 kg 
coarse aggregate. Assumed that, the concrete demand is 50,000,000 m3 each year. Then, 
61 million tons of coarse aggregate are consumed, annually. It could be predicted that the 
aggregate reserved will be completely depleted in AD 2151 (131 years afterwards). 

Many researches introduced the sustainable constructions by substitute 
natural construction materials with industrial and agricultural wastes, recycle aggregates, 
construction materials with industrial and agricultural wastes i.e. oil palm shell (Ong et al., 
2018), palm oil clinker (Huda et al., 2018), recycle aggregates from concrete and construction 
waste demolitions (Siddique et al., 2020), coal bottom ash, copper, and steel slag (Martínez-
Lage et al., 2020) to alleviate the nonrenewable construction materials consumption. Green 
mortar has been produced by using local wastes for mitigate the environmental problems, 
land fill used, and disposal expenses (Yague et al., 2021).The green mortar, which contained 
100% fly ash as a cement replacement (M-type or geopolymer mortar), also helped reducing 
carbon dioxide emission by 41% (Alqahtani et al., 2021). 

In the southern part of Thailand, palm tree are the important economic plants 
that covered 7,812.82 square kilometers.  Moreover, it was produced by 14,784,987 tons in 
2020 (Office of Agricultural Economics, 2020) and fed to 70 local oil palm plants (Department 
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of industrial works, 2020). Additionally, in Thailand, rice has been planted for 97 , 600  square 
kilometers, provided rice product for approximately 25,500,000 tons (Thai rice exporters 
association, 2020), and fed to 38,619 local rice mills (Office of agricultural economics, 2014). 
Thus, it is apparent that the large amount of agricultural and industrial wastes were generated 
unavoidably. 

However, there is no official reports on quantity of wastes that were produced 
by rice mills and oil palm plants in Thailand. According to Suan et al. (2017) the palm oil wastes 
in Thailand (palm oil fuel ash (POFA) and palm oil boiler clinker (POBC)) were mentioned that 
they had a negative impact on environment and caused the disposal area problems. Those 
wastes are obtained from the burning of shell, bunch, kernel, and fiber of palm fruit.  

Rice husk that obtained from rice mills almost utilized as a biomass fuel. Then, 
the rice husk ash (RHA) was provided after completed burning of rice husk. Chindaprasirt et 
al. (2008), Tonnayopas & Jitnukul (2013), and Raheem & Kareem (2017) revealed that RHA 
can be used as partial cement replacement and addressed as pozzolanic materials or 
supplementary cementitious materials (SCMs) due to the high percentage of amorphous silica 
component.  

Calcium bentonite (CB) is clay mineral, which contained mostly SiO2 and Al2O3 

(Velde, 1992). Few researches were conducted by using CB as a cement replacement to 
reduce the cost of construction (Mirza et al., 2009). Additionally, CB has an interesting 
properties: high plasticity and lubricity, low permeability and low compressibility (Memon et al., 
2012). However, CB was reported that it provided low strength activity index when compared 
to reference cement mix (Achyutha Kumar Reddy & Ranga Rao, 2019; Al-Hammood et al., 
2021; Mesboua et al., 2018). 

Thus, in this study was employed the local waste by-products, i.e. POBC as 
100% natural aggregate replacement, RHA and CB as partial substitution of ordinary Portland 
cement (OPC). Likewise, this research aims to impel and develop the green mortar and 
concrete for nonstructural application and promote waste utilization in local community: local 
oil palm plants and rice mills, as well as depleting the natural construction material consumption. 
The comprising between POBC aggregate, RHA, and CB will be studied in compressive 
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strength, durability properties, and microstructure to characterize the optimum proportion to 
produce the efficient performance green mortar and concrete for sustainable construction. 

 
 

Objectives  
1. To investigate physical and chemical properties of palm oil boiler clinker 

(POBC) as coarse and fine aggregate, rice husk ash (RHA), and calcium bentonite (CB). 
2. To investigate on physico-mechanical of green mortar containing POBC with 

RHA and CB as secondary cementitious materials (SCMs). 
3. To evaluate on durability properties of green mortar and concrete. 
 
 

Scope of study 
1. The properties of POBC coarse and fine aggregates were carried out 

including water absorption, specific gravity, unit weight, aggregate crushing value, Los Angles 
abrasion, and organic impurity. 

2. The chemical composition and mineral phase compositions of POBC, RHA, 
and CB were confirmed by X-ray fluorescence spectrometry (XRF) and X-ray diffraction 
technique (XRD). In addition, the morphologies of POBC, RHA, and CB were observed under 
scanning electron microscope (SEM). 

3. This study employed POBC as a fine aggregates, RHA and CB as SCMs in 
partial replacement by weight of OPC, type I at proportion of 10%, 20%, and 30%. All of binary 
and ternary mixtures will be blended with constant water to binder ratio (w/b) of 0.48 and cured 
in saturated-lime water at ambient temperature (29 ± 3 ºC, RH=80-90%) for 7, 28, and 56 days.  

4. Fresh properties of pastes and mortars: The fresh pastes of different binary 
and ternary mix designations were examined heat of hydration and setting time. Additionally, 
percentage flow and fresh density of fresh mortars were carried out.  

5. Hardened properties of mortars: physical properties (water absorption and 
apparent porosity), compressive strength, strength activity index (SAI). 
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6. Durability properties of mortars and concretes blended with RHA and CB 
were determined sulfuric acid resistance, sodium sulfate resistance, and rapid chloride 
permeability test.  

7. The microstructures and mineral phases of green mortars were investigated 
via scanning electron microscope (SEM) and X-ray diffraction technique (XRD). 

 
 

Benefits 
1. Obtaining the guideline in sustainable environmental friendly solution for 

reducing wastes and promote a self-reliance in construction materials production by using local 
agricultural and industrial wastes for replacing the nonrenewable construction materials. 

2. Further development and production of green mortar and concrete that have 
good performance in strength and durability. 

 
 
Palm Oil Boiler Clinker (POBC)  
 The industrial wastes generated from the palm oil mill are divided into two 
types i.e. fresh waste and biomass fuel waste. The fresh wastes include oil palm shell, empty 
fruit, and mesocarp fiber which are obtained after the crude palm oil extraction process. 
Furthermore, these fresh wastes, especially, the oil palm shell and mesocarp fiber were also 
used as a biomass fuel to generate the electricity for boiler and the palm oil mill. Then, the 
palm oil fuel ash (POFA) and the palm oil boiler clinker (POBC) were produced in the 
aftermath of the biomass fuel combustion. The range of the combustion temperature inside 
the boiler found to be varied from 500 to 1,200 °C (Hamada et al., 2020; Karim et al., 2018; 
Kueaket & Tonnayopas, 2018). The POBC’s properties and characteristics can be varied 
depending on the temperature condition of the combustion (Kanadasan et al., 2015; Shakir 
et al., 2019).  
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1. Characteristics of POBC 
1.1 Chemical compositions 
 According to the number of literature reports, the chemical compositions of 
POBC mainly consisted of 55 to 60% SiO2, 10 to 17% K2O, 4 to 8% CaO, and 2 to 5% MgO 
as tabulated in Table 1. Besides, the dissimilar chemical compounds of POBC can be found 
owing to the difference in the boiler operating condition: pressure and temperature, geological 
setting, and soil characteristics of oil palm cultivating area (Kanadasan et al., 2015; Shakir et 
al., 2019). 
 
Table 1 Comparison in chemical properties of POBC aggregates  

Chemical 
composition (%) 

Ahmmad et al. 
(2017) 

Karim et al. 
(2017) 

Nayaka et al. 
(2019) 

Ismail et al. 
(2020) 

SiO2 60.00 62.78 60.29 55.39 
K2O 12.00 10.54 - 17.7 
CaO 8.00 6.89 4.71 7.05 
P2O5 5.00 - - 3.97 
MgO 5.00 3.52 - 2 
Fe2O3 4.00 6.49 5.83 10.81 
Al2O3 4.00 3.41 3.83 2.18 
SO3 - 0.08 0.2 0.19 

Others 2.00 - - 0.28 
Loss on ignition - 3.67 2.01 0.02 

 
1.2 Physical properties of POBC aggregate 

The POBC was widely studied as a substitution of cement, sand, and 
aggregates for mortar and concrete productions, thus the physical properties of crushed 
POBC coarse and fine aggregates, included specific gravity, density, fineness modulus, and 
24-h water absorption, had been reviewed as shown in Table 2 and Table 3. The POBC 
have been found in dark grey to greenish gray in color with irregular shape (Kanadasan et 



6 

al., 2015; Kanadasan et al., 2018). The ranges of specific gravity of POBC coarse and fine 
aggregate were between 1.68 to 1.79 and 1.51 to 2.12, respectively. Accordingly, the density 
of POBC fine aggregate was in the range of 823 to 1,419 kg/m3.   
 
Table 2 Physical properties of POBC coarse aggregate  

Specific 
gravity 

Density 
(kg/m3) 

Fineness 
modulus 

24-h Water 
absorption  

(%) 
References 

1.78 823 6.23 5.7 Hamada et al. (2019) 
1.75 568 - 5.67 Muthusamy et al. (2019) 
1.68 813 - 5.56 Kabir et al. (2017) 
1.9 1,419 4.99 4.23 Chai et al. (2017) 
1.73 - - 3 ± 2 Abuhata et al. (2016) 

 
Table 3 Physical properties of POBC fine aggregate  

Specific 
gravity 

Density 
(kg/m3) 

Fineness 
modulus 

24-h Water 
absorption  

(%) 
References 

1.51 945 5.89 5.50 Nayaka et al. (2019) 
1.7 - 3.16 19.9 Ong et al. (2018) 

1.97-2.11 - 2.71 10±5 Kanadasan et al. (2015; 2018) 
2.12 1,025 3.12 3.6 Ahmmad et al. (2017) 
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Utilization of POBC aggregate  

 
1. Use as a coarse aggregate replacement 

Chai et al. (2017) stated that up to 50% of POBC could be used as coarse 
aggregate substitution for producing semi-lightweight high strength concrete. Utilization of 
POBC as a palm oil shell (POS) replacement could develop more UPV and compressive 
strength by 9% and 43% higher than that of the POS concrete due to the improvement of 
interlocking bonding between POBC particle and cement (Ahmmad et al., 2016). However, 
an increased in POBC as a coarse aggregate replacement up to 100% reduced the 
workability and 28-day compressive strength by 50% and 42% compared to that of control 
concrete (Abutaha et al., 2016). Hamada et al. (2019) recommended that the concrete 
containing 100% of POBC coarse aggregate had the higher water absorption than that of the 
control mix by 54% due to the irregular shape and porous of POBC particle, thus the mineral 
admixture need to be introduced for improving their durability properties. Moreover, 
Muthusamy et al. (2019) studied the suitable curing condition for POBC concrete and 
suggested that the POBC concrete need to be cured in water due to it need sufficient water 
for hydration process and pozzolanic reaction, while the air-cured specimen showed lower 
strength and durability properties compared to that of water-cured specimen. The 
comparisons in mix designation, compressive strength, and oven-dry density of concrete 
containing POBC as a coarse aggregate were tabulated in Table 4. 
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Table 4 Compressive strength and oven-dry density of concrete containing POBC as a coarse 
aggregate with different mix designations. 

Size of 
POBC (mm) 

w/b 
ratio 

Maximum 
replacement (%) 

28-day 
Compressive 

strength 
(MPa) 

Oven-dry 
density 
(kg/m3) 

References 

>4.75 0.34 50 68 2,202 
Chai et al. 

(2017) 

4.75-12.50 0.35 100 62 1,971 
Ahmmad et 
al. (2016) 

5-14 0.53 100 33 2,074 
Abutaha et 
al. (2016) 

>4.75 0.35 100 41 2,020 
Hamada et 
al. (2019) 

>4.75 0.45 

100 with 50% of 
POBC fine 

aggregate as a 
sand replacement 

60 1,850 
Muthusamy 
et al. (2019) 

 
2. Use as a fine aggregate replacement 

The POBC was used to replace fine aggregate in 100% by weight and it 
provided the lower density mortar than that of the control mix by 11.3%. In addition, the 
porous content in POBC caused the strength reduction and weak interfacial transition zone  
(Kanadasan et al., 2018). Meanwhile, some research pointed out that the rougher texture of 
POBC could improve the bonding connectivity of the interfacial transition zone (Lucas et al., 
2016). The porosities of POBC was in the range of lesser than 10 microns to greater than 
200 microns, hence an increase in POBC fine aggregate increased more water absorption 
and sorptivity. Likewise, the sorptivity had a good correlation to the thermal conductivity and 
thermal diffusivity  (Asadi et al., 2021). Darvish et al. (2020) studied the geopolymer mortar 
comprising POBC as a whole sand replacement with 10wt.% fly ash, and found that an 
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increase in molarity of NaOH concentration and fly ash contents increased the density of 
POBC geopolymer mortar. Kanadasan et al. (2015) compared a physical and mechanical 
properties of POBC mortar by using POBC from different states in Malaysia. They found that 
the strength properties was directly related to the characteristics of the POBC and the cost 
of construction could be reduced by 17% when replaced natural sand with the POBC fine 
aggregate. The comparisons in mix designation, compressive strength, and hardened density 
of concrete containing POBC as a fine aggregate were tabulated in Table 5. 
 
Table 5 Compressive strength and hardened density of mortar containing POBC as a fine 
aggregate with different mix designations 

Size of 
POBC (mm) 

w/b 
ratio 

Maximum 
replacement (%) 

28-day 
Compressive 

strength 
(MPa) 

Hardened 
density 
(kg/m3) 

References 

0.2-4 0.30 100 65 2,015 
Kanadasan et 

al. (2018) 

<4.75 0.5 100 33 1,890 
Asadi et al. 

(2021) 

<4.75 - 100 20 1,710 
Darvish et al. 

(2020) 

<4.75 0.28 100 80-100 1,950-2,260 
Kanadasan et 

al. (2015) 
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Calcium bentonite (CB) 
CB is a natural pozzolan and absorbent. It is impurity clay, which mostly 

composed of montmorillonite. The chemical compositions of some investigated CB are shown 
in Table 6. It can be seen that the SiO2+Al2O3+Fe2O3 contents of CB ranged between 75.34 
to 86.36%. Specifically, the Al2O3 contents ranged from 15.00% to 20.19%, where the Al2O3 
content of zeolite and metakaolin was 13.5% and 35.14% (Chen et al., 2018; Tafraoui et al., 
2016). However, the composition of CB can be varied depending on geological setting, 
weathering process, quantity of Ca-montmorillonite and others minor minerals (Al-Hammood 
et al., 2021). 
 
Table 6 Comparison in chemical properties of CB  

Chemical 
composition (%) 

Mirza et al. 
(2009) 

Memon et al. 
(2011) 

Ahmad et al. 
(2011) 

Liu et al. 
(2020) 

SiO2 49.44 54.55 65.00 64.32 
K2O 0.69 3.92 0.27 1.74 
CaO 7.45 7.28 2.66 7.13 
P2O5 - 1.11 - - 
MgO 1.61 4.20 6.5 3.68 
Na2O 0.87 1.27 0.12 0.31 
Fe2O3 6.20 8.60 3.00 3.80 
Al2O3 19.7 20.19 15.00 18.24 
SO3 - - - 0.03 

Loss on ignition (%) 13.74 5.46 6 - 
 

The CB was determined by the major mineral phase composition of smectite 
clay group in them, which is calcium montmorillonite. The mineral structure of CB is similar 
to the sandwich, revealed by Man et al. (2019), as illustrated in Figure 1. It contained two 
tetrahedron layers and one octahedral layer. As a result, this structure causes the exchange 
ion capacity and water absorption ability of CB. 
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Figure 1 Schematic illustration of bentonite structure (Man et al., 2019). 

 
 

Utilization of raw calcium bentonite as a supplementary cementitious materials (SCMs) 
Cost-reduction and environmental-friendly are the main purpose of using CB as a 

cement replacement. Thus, utilization of CB had been studied. CB was introduced as a low-
cost pozzolanic material according to the study of Mirza et al. (2009), and the recommended 
CB ratio as a cement substitution was up to 20wt.% to minimize the compressive strength 
reduction (the 28-day compressive strength was lower than that of control specimen by 18%). 
Then, Memon et al. (2012) replaced up to 21wt.% of cement by CB and found that an 
increase in amount of CB decreased density and water absorption of concrete, while showed 
no significant effect to compressive strength. Ahmad et al. (2011) stated that an increase in 
amount of CB decreased prolonged compressive strength, which was confirmed by utilization 
of CB as a substitution of cement by up to 50wt.%. However, mortar containing 30wt.% of 
CB maintained durability against 5% sodium sulfate attack as compared to mortar without 
adding CB. Moreover, raw CB could be replaced cement slag by 25wt.% with w/b of 0.445 
(2,493 kg of cement) or cement:sand:water ratio of 1:0.9:5. This mixture developed the 28-
day compressive strength by 15% with respect to that of control mix, while this mixture with 
w/b of 0.485 effectively reduced the weight loss due to 5-cycle of sulfuric acid attack (Lee et 
al., 2021). Additionally, using 5-15% of CB could improve durability properties of eco-friendly 
concrete due to: (i) decrease water absorption and permeability by pore filling effect,  
(ii) reduce compressive strength loss after exposed to acid and sulfate attack (Rehman et al., 2020). 
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Rice husk ash (RHA) 
Thailand produced 25.5 million tons of rice in 2020 (Thai Rice Exporters 

Association, 2020). According to Sujivorakul et al. (2011), the rice husk has been estimated 
as 20wt.% of the total rice production. Then, after the rice husk was taken to use as a biomass 
fuel, the RHA was estimated as 4wt.% of the total rice production (At incinerated temperature 
of approximately 800-900 ºC). As a result, the RHA could be estimated as 1.02 million tons 
in 2020. The chemical composition of RHA contained approximately 80-95% of amorphous 
SiO2 depended on the incinerating temperature and burning condition (Fapohunda et al., 
2017).  
 
Table 7 Effect of burning condition to SiO2 content and features of RHA 

References SiO2 (wt.%) RHA features 
Burning condition 

temperature 
(ºC) 

Duration 
(min) 

Joshaghani & 
Moeini (2018) 

87.10 
Mostly amorphous RHA 

with density of 2.09 g/cm2 
700 60 

Kannan & Ganesan 
(2016) 

87.89 

Mostly amorphous RHA 
with density of 0.51 g/cm2 

and specific surface area 
of 943 m2/kg 

650 60 

Bheel et al. (2020) 86.94 - 600-700 300 

Isberto et al. (2021) 93.47 
Mostly amorphous RHA 
with pinkish-white color 

400-600 360-480 

Sharma & Kumar 
(2021) 

91.90 
Black RHA, partly 

amorphous, contained 
some crystalline silica 

Approx. 
600-1,200 
(open-air 
burning) 

- 

Khan et al. (2020) 96.11 
Amorphous RHA with 

specific gravity of 2.83 g/cm3 
700 1,440 
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Utilization of RHA as a supplementary cementitious materials (SCMs) 
RHA consisted of high amorphous silica content, which could reacted with Ca(OH)2 

to form C-S-H phase as recognize as pozzolanic reaction and improve compressive strength and 
durability (Kumar et al., 2016; Suriyachoto & Tonnayopas, 2013). Tonnayopas & Jitnukul (2013) 
utilized local RHA (Sang Yod species) that was provided in the rice mill at Phatthalung province, 
Thailand. The RHA was gray in color with SiO2 content of 66.13%, which was lower than those of 
other studies as shown in Table 7. This may be due to open-air burning condition and high residual 
unburned carbon. As a result, the maximum ratio of RHA replacement of cement was 10wt.% with 
w/b of 0.40, that could provide the compressive strength of 28-day concrete of 55 MPa. Accordingly, 
the maximum of 10wt.% of RHA was recommended to replaced cement for production coal bottom 
ash aggregate concrete with more durability and strength (Bheel et al., 2020). Moreover, the RHA 
that was burned in appropriate temperature of 700ºC for 60 minutes showed the high amorphousness 
and low unburned carbon. This RHA was replaced cement by weight in ranges of 10-30%, the mortar 
contained 20wt.% of RHA showed the highest compressive strength of 72 MPa, while an increase in 
RHA decreased the water absorption, chloride penetrability and weight loss due to acid attack. This 
was attributed to the pozzolanic activity of amorphous SiO2 of RHA that reacted with portlandite 
(CaOH2) to produce secondary C-S-H by filled up the pore and lessened pore connectivity (Joshagani 
& Moeini, 2018). Alex et al. (2016) examined that RHA was derived by 5wt.% of rice husk, the RHA 
that was prepared for prolonged grinding time showed a lesser particle size with greater specific 
surface area, bulk density, and pozzolanic activity. Venkatanarayanan & Rangaraju (2014) 
investigated sulfate resistance properties of mortar containing low-carbon rice husk ash with w/b of 
0.40, 0.48, and 0.57. An increase in RHA (up to 15%) with w/b ratio of 0.48 could lessen the 360-day 
expansion due to 5% sodium sulfate attack by 78% compared to that of control specimen. It could 
be explained by the pozzolanic activity of RHA improved impermeability matrix and prevented an 
entering of sulfate ion. Furthermore, the factors that effected the pozzolanicity of RHA were studied 
by many researchers, which can be concluded as follows (Fapohunda et al., 2017): (i) 
amorphousness of SiO2, (ii) specific surface area, (iii) size of RHA particles (fineness), and (iv) carbon 
contents. Additionally, the factors that effected strength and durability properties of concrete or mortar 
containing RHA as SCMs can be concluded as follows (Sandhu & Siddique, 2017): (i) ratio of cement 
substitution, (ii) curing time, (iii) w/b ratio, and (iv) mix design. 
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Effect of CB and RHA as SCMs on microstructure of hydration products under SEM analysis 
Rong et al. (2019) found that ultra-high performance cement-based composite 

containing the optimum 10-15% of RHA showed the improvement in mechanical properties. 
It can be seen in Figure 2, the microstructure of 7-day and 28-day‘s matrix of the mix 
containing 15% RHA composed of densely flocs-like C-S-H due to the pozzolanic reaction 
and some hydration products: portlandite (CaOH2) and monosulfate (AFm). Yu et al. (1999) 
studied the pozzolanic reaction between SiO2 from RHA and CaOH2. It was confirmed that 
C-S-H gel was formed in foil-like morphology in 28-day cement paste containing 10% RHA, 
as depicted in Figure 3. This finding recommended that incorporation of RHA in concrete 
could lessen the portlandite and increase durability and strength of the specimen due to the 
formation of C-S-H by this reaction. The fibrous-like C-S-H was clearly observed in 
microstructure of 4-h autoclaved aerated concrete containing RHA and aluminum powder 
(mixture containing: 45% OPC, 5% CaO, 45% RHA, 5% sand, and 0.5% aluminum powder) 
(Kunchariyakun et al., 2015), as presented in Figure 4  

 
 

 
Figure 2 SEM images of ultra-high performance cement-based composite containing 15% 

RHA at the age of 7 days (A) and 28 days (B) (Rong et al., 2019) 
 

A B 
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Figure 3 SEM image of floc-like C-S-H found in paste containing 10% RHA at the age of 28 

days (Yu et al., 1999) 
 
 

 
Figure 4 SEM image of autoclaved aerated concrete containing RHA and aluminum powder 

(Kunchariyakun et al., 2015) 
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The microstructure of 28-day cement mortar blended with CB is shown in 
Figure 5. It can be seen that few flocs-like C-S-H was observed, however, the CB particle 
played the important role in filled up the large pores in matrix and improve the durability of 
mortar by filler effect (Liu et al., 2020). Lee et al. (2021) investigated slag mortars containing 
0.25% and 0.50% CB. It is apparent that an increase in CB contents enlarged the voids in 
matrix. However, the C-S-H and ettringite (Aft) was observed in both mixes, as shown in 
Figure 6. This could be attributed to the layer crystal structure of CB and the absorption 
capacity, which absorbed more water and hindering the pozzolanic activity. 
 

    
Figure 5 SEM image and EDS analysis of 28-day cement mortar blended with CB  

(Liu et al., 2020) 
 
 

 
Figure 6 SEM image of slag mortars incorporating 0.25% CB (A) and 0.50% CB (B)  

(Lee et al., 2021) 

A B 
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RESULTS AND DISCUSSIONS 
 
 
Properties of POBC, RHA, and CB 
 
1. The physical properties of POBC aggregate 
 The large lumps of POBC as received from the palm oil mill are shown in 
Figure 7A. Each lump was approximately 10 to 25 cm in size. The POBC was light green to 
gray in color disseminated with some dark brown to black spots, irregular in shape, very 
angular, and scentless.  The POBC coarse aggregate ( POBCCA)  and fine aggregate 
(POBCFA) obtained after crushing process are presented in Figure 7B-C. 
 

 
Figure 7 Large lumps of POBC (A), POBCCA (B), and POBCFA (C) 

 
 The grading requirement of fine and coarse aggregate was determined 
conforming to ASTM C33 ( 2018) .  The grading analysis and physical properties of POBC 
aggregate are presented in Figure 8 and Table 8.  The mean particle size ( d50)  of POBCCA 
and POBCFA was 10 mm and 0. 55 mm, respectively.  Moreover, the uniform grading analysis 
curve of POBC aggregate showed medium-graded and poorly- graded for the POBCCA and 
POBCFA, respectively.  The fineness modulus of POBCFA also indicated that it was classified 
into the same size of coarse sand (0.5 to 1 mm) according to Wentworth scale of rock particle 
sizes. The Los Angeles abrasion and aggregate impact value of POBCCA represented that the 
POBC had low resistance to abrasion and crushing. Thus, the POBCCA was not recommended 
for using in road surfacing, railway ballast, and structural construction purpose. The POBC 
aggregate contained none of organic impurity, as can be seen in Figure 9. 

A B C 
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Figure 8 Grading analysis of POBC aggregates 

 
Table 8 Physical properties of POBC aggregates 

Properties POBCCA POBCFA 
Water absorption (%) 1.48 3.15 
Specific gravity 2.20 2.40 
Unit weight (kg/m3) 1,182 1,350 
Los Angeles abrasion value (%) 

Uniformity factor 
37.98 
0.24 

- 
- 

Aggregate impact value (%) 37.30 - 
Particle size distribution 

d10 (mm) 
d50 (mm) 
d90 (mm) 

 
4.00 
10.00 
15.71 

 
0.35 
0.55 
1.86 

Fineness modulus 5.42 3.74 
Organic impurity None 
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Figure 9 The organic impurity test of POBC aggregate as per ASTM C40 

 
2. The grading analysis and physical properties of RHA and CB 
 The grading curves of RHA and CB were plotted and compared to that of the 
OPC, as shown in Figure 10.  It is evident that the particle sizes of RHA and CB were finer 
than the OPC. The mean particle size (d50) of RHA and CB was 12.5 and 2.3 µm, which was 
lower than that of the OPC by 10%  and 84% , respectively.  The percentage retained on 45 
µm of RHA and CB was 5% and 0.3%, respectively.  According to ASTM C618 (2019) , the 
fineness requirement of percentage retained on 45 µm was not exceeded than 34%  for the 
pozzolanic materials class N, C, and F.  Thus, the RHA and CB particle sizes were met the 
fineness requirement. Moreover, the true density (ASTM C604) values of RHA and CB were 
2.39 and 2.47, which were lower than that of OPC by 22% and 20%, respectively, as listed 
in Table 9. Similarly, the OPC also had the highest specific gravity value (3.1) compared to 
RHA (2.4) and CB (2.5). The true density values conformed to the specific gravity values, as 
it represented the voids between particles which was directly proportional to the specific 
gravity of the OPC, RHA, and CB.  
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Figure 10 Grading analysis of OPC, RHA, and CB  

 
Table 9 Physical properties of OPC, RHA, and CB 
Properties OPC RHA CB 
Moisture content (%) 0.33 0.34 0.51 
True density (g/cm3) 3.08 2.39 2.47 
Specific gravity 3.10 2.40 2.50 
Particle size distribution 

d10 (mm) 
d50 (mm) 
d90 (mm) 

 
1.9 
13.9 
32.7 

 
2.3 
12.5 
38.6 

 
0.6 
2.3 
14.2 

Percentage retained on 45 µm 1.4 5 0.3 
 
3. The chemical compositions of POBC, RHA, and CB 
 The chemical compositions of POBC, RHA, and CB were analyzed via X-ray 
fluorescence ( XRF)  spectrometer, and tabulated in Table 10.  It can be seen that the main 
constituents of POBC, RHA, and CB were SiO2.  In addition, the inferior compositions of 
POBC were CaO and K2O, while those of CB was Al2O3.  Moreover, the composition of CB 
consisted of more CaO in the proportional of approximately 10% than NaO. Additionally, the 
XRD patterns of POBC, RHA, and CB were carried out via X- ray diffraction ( XRD) 
spectrometer, and mineral phase compositions are illustrated in Figure 11.  The mineral 
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composition of POBC consisted of quartz ( 2 = 26.62° and 50.10°), tridymite ( 2  = 20.51° 
and 23.23°) , crystobalite ( 2 = 21.95°) , whitlockite ( 2 = 27.99°, 31.26°, and 34.60°) , and 
diopside ( 2 = 29.85°, 35.63°, and 54.79°) .  The polymorphs of SiO2 found in XRD pattern 
also indicated that the temperature in the boiler was in the range of 870°C to 1,470°C, while 
the POBC was formed after the combustion process of palm oil waste (Di Febo et al., 2020). 
In addition, the broad hump in the background intensity between 2theta 20° to 30° implied 
the amorphous phases. The XRD pattern of RHA is presented in Figure 12. It can be clearly 
seen that RHA composed mainly of amorphous silica (broad peak) and some crystalline 
silica i. e. , quartz and crystobalite.  The mineral phase compositions of CB are 
demonstrated in Figure 13. CB consisted of quartz ( 2 = 20.84° and 26.62°), montmorillonite 
( 2 = 5.72°, 19.82°, 34.08° and 61.94°), kaolinite ( 2 = 12.36° and 24.87°), and gypsum 
( 2 = 11.63° and 23.39°).  
 

Table 10 Chemical compositions of POBC, RHA, and CB by semi-quantitative XRF analysis 
Oxides (wt.%) POBC RHA CB 

Al2O3 1.66 0.66 19.81 
SiO2 65.23 93.83 56.62 
Fe2O3 1.78 0.36 0.02 
CaO 10.00 0.76 1.16 
Na2O 0.13 0.07 0.18 
SO3 0.04 0.21 0.69 
MgO 5.37 0.36 0.55 
K2O 9.56 1.77 0.96 
P2O5 5.50 1.04 0.05 

Loss on ignition 0.04 0.67 10.12 
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Figure 11 XRD pattern and mineral phase compositions of POBC 
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Figure 12 XRD pattern and mineral phase compositions of RHA 
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Figure 13 XRD pattern and mineral phase compositions of CB 

 
 
SEM morphological analysis of POBC, RHA, and CB 
 The morphological analysis of POBC, RHA, and CB was obtained via 
scanning electron microscope (SEM), 20 kV.  The SEM images of POBC, RHA, and CB are 
presented in Figure 14A- B.  The POBC obtained after crushing to fine aggregate was very 
angular particle and low sphericity with irregular shape.  An enlargement of POBC surface is 
depicted in Figure 14C. In addition, the POBC had a smooth surface consisted of a few micro 
porous and the agglomeration of silica component ( a smooth rounded shape) , as can be 
seen in Figure 14D. 

The RHA ( Sang Yod species)  obtained after grinding process is shown in 
Figure 15A- B.  The particle shape of RHA was sub- angular to sub- rounded and medium 
sphericity.  It can be noticed that the RHA particle sizes were varied from coarse to very fine 
particle.  An enlargement of RHA surface demonstrated the clustered feature of silica 
component, which was the principal composition of RHA, as depicted in Figure 15B. 
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Figure 14 Morphology of POBC aggregate (A-B) and characteristics of POBC surface’s 

texture (C-D) 
 
The morphology of CB is illustrated in Figure 15C-D. The compactness of the 

sheet-like structure of a small CB particle represented to the clay mineral characteristics. The 
clump of sheet-like CB particle was rounded in shape and high sphericity. Besides, the sub-
angular particle of OPC is shown in Figure 15E. It can be seen that the OPC contained poorly 
graded coarser particle sizes than those of RHA and CB.  The combination of OPC, RHA, 
and CB particles showed well graded characteristic and dense particle packing with the 
different particle sizes and shapes, as demonstrated in Figure 15F. 

 

A B 

C D 
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Figure 15 Morphology of RHA (A-B), CB (C-D), OPC (E), and ternary blends of OPC, RHA, 

and CB particles (F) 
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Properties of paste incorporating CB and RHA 
 
Setting time by Vicat needle test 
 In this study, the test method for evaluate Vicat initial and final time of setting 
was adapted from ASTM C191 ( 2008) .   The Vicat initial setting time was carried out by 
measuring the elapsed time until the penetration depth of Vicat needle was 25 mm, while the 
Vicat final time of setting was determined as the Vicat needle failed to pierce the mold.  The 
Vicat setting time of different mix designations are presented in Figure 16.  It is evident that 
both of the Vicat initial and final setting time decreased with an increase in percentage of 
RHA replacement. For the ternary blends of RHA and CB, the same trend of Vicat initial and 
final setting time was found to be decreased with an increase in percentage of RHA 
replacement. Besides, the Vicat initial and final setting time of mixes containing 10% to 30% 
RHA ranged from 96 to 133 minutes and 240 to 285 minutes, which decreased up to 32% 
and 16%  as up to 30%  of RHA replacement, when compared to that of the control mix. 
These findings are in agreement with the previous studies on the effect of RHA as a cement 
replacement on setting time.  According to Liu et al.  ( 2020)  and Venkatanarayanan & 
Rangaraju ( 2015) , the RHA particle absorbed more free water, which in turn reduced the 
water to binder ratio of the fresh paste and setting time.  Meanwhile, an increase in CB 
contents slightly increased either the Vicat initial and final setting time, which were in the 
range of 199 to 211 minutes and 300 to 320 minutes, respectively.  At up to 30%  CB 
replacement, the Vicat initial and final setting time were 50%  and 12%  greater than that of 
the control.  The previous studies also found that the setting time increased with increasing 
the CB contents, this is due to the packing effect of CB which could hindered and delayed 
the hydration process (Sha et al., 2018; Zhou et al., 2020). 
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Figure 16 Vicat initial and final setting time of different binary and ternary mix designations 

 
 
Temperature of hydration 

The temperature of hydration was measured during the setting time had been 
carried out, by using Fluke Digital Multimeters ( DMMs) .  For all mix designations, the 
temperature of hydration was measured every 15 minutes until the paste hardened and the 
results are demonstrated in Figure 17.  Generally, the heat of hydration is chiefly generated 
from tricalcium aluminate and free lime in cement contents, hence a decrease in cement 
contents by using pozzolans as a cement substitution decreases the hydration temperature 
due to a decrement of tricalcium aluminate and free lime ( Gómez & Rojas, 2013) .  The 
hydration temperature ranged from 28. 4 to 31. 2 °C for the mix designation containing RHA 
and CB, while that of control mix was 33.6 °C. Particularly, the maximum binary substitution 
of OPC by 30% of RHA, CB, or ternary blends of RHA and CB provided the lower hydration 
temperature than that of the control by 9 to 14% .   Wei & Gencturk ( 2019)  studied the 
hydration of blends containing bentonite and stated that the dilution effect by reducing the 
use of cement could decrease the heat of hydration due to lower cement take part in both of 
hydration reaction and tricalcium aluminate reaction. 
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Figure 17 Temperature of hydration of different binary and ternary mix designations of pastes 

 
 
Fresh properties of POBC mortar 
 
1. Percentage of flow 

The flowability test of fresh POBC mortars was performed in accordance with 
(2015). The percentages flow of different binary and ternary mix designations are presented 
in Figure 18.  Generally, an increase in RHA and CB contents decreased the flowability of 
POBC mortar. For the binary mix designation of R10, R20, and R30, the percentages of flow 
were lower than that of control mix by 19% , 31% , and 38% , respectively.  Additionally, the 
percentage flow of the binary mix containing up to 30%  CB was lesser than the control mix 
by 20% .  Subsequently, an increase in percentages of cement substitution by the ternary 
blends of RHA and CB decreased the flowability.  However, the mix incorporating up to 10% 
RHA, 20%  CB, and ternary mix designation of B5R5, B5R15, and B15R5 showed the 
acceptable percentages of flow within the range of 98% to 119%. Laidani et al. (2020) also 
revealed that the flowability of concrete containing CB decreased with an increase in CB 
contents due to the fineness and specific surface area of CB particle were greater than that 
of cement, therefore, the more water was required.  Subsequently, the percentage of flow 
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gradually decreased with an increase in RHA replacement ratios for the ternary blends of 
RHA and CB (Figure 18). This finding is in accordance with those of previous studies. Siddika 
et al. (2020) pointed out that RHA particle absorbed water on its surface and stored water in 
its pore, an increase in RHA contents and fineness of RHA particle decreased free water, 
which in turn increased the viscosity of the fresh mix and decreased the flowability.  As well 
as, the filler effect of RHA played the important role in reducing the segregation and flowability 
of fresh mix (Fapohunda et al. , 2017) .  In addition, Sua- Iam et al.  (2019)  and Abbas et al. 
( 2017)  suggested that more superplasticizer dosages are required to restore flowability and 
achieve the targeted flow of 110±5% for the mixture incorporating RHA. 
 

 
Figure 18 Percentage flow of different binary and ternary mix designations 
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2. Fresh density 
The fresh density of POBC mortars with different mix designations was 

measured according to ASTM C138 ( 2017)  and demonstrated in Figure 19.  It can be seen 
that the fresh density decreased with an increase in RHA and CB contents.  For the mix 
incorporating 10%, 20%, and 30% RHA, the fresh density was 3%, 6%, and 8% lower than 
that of control mix. Similarly, an increase in CB partial replacement of OPC from 10% to 30% 
reduced the fresh density by 2% to 5% compared to the control mix. The fresh density of the 
ternary blends of RHA and CB ranged 2% to 6% lower than that of the control mix. It is on 
account of the fact that the fresh density was the function of the true density and specific 
gravity.  The true density and specific gravity values of OPC were greater than that of RHA 
and CB. Consequently, the control mix had the highest fresh density compared to the rest of 
mix designations.  This result is consistent with the previous studies.  Memon et al.  ( 2012) 
revealed that the fresh density of mortar containing up to 21%  CB was lower than that of 
without CB by 7%.  Furthermore, an increase in the percentage of OPC substitution by RHA 
up to 20% decreased the fresh density of mortar by 2.5% compared to the control mix, due 
to the specific gravity of RHA (2.2) was lower than that of OPC (3.2) (Sua-iam et al., 2016). 

 

 
Figure 19 Fresh densities of different binary and ternary mix designations 
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Properties of POBC mortars 
 
Water absorption and apparent porosity 

The water absorption and apparent porosity were conducted conforming to 
ASTM C373- 14a ( 2014) .  The water absorption and apparent porosity results of POBC 
mortars with different binary and ternary mix designations at the ages of 7, 28, and 56 days, 
as presented in Figure 20.  An increase in RHA contents increased the water absorption at 
the early curing age ( 7 days) , while, at the prolonged curing periods, the water absorption 
decreased with an increase in RHA contents.  For instance, the water absorption of 56- day 
POBC mortars containing 10%, 20%, and 30% RHA was 21%, 28%, and 35% lesser than 
that of the control mix, respectively. Similar result was confirmed by Balraj et al. (2020) that 
the water absorption of 28- day concrete decreased with a reduction in particle size of RHA 
and an increase in RHA contents.  The possible reason could be due to the reduction of 
permeable void by the pozzolanic effect of RHA, which took place at the later ages (up to 28 
days of curing), whereas an increase in water absorption at the early age could be attributed 
to the absorption capacity of the porous RHA particle ( Ganesan et al. , 2008) .  For the mix 
containing CB, the water absorption decreased with prolonged curing ages and a reduction 
in CB content.  For example, the minimum 56- day water absorption value was found in the 
mix containing 10% CB, which was lesser than that of the control mix by 13%, whereas the 
mortar containing up to 30%  CB showed greater water absorption value than that of control 
mix by 13%.  

Accordingly, the apparent porosity results were in same trend of the water 
absorption results, as presented in Figure 20. An increase in RHA contents and curing ages 
decreased the apparent porosity due to the filler effect of RHA and the secondary C- S- H 
formed in the pore of the mortar specimen.  For example, the 56- day mortar containing 30% 
RHA showed the lowest apparent porosity ( 14% ) , which was 33%  lower than that of the 
control mix.  Conversely, an increase in CB contents increased the apparent porosity of the 
mortars, while the substitution of OPC by 10%  CB reduced the 56- day apparent porosity of 
mortar by 14%  compared to the control mix.  The possible reason could be due to the 
absorption capacity of more CB particles that absorbed more water and swelled in the fresh 
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mix, when the water released, the pore size of  approximately 1 µm was produced (Hu et al., 
2019). Thus, the optimum substitution of OPC by 10% CB was recommended based on this 
study result.  Moreover, a decrease in porosity was observed in the mix containing the 
optimum amount of 10- 15%  CB as an OPC substitution, which was reported by Laidani et 
al. (2020).This finding is in line with Man et al. (2019) and Targan et al. (2002).  
 

 
Figure 20 Water absorption and apparent porosity of different binary and ternary mix designations 

and curing ages 
 
 
Compressive strength 
 The compressive strength of POBC mortars with different mix designations at 
7, 28, and 56 days was determined conforming to ASTM C109 ( 2016) .  As can be clearly 
seen in Figure 21, the compressive strength of each mix designation increased with curing 
ages. The development of compressive strength for the mix incorporating RHA was observed 
at up to 28 days of curing period. The highest compressive strength was found in the binary 
mix designation of R20, which was 45 MPa and 53 MPa at the age of 28 and 56 days, 
respectively.  However, at an early curing period of 7 days, an increase in RHA contents 
decreased the compressive strength. This is due to the pozzolanic effect, which is the reaction 
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between SiO2 derived from RHA and Ca( OH) 2 from hydration process.  This reaction was 
confirmed by Hu et al.  ( 2020)  that it took place at later age ( up to 28 days)  and produced 
calcium silicate hydrate (C-S-H), which resulted in strength development. Similar results was 
reported by Khan et al.  ( 2018) .  Nevertheless, an increase in CB contents decreased the 
development of compressive strength.  The highest compressive strength of the mix 
incorporating CB was 41 MPa at the age of 56 days, which was found in the 10%  CB 
supplemented mix.  The reduction in compressive strength of that mix was only 11% 
compared to the control mix.  For mix designation containing the ternary blends of RHA and 
CB, the highest compressive strength was observed in the mix designation B5R15, which 
was 39 MPa and 48 MPa, respectively, at the age of 28 and 56 days.  The possible reason 
is CB contained 57% SiO2 in comparison with 94%  SiO2 of RHA, thus the mix designations 
incorporating RHA and/ or more RHA contents provided more compressive strength values 
than those of CB.  Moreover, an addition of excessive CB could hinder the hydration and 
pozzolanic reaction.  This finding is in line with Ahmad et al.  ( 2011)  and Mesboua et al. 
(2018). 
 
 

 
Figure 21 Compressive strength of different binary and ternary mix designations and curing ages 
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Strength activity index (SAI) 
The SAI is the ratio between the compressive strength of mortar containing 

pozzolanic materials to the compressive strength of the control mix. The SAI was calculated 
and tested as per ASTM C311 (2018) and C618 (2019).  According to ASTM C618 (2019) , 
the minimum standard requirement of SAI was 75%  of the control mix.  It can be seen that 
the SAI increased with prolonged curing ages, as illustrated in Figure 22.  For all of the mix 
incorporating RHA and the ternary blends of RHA and CB at the ages of 7, 28 and 56 days, 
the SAI values were met the standard requirement.  Regarding to the compressive strength 
results, the same trend was observed in the SAI.  The highest SAI was found to be 127% 
and 107% , respectively, for the mix designation of R20 and B5R15 at the age of 28 days, 
whereas, the mix incorporating up to 10% CB provided the highest SAI ( 83% and 91%)  at 
the ages of 28 and 56 days. However, an increase in CB contents decreased the SAI, similar 
results were reported by Mesboua et al. (2018) and Mirza et al. (2009). Additionally, Abbas 
et al.  (2017)  concluded that substitution of OPC by up to 30% RHA with the curing age up 
to 28 days could be capably in strength development due to the 28- day SAI was exceeded 
than 75% of the control mix. 
 

 
Figure 22 Strength activity index of different binary and ternary mix designations and curing ages 
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Sulfuric acid attack 
The different mix designations of the POBC mortar specimens cured in water 

for 7, 28 and 56 days, were then exposed to 0. 005 M ( 0. 1%  w/ v, pH= 2. 5)  sulfuric acid 
solution (H2SO4) for 6 weeks (42 days). The weight of each specimen was measured before 
and after exposure.  The change in compressive strength was examined by comparison of 
the compressive strength at particular curing age of 7, 28, and 56 days before exposure with 
those of after exposure to sulfuric acid. 
 
1. Loss in weight  

The percentage loss in weight of different mix designations is revealed in 
Figure 23.  It is apparent that the percentage loss in weight gradually decreased with 
prolonged curing age before exposure.  Additionally, an increase in RHA decreased the 
percentage loss in weight.  The 56- day percentage loss in weight was 0. 81% , 0. 68% , and 
0. 47%  for the binary mix designation of R10, R20, and R30, respectively, which was 47% , 
56%, and 69% lower than that of the control mix.  For the binary mix designation B10, B20, 
and B30, the 56-day percentage loss was 0.97%, 1.54%, and 1.57%, which was 37% lower 
than that of the control mix; 1% , and 3%  greater than that of control mix, respectively.  For 
the ternary mix designation B5R5, B5R15, B15R5, B10R20 and B20R10, the 56- day loss in 
weight was 1.14%, 0.86%, 1.47%, 0.90% and 1.52%, respectively.  The reaction between 
cement paste and sulfuric acid solution caused the dissolution of calcium and solid phases 
( Subashi De Silva et al. , 2021) .  As a result, the POBC mortars exposed to sulfuric acid 
showed the deteriorating characteristics i. e.  change in surface’ s color, broken rim, and loss 
in weight, as revealed in Figure 24.  Similar result was also reported by Subashi De Silva et 
al. (2021) that an increase of up to 20 wt.% RHA replacement of OPC decreased the weight 
loss due to sulfuric acid attack by 25% .  This could be due to the pozzolanic and filler effect 
of RHA reduced both pore- connectivity, permeability, and sorptivity by C- S- H forming in the 
micro- pore spaces.  Thus, the weight loss was reduced by an incorporation of RHA as an 
OPC replacement.  
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2. Loss in compressive strength  
The percentage loss in compressive strength of different mix designations is 

presented in Figure 25.  The trend of percentage loss in compressive strength was in 
correspondence to those of loss in weight ( Figure 23) .  The percentage loss in compressive 
strength decreased with age of specimens before exposure to sulfuric acid solution.  The 56-
day percentage loss in compressive strength for the binary mix designation of R10, R20, and 
R30 was 23% , 41% , and 68%  lower than that of the control mix, respectively.  For the mix 
designation, B10, the percentage loss in compressive strength was 11%  lesser than that of 
the control mix.  Conversely, the 56- day percentage loss in compressive strength for the 
binary mix designation of B20 and B30 was 12% and 23% greater than that of control mix. 
For the ternary mix designation of RHA and CB, the 56- day percentage loss in compressive 
strength was in the range of 4.07% to 4.93%, where the lowest percentage loss performed 
by in the ternary mix designation of B5R15; which was lower than that of the control mix by 
18% .  This result is in agreement with the research of Kumar & Prasad ( 2019) .  The 
compressive strength loss could be due to the loosened surface layer of mortar and micro 
crack; which was induced by the formation of gypsum and ettringite via the reaction between 
sulfuric acid and hydration products (monosulfoaluminate, C-S-H or calcium hydroxide) (Sata 
et al., 2012).  

Based on the sulfuric acid attack mechanism, the reaction between hydration 
products and sulfuric acid solution is revealed as follows (Monteny et al., 2000): 

 
     Ca(OH)2 + H2SO4  CaSO4.2H2O (1) 

                            (Portlandite)                      (Gypsum) 
                 CaO.SiO2.2H2O+ H2SO4  CaSO4 + Si(OH)4 + H2O (2) 
                           (C-S-H)                 (Gypsum) 
3CaO.Al2O3.12H2O + 3(CaSO4.2H2O) + 14H2O  3CaO.Al2O3.3CaSO4.31H2O  (3) 
           (C3A)                    (Gypsum)                       (Ettringite formed in pore solution) 

 

As a result, the weight loss could be explained by the dissolution of calcium of cement’ s 
paste. The mortar’s structure weakened by the dissolution of that solid phase and the forming 
of new salt’s phase. Then, the compressive strength declined consecutively.  
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Figure 23 Percentage loss in weight of different binary and ternary mix designations and 

curing age after sulfuric acid attack 
 

 

 
Figure 24 Visual observation of deteriorating characteristics of POBC mortars exposed to 
sulfuric acid solution for 42 days (from left to right: control mix, R10, R20, and R30) 
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Figure 25 Percentage loss in compressive strength of different binary and ternary mix 

designations and curing ages after sulfuric acid attack 
 
 
Sodium sulfate attack 
 
1. Gain in weight 

The POBC mortar specimens with different binary and ternary mix 
designations were cured in water for 7, 28 and 56 days, then were exposed to 0 . 5  M ( 8% 
w/v, pH=6-8) sodium sulfate solution (Na2SO4) for 6 weeks (42 days). Each specimen was 
weighed before and after exposure.  The change in compressive strength was performed by 
comparison of the compressive strength at particular curing age of 7, 28, and 56 days before 
exposure with those of after exposure to sodium sulfate solution for 42 days. 
 It is apparent that the weight of each different mixtures slightly increased after 
exposure to sodium sulfate solution.  However, an increase in curing age before exposure 
and RHA contents decreased the gain in weight.  The percentage gain in weight of different 
mix designations was demonstrated in Figure 26. The 56-day percentage gain in weight was 
0. 09%, 0. 07%, 0. 03% , 0. 12%, 0. 15%, and 0. 16%  for the binary mix designation of  R10, 
R20, R30, B10, B20, and B30, respectively.  Additionally, the 56- day percentage gain in 
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weight of the ternary mix designation of B5R5, B5R15, B15R5, B10R20, and B20R10 was 
0.12%, 0.09%, 0.13%, 0.10%, and 0.14%, respectively. The lowest 56-day percentage gain 
in weight was found in the mix designation of R30, which was 76%  lesser than that of the 
control mix.  Conversely, an increase in CB content up to 30%  extended the 56- day 
percentage gain in weight to 23%  compared to that of the control mix.  Proportionately, the 
ternary mix designation between RHA and CB manifested lesser 56- day percentage gain in 
weight than the mix incorporating only CB.  It could be attributed to ( i)  the specimen was 
saturated by absorption of sodium sulfate solution ( ii)  CB was rich in alumina which could 
conduce more C- A- S- H and sulfate salts forming ( iii)  the formation of sulfate salt on the 
surface of mortar’ s specimen, as depicted in Figure 27.  This results are in agreement with 
Ma et al. (2014). Additionally, this result conformed to water absorption and apparent porosity 
results, where RHA had a filler effect to POBC mortar’ s matrix and reduced the penetrating 
ability of sulfate solution to the specimen.  
 

 
Figure 26 Percentage gain in weight of different binary and ternary mix designations and curing 

ages after sodium sulfate attack 
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Figure 27 Visual observation of deteriorating characteristics of POBC mortars exposed to 
sodium sulfate solution for 42 days:  sulfate salt precipitated on specimen’s surface (A)  and 
sulfate salt deposited as a plate inside cementitious material (B). 

 
2. Loss in compressive strength 

The degradation in compressive strengths after exposure to sodium sulfate 
solution for 42 days were monitored and represented as percentage loss in compressive 
strength, depicted in Figure 28.  The result demonstrated the similar trend to the percentage 
gain in weight after exposure.  In addition, an increase in curing age before exposure 
significantly declined the percentage loss in compressive strength.  The 56- day percentage 
loss in compressive strength was 0.85%, 0.56%, and 0.32%, respectively, for the binary mix 
designation of R10, R20, and R30. For the binary mix designation of B10, B20, and B30, the 
56-day percentage loss in compressive strength was 0.98%, 1.21%, and 1.32%, respectively. 
Consequently, the lesser values of 56- day percentage loss in compressive strength was 
observed in the ternary mix designation of B5R5, B5R15, B15R5, and B10R20. As compared 
to the control mix, an incorporating of up to 30% RHA, 10% CB, and the ternary mix of 5% 
CB and 15% RHA, provided the lower 56-day percentage loss in compressive strength than 
that of the control mix by 72%, 15%, and 27%, respectively. This result is in accordance with 
Hu et al.  (2020) .  Based on the external sulfate attack mechanism that was proposed by Lv 
et al.  ( 2020) , the reaction between hydration products and sodium sulfate solution is 
demonstrated as follows:  

A B 
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     Ca(OH)2 + Na2SO4 + 2H2O  CaSO4.2H2O + NaOH (4) 
                        (Portlandite)                                    (Gypsum) 
                 CAH + Na2SO4 + 2H2O  3CaO.Al2O3.3CaSO4.31H2O + NaOH (5) 
         (CAH or 3CaO.Al2O3.6H2O       (Ettringite) 
       from hydration reaction of C3A) 
                 CaSO4.2H2O + CAH  3CaO.Al2O3.3CaSO4.31H2O + Ca(OH)2 (6) 
         (Gypsum, as formed in equation 4)             (Ettringite) 
 
The hydration products, i.e., porlandite and C-A-S-H reacted with the sulfate solution to form 
gypsum and ettringite.  As a result, the formation of gypsum and ettringite deposited nearly 
the specimen’s surface induced microstructural alteration, expansion, strength loss, and micro 
cracks (Santhanam et al., 2003).  
 

 
Figure 28 Percentage loss in compressive strength of different binary and ternary mix 

designations and curing ages after sodium sulfate attack 
 
 
 
 
 

0

0.5

1

1.5

2

7-day 28-day 56-day

Lo
ss

 in
 co

mp
re

ss
ive

 s
tre

ng
th 

(%
)

Curing age

Control R10 R20 R30 B10 B20
B30 B5R5 B5R15 B15R5 B10R20 B20R10



42 

 

X-ray diffraction analysis  
The crystalline phase compositions of each mix were carried out using X- ray 

diffractometer at 2theta between 4° to 60° with step size of 0. 026° and time·step- 1 127. 50 
seconds, respectively.  Table 11 demonstrates the abbreviations of mineral phases labeled 
on XRD spectra and their peak positions of different mixes in accordance with the ICDD 
database (International center for diffraction data).  

The XRD patterns of the different mix designations ( control, R30, B10, and 
B5R15)  at the age of 56 days are illustrated in Figure 29.  The main hydration’ s products 
were found in all mixes, which were ettringite ( Ca6Al2( SO4) 3( OH) 12( H2O) 26) , portlandite 
( Ca( OH) 2, quartz ( SiO2) , dicalcium silicate ( Ca2SiO4) , and calcium silicate hydrate 
(Ca1.5SiO3.5·xH2O, C-S-H), while calcium aluminum silicate hydrate (Ca2Al4Si14O36·14H2O, C-
A- S- H)  was found in the mix designation B10 at 2theta of 9. 79° and 29. 76°, respectively. 
However, C-S-H is an amorphous, which can be detected at low angle scattering (Hou et al., 
2015) , exhibited the broad and hump peak in the background intensity at 2theta of 29. 36° 
and 50.08°, respectively.  

It is evident that the peak intensities of portlandite for the mix designation 
R30, B10, B5R15 were lower than that of the control mix.  In addition, the mix designation 
R30 presented the highest C- S- H and C2S peak intensities, followed by B5R15, B10, and 
control mix (Figure 29).  This is indicated that RHA and CB could be effectively used as a 
pozzolan due to ( i)  the lower peak intensity of portlandite and the greater peak intensity of 
C-S-H was observed in the mix incorporating RHA, (ii) the incorporating of CB also reduced 
the peak intensity of portlandite and promoted the peak of C- A- S- H, which could attributed 
to the more alumina composition of CB interacted with OPC ( Fernandez et al. , 2016) . 
Moreover, the peak of ettringite and C2S also indicated the primary and prolonged strength 
development ( Jeong et al. , 2016; Saghiri et al. , 2017) .  The pozzolanic reaction could be 
promoted by the SiO2 content of RHA consumed Ca(OH)2 and generated more secondary C-
S-H (Jamil et al., 2016).Furthermore, the incorporating of RHA in recycled aggregate concrete 
could promoted the 28- day compressive strength and durability against hydrochloric acid 
attack by pozzolanic effect that increased the C-S-H formation (Alnahhal et al., 2018).   
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Table 11 The mineral phases and peak positions of XRD analysis 

Abbreviation Mineral phase Peak position at 2theta (degree) 

E Ettringite 9.72°, 15.77°, 22.90°, and 46.66° 

P Portlandite 18.01°, 28.67°, 34.10°, and 50.81° 

Q Quartz 20.84°, 21.82°, 26.62°, and 39.43° 

C2S Dicalcium silicate (larnite) 32.02° 

C-S-H Calcium silicate hydrate 29.36° and 50.08° 

C-A-S-H Calcium aluminum silicate hydrate 9.79° and 29.93° 
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Figure 29 XRD patterns of different binary and ternary mix designations 
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Microstructural characterization 
The SEM images of POBC specimens cured in water with different ages and 

mix designations are demonstrated in Figure 30. Generally, it can be seen that the hydration 
products of different mix designations formed in different sizes and shapes i. e.  portlandite 
(P) , ettringite (E) , calcium silicate hydrate (C-S-H) in flocs- like and fibrous- like forms.  The 
microstructural analysis was carried out based on the XRD results and crystallographic 
properties i. e.  shapes, habits, crystal forms, crystal systems, and cleavage.  Portlandite 
( Ca( OH) 2)  is a hexagonal- like plate, which is classified into hexagonal crystal system and 
exhibited one perfect cleavage.  It was formed by the hydration reaction and can generate 
the secondary C- S- H with the pozzolanic materials ( Neville & Brooks, 2010) .  The negative 
effect of portlandite in durability properties is that it could react with the sulfate solution and 
gypsum.  Ettringite is a hexagonal crystal form as classified into hexagonal crystal system, 
which often exhibits acicular or prismatic shape. The formation of ettringite could develop the 
strength of cement paste (Neville & Brooks, 2010). Based on this study, C-S-H is observed 
in two different forms: (i) flocs-like form and (ii) fibrous-like form, as shown in Figure 30A-D. 
Additionally, the C- S- H is an amorphous or poorly crystalline product, which widely spreads 
like a network on the matrix of cement paste and enhances durability ( Neville & Brooks, 
2010) .  Evidently, the microstructure of the mix designation of R10 and B5R15 showed the 
denser matrix occupied by C- S- H, when compared to that of the control mix and mix 
designation of B10.  Moreover, the larger needle- like shape of ettringite was obviously found 
in mix designation of R10, which provided the greater compressive strength development 
than the control mix. 

The microstructural analysis using SEM images of specimens exposed to 
sulfuric solution is shown in the Figure 31.  The disintegration characteristics and unshaped 
crystals of the hydration and pozzolanic products were found in all mix, which contributed to 
the loss in weight and compressive strength. A monoclinic plate of gypsum (G), ettringite (E), 
and C- S- H was revealed in Figure 31A- D.  The loosened matrix by the corrosion of sulfuric 
acid and formation of gypsum and ettringite could contribute to more pore spaces and some 
cracks.  It can be seen that the microstructure of ternary mix designation of RHA and CB 
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showed the lesser loosed matrix than that of the control mix.  This could contributed to the 
pozzolanic reaction, which produced more secondary C-S-H and lessening the pore spaces. 

The SEM images of specimens exposed to sodium sulfate solution are 
demonstrated in Figure 32. Particularly, the mix designation of R10, B10, and B5R15 revealed 
the mild deteriorating characteristics of sodium sulfate attack, when compared to the control 
mix.  Accordingly, the dense matrix that was observed in those mix provided the less pore 
spaces for the formation of gypsum (G), ettringite (E) and microcracks. 

As a result, this indicated that the binary mix of RHA up to 30% , CB up to 
10% , and the ternary mix of 5%CB and 15%  RHA promoted the durability of the POBC 
mortar due to the densification of microstructure by C- S- H from pozzolanic reaction.  This 
finding is in agreement with Hu et al. (2020), Fernandez et al. (2016), and Mohseni et al. (2017). 
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Figure 30 SEM images of control mix (A), binary mix designation of R10 (B), B10 (C), and 

ternary mix designation of B5R15 (D) cured in water for 56 days. 
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Figure 31 SEM images of control mix (A), binary mix designation of R10 (B), B10 (C), and 

ternary mix designation of B5R15 (D) after exposure to sulfuric acid solution 
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Figure 32 SEM images of control mix (A), binary mix designation of R10 (B), B10 (C), and 

ternary mix designation of B5R15 (D) after exposure to sodium sulfate solution 
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Properties of POBC concrete 
 
Rapid chloride permeability test (RCPT) 

The RCPT was carried out as per ASTM C1202 for the POBC concrete 
specimens with different mix designations.  The apparatus for RCPT was developed by 
Suriyachoto & Tonnayopas (2013)  in accordance with ASTM C1202.  This apparatus consisted 
of transformer ( 47 VAC, 13 A) , copper circuit board, bridge diode, capacitor, regulator, heat sink 
and fan, panel voltmeter, and ammeter, as shown in Figure 33A.  The alternating current (A.C. ) 
will be input to the apparatus, and it will be transformed to a direct current (D.C. )  by full wave 
bridge rectifier, then the D.C.  will be transferred to voltage regulator circuits.  The electricity with 
constant voltage of 60 V was generated on the surface of tested specimen for 6 h.  Then, the 
output of coulombs were measured by ammeter and recorded every 30 mins.  The chloride ion 
permeability of each specimen was classified by the charge passed result.  The specimen 
prepared for the test are shown in Figure 33B.  The tested specimens were cured for 28 and 56 
days before testing, the total charge passed per coulomb results are presented in Figure 34. 
Corresponding to ASTM C1202, the criteria for chloride ion penetrability is determined as 
tabulated in Table 12.  The highest 28-day and 56-day chloride ion penetrability were observed 
in the mix containing 30% CB (7,536 and 6,083 coulombs), while the lowest 28-day and 56-day 
chloride ion penetrability were found in the binary mix containing 30%  RHA ( 507 and 336 
coulombs) .  Thus, an increase in curing age and RHA decreased the chloride ion penetrability, 
whereas an increase in CB increased the chloride ion penetrability.  The similar trend was 
observed in the mix designation containing ternary blends of CB and RHA, the very low chloride 
ion penetrability of 28-day and 56-day specimens was 718 and 598 coulombs, respectively, for 
the mix designation B5R15 and B10R20, respectively.  Hence, the optimum ternary blend ratios 
of CB and RHA could be considered as 5 to 10% CB with 15 to 20% RHA substitution by weight 
of OPC in the POBC concrete.  Based on the investigated results in this study, a significant 
decrease in chloride ion penetration was prominently found in the mix supplemented with RHA. 
The supplementing RHA into CB reduced the chloride ion permeability by 56%, 81%, 76%, 86%, 
and 76%, respectively, for the ternary mixes of B5R5, B5R15, B15R5, B10R20 and B20R10, 
compared to the minimum incorporation of 10% CB (mix designation B10)  cured for 56 days. 
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This is due to the greater pozzolanic activity of RHA than CB, which could improve the 
microstructure by producing more C- S- H and denser the matrix.  Correspondingly, previous 
studies reported that the RHA excellently performed the important role in improving chloride ion 
penetrability over metakaolin (Gill & Siddique, 2018) , sugarcane-bagasse ash and palm oil fuel 
ash (Joshaghani & Moeini, 2018), and fly ash (Chindaprasirt et al., 2008). 

Overall, an increase in curing age up to 56 days with an incorporation of RHA 
and ternary blends of CB and RHA reduced the chloride ion penetrability of POBC concrete, 
which were in acceptable range for low to very low chloride ion penetrability, whereas that of the 
control mix steadily fell in the moderate range base on ASTM C1202. 

 

   
Figure 33  The apparatus for RCPT (A) and concrete specimen prepared for RCPT (B) 

 

 
Figure 34 Total charge passed per coulomb from RCPT at different mixes and ages 
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Table 12 Criteria for chloride ion penetrability from RCPT according to ASTM C1202 
Total charge passed (coulombs) Penetrability 

>4,000 High 
2,000 to 4,000 Moderate 
1,000 to 2,000 Low 

<1,000 Very low 
 
 
Capillary absorption coefficient 

The ability of concrete’ s surface to absorb water by capillary suction is 
determined as capillary water absorption.  The capillary absorption coefficient is the rate of 
capillary water absorption, which is a mass gain per unit area of exposed specimen’s surface 
to water as a function of time.  The capillary absorption coefficient of POBC concrete with 
different mix designation at the age of 28 and 56 days was measured and calculated in 
accordance with ASTM C1585 (2020), as shown in Figure 35. It can be clearly seen that an 
increase in curing age and percentage replacement of RHA decreased the capillary 
absorption coefficient.  For example, the binary mix containing maximum 30%  RHA 
substitution by weight of an OPC showed the lowest capillary absorption coefficient by 0. 06 
kg/ mm2/ h0. 5 at the age of 56 days, which was 40%  lower than that of the control mix. 
Conversely, an increase in CB increased the capillary absorption coefficient.  The lowest 
capillary absorption coefficient of the binary mix containing 10% CB was 0.11 kg/mm2/h0.5 at 
the age of 56 days, which was 10%  higher than that of the control mix.  In addition, for the 
mix designation containing the ternary blends of CB and RHA, the lowest capillary absorption 
coefficient was found in the ternary mix designation B5R15 and B10R20 cured for 56 days, 
which were equally 0.07 kg/mm2/h0.5. Coincidently, the capillary absorption coefficient was in 
the same trend of the chloride ion permeability. This is due to the capillary pore was filled up 
by C-S-H, which in turn resulted in the denser matrix. Thus, the chloride ion permeability and 
capillary absorption coefficient reduced.  Moreover, the more SiO2 was provided by the more 
amount of micro RHA particles, which reacted with Ca( OH) 2 a n d  generated more C- S- H 
(Balapour et al., 2017). 
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Figure 35 Capillary absorption coefficient of different binary and ternary mix designations 

and curing ages 
 
 
Indirect tensile strength 

The concrete specimens after tested for the RCPT, were then taken to 
determine the indirect tensile strength in compliance with Brazilian method ( the test method 
was adapted from ASTM C496/C496M (2017)). The results of indirect tensile strength are in 
range of 2 to 4 MPa, as shown in Figure 36.  It can be seen that the indirect tensile strength 
increased with prolonged curing age.  The development of 56- day indirect tensile strength is 
clearly found in the binary and ternary mix designation of R10, R20, B10, B5R15, and 
B10R20, which was 23%, 3%, 3%, 14%, and 7%, respectively, greater than the control mix. 
On the contrary, the reduction in 56- day indirect tensile strength was observed in the mix 
designation of R30, B20, B30, B5R5, B15R5, and B20R10, which was 5%, 3%, 4%, 2%, 1%, 
and 3% , respectively, lower than the control mix.  As a result, an increase in CB content 
decreased the indirect tensile strength as well as the incorporation of RHA content exceeded 
than 20%  by weight of an OPC.  The development in indirect tensile strength of the binary 
mix incorporating the optimum amount of up to 20% RHA and 10% CB could be due to the 
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pozzolanic reaction of the reactive micro SiO2 particles from RHA and CB, which in turn 
promoted the precipitation of C- S- H and the densification of POBC concrete.  The previous 
work reported that the maximum improvement in tensile strength of 14%  was found in the 
binary mix containing 15% RHA as an OPC replacement, which could ascribed to the 
improvement of the bond between interfacial transition area of the specimen by C- S- H 
(Qureshi et al., 2020). This finding also in line with the previous study, that the optimum 10-
15% CB improved the indirect tensile strength of concrete specimen by 5%, compared to the 
mix without adding CB at the age of 180 days (Masood et al., 2020). 

 

 
Figure 36 Indirect tensile strength of different binary and ternary mix designations and 

curing ages 
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Criteria and comprehensive properties of POBC mortars and concretes  
 
 Based on the standard requirement of ASTM C270,  the maximum replacement of up to 30% of binary RHA mixture and 
ternary blends of RHA and CB by weight of OPC can be possibly considered as a practical implication for type S and type M cement mortars 
and concrete with chloride ion penetrability resistance, as tabulated in Table 13. However, the maximum replacement of 20% of CB for 
binary mixture is recommended for using as a natural pozzolan without restrain the compressive strength development, as per ASTM C618.  
 

Table 13 Criteria and comprehensive properties of POBC mortars and concretes with different binary and ternary mix designations 
for future practical implication 

Properties 
Mix designations 

Control R10 R20 R30 B10 B20 B30 B5R5 B5R15 B15R5 B10R20 B20R10 

Mo
rta

r  

Flow (≥105%) 
(ASTM C 1437)             

28
-d

ay
 U

CS
 

(A
ST

M 
C2

70
) Type S 

(≥12.4 MPa)             

Type M 
(≥17.2 MPa)             

28-day SAI (75% of control mix) 
(ASTM C618) 

-            

Recommendation: According to the 28-day compressive strength and SAI results, all of the binary and ternary mix designations were met the standard requirement 
of type S and type M cement mortar (ASTM C270). Thus, it could be possibly applied in foundations, parapet walls, exterior walls, and traditional purpose.  

Co
nc

re
te Low to very low chloride ion 
penetrability (28-day)  

(ASTM C1202) 
            
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Conclusions and Suggestions 
 
 

Conclusions 
 This study focused on utilization of POBC as fine and coarse aggregate 
substitution and incorporating binary and ternary mixes of CB and RHA as a partial OPC 
replacement in green mortar and concrete production.  Based on the study, these following 
conclusions and suggestions can be stated: 

1. The physical properties, chemical compositions, and morphology of POBC 
showed that the POBC can be used to replace natural aggregate for nonstructural mortar 
and concrete production. 

2. The chemical compositions and physical properties of CB and RHA can be 
classified as type N and type C according to ASTM C618 (2019). 

3. The setting times were decreased by an increase in RHA replacement level 
and a decrease in CB replacement level.  Likewise, a decrease in cement contents by an 
increase in CB and/RHA replacement level reduced the heat of hydration.  

4.  The flowability of fresh mortars were reduced as an increase in CB and/ 
RHA replacement level due to the fineness of CB particles and filler effect of RHA. 
Subsequently, the fresh density of mortars were slightly decreased by an increase in CB and/ 
RHA replacement level due to the lower true density and specific gravity of CB and RHA 
compared to that of OPC. 

5.  The compressive strength increased as a function of curing age.  The 
optimum binary replacement level of CB and RHA were 10%  and 20% , respectively.  The 
highest compressive strength was found to be 53 MPa for the mix containing 20%  RHA at 
the age of 56 days. Accordingly, the highest compressive strength of the mix containing 10% 
CB cured for 56 days was 41 MPa.  The optimum ternary replacement level of CB and RHA 
was the incorporating of 5%  CB and 15%  RHA, which provided the highest 56- day 
compressive strength of 48 MPa. However, the compressive strength values of all binary and 
ternary mixtures were classified into type S and type M mortars, which could be possibly 
used in both foundation and traditional purpose. 
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Subsequently, the SAI results were in accordance with the compressive 
strength developments. Moreover, the 28-day SAI values of binary RHA mixture and ternary 
blends of CB and RHA were met the standard requirement of ASTM C618 (2019). Thus, the 
CB and RHA could be utilized as an OPC replacement as up to 20w.% and 30wt.%, 
respectively, which could provided the SAI not lesser than 75% of the control mix. 

6.  The water absorption and apparent porosity decreased with ( i)  prolonged 
curing ages, (ii) a reduction in CB replacement level, and (iii) an increase in RHA replacement 
level.  

7.  The deteriorations due to sulfuric acid and sodium sulfate attack: 
compressive strength and weight variations, as investigated in this study were mitigated by 
an increase in RHA replacement level and curing ages. 

8.  According to the XRD analysis and SEM images, the mix incorporating 
RHA apparently revealed dense microstructure with C- S- H forming compared to control mix 
and mix incorporating CB.  

9.  The rapid chloride ion permeability and capillary absorption coefficient of 
concretes decreased as an increase in RHA replacement level and curing ages.  The very 
low ranges of total charge passed were found in the binary mix incorporating up to 30% RHA, 
ternary mix of 5-10% CB and 10-20% RHA. 

10. The indirect tensile strength decreased as an increase in CB replacement 
level, while the replacement level of not exceeded than 20% RHA provided the development 
in indirect tensile strength. 
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Suggestions 
 1. The water reducing agents are recommended to add into the green mortars 
or concrete containing SCMs or other type of wastes and/  or recycle aggregates in order to 
develop the high performance in both strength and durability. 
 2.  The CB could be activated by appropriate temperature to improve the 
pozzolanic activity and induce the amorphousness phases. 

3. The investigations of fire resistant should be carried out to consider the 
suitable usages of these mortars and concretes as well as develop the mix designation and 
production process.  
 4. To promote the sustainable construction, reduce the use of natural 
resources, and degrade the local wastes, the potential of developing a cementless composite 
containing 100%  of palm oil boiler clinker as a natural aggregate substitution is possible, 
according to the experimental investigation of this study. 
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Experimental materials preparation and mix designation 
 

1. Preparing POBC aggregates 
 
 The POBC raw samples were washed with tap water, scrubbed with brush and towel 
to diminish access clay minerals and organic matters from the waste disposal areas, then 
sun drying. After that, the POBC will be break into smaller size by sledge Hammer, crushed 
with jaw crusher for coarse aggregate and gyratory crusher for fine aggregate. The 
preparation process of POBC aggregate is illustrated in Figure 37. 

 
Figure 37 Flow chart of preparing POBC aggregate 
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2. Preparing RHA 
 
 The RHA obtained from the open-air burning of the rice husk for 72-84 hours until 
the RHA was cooled down. Then, the RHA was incinerated at 700 ºC by an electrical furnace 
and ground with jar mill for 12  hours (60-65 rpm). After that, the RHA was sampling and 
tested for laser particle size analysis. According to the test results (see in the results and 
discussions section), the particle size of RHA was lesser than 45 microns. The preparation 
process of RHA is presented in Figure 38. 
 

 
Figure 38 Flow chart of preparing RHA 

 
 

Condition:  
Heating rate of 5 ºC/min 

 

12 



123 

3. Mix designation 
 
 The mixtures were designed in 3 levels for an OPC replacement. The RHA and CB were 
partially replaced an OPC, type 1 by weight of 10%, 20%, and 30%. The mixtures named R10, 
R20, and R30 were the mixes containing RHA as an OPC replacement for 10%, 20%, and 30%, 
respectively. The binary mixtures named B10, B20, and B30 were the mixes containing CB as 
an OPC replacement for 10%, 20%, and 30%, respectively.  The ternary mixtures of CB and 
RHA named B5R5, B5R15, B15R5, B10R20, and B20R10. The proportions of these mixes for 
mortars and concretes were tabulated in Table 13. The mortar and concrete specimen will be 
cured in saturated-lime water at 29±3 ºC for 7, 28, 56 days and 28, 56 days, respectively. The 
mortar was designed as in accordance with ASTM C109 (2020). In addition, the concrete mix 
designs were based on ACI 211.1 (1991) for achieve compressive strength at 35 MPa in 28 
days. The mortar and concrete specimens are shown in Figure 39. 
 
Table 14 Mix proportions of POBC mortars and concretes 

No. Mix designation w/b ratio 
Mix proportion (kg/m3) 

OPC Sand POBCA POBCFA CB RHA 
POBC mortar 

1 Control  0.48 500 - - 1,375 - - 
2 R10 0.48 450 - - 1,375 - 50 
3 R20 0.48 400 - - 1,375 - 100 
4 R30 0.48 350 - - 1,375 - 150 
5 B10 0.48 450 - - 1,375 50 - 
6 B20 0.48 400 - - 1,375 100 - 
7 B30 0.48 350 - - 1,375 150 - 
8 B5R5 0.48 450 - - 1,375 25 25 
9 B5R15 0.48 400 - - 1,375 25 75 
10 B15R5 0.48 400 - - 1,375 75 25 
11 B10R20 0.48 350 - - 1,375 50 100 
12 B20R10 0.48 350 - - 1,375 100 50 
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Table 14 Mix proportions of POBC mortars and concretes (Continue) 
POBC concrete 

No. Mix designation w/b ratio 
Mix proportion (kg/m3) 

OPC Sand POBCA POBCFA CB RHA 
13 Control  0.48 500 1,175 765 - - - 
14 R10 0.48 450 1,175 765 - - 50 
15 R20 0.48 400 1,175 765 - - 100 
16 R30 0.48 350 1,175 765 - - 150 
17 B10 0.48 450 1,175 765 - 50 - 
18 B20 0.48 400 1,175 765 - 100 - 
19 B30 0.48 350 1,175 765 - 150 - 
20 B5R5 0.48 450 1,175 765 - 25 25 
21 B5R15 0.48 400 1,175 765 - 25 75 
22 B15R5 0.48 400 1,175 765 - 75 25 
23 B10R20 0.48 350 1,175 765 - 50 100 
24 B20R10 0.48 350 1,175 765 - 100 50 

 
 

   
Figure 39 The POBC mortar specimens (A) and the POBC concrete prepared for RCPT test (B) 

 

A B 



125 

 
 

 
 
 
 

  
 
 
 
 
 
 
 
 

APPENDIX F  
Properties of POBC mortars  

 
 
 
 
 
 
 
 
 
 
 



 

 
 

126 

Table 15 Compressive strength, apparent porosity, and water absorption of POBC mortars with different curing ages  
Pre-curing Post-curing 

Mix 
Age 

(days) 
T 
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(mm) 

L 
(mm) 

SS
D-

we
igh

t in
 a

ir 
(g

) 

SS
D-

we
igh

t in
 

wa
ter

 (g
) 

Ov
en

-d
ry 

we
igh

t 
(g

) 

Po
ro

sit
y (

%
) 

W
ate

r a
bs

or
pti

on
 

(%
) 

Av
g. 

po
ro

sit
y (

%
) 

Av
g. 

wa
ter

 
ab

so
rp

tio
n 

(%
) 

Ma
xim

um
 lo

ad
 

(kN
) 

UC
S 

(M
Pa

) 
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Control 

7 
1 28 89 247.12 51.20 48.83 252.734 120.590 220.310 24.54 14.72 

24.55 14.73 
78.19 31.27 

31.30 2 28 89 247.23 51.55 48.14 252.840 120.592 220.318 24.59 14.76 79.16 31.90 
3 28 89 247.12 51.17 50.09 252.726 120.595 220.311 24.53 14.71 78.75 30.72 

28 
1 28 89 247.25 49.44 49.86 253.535 129.021 224.578 23.26 12.89 

23.28 12.91 
88.76 36.01 

35.55 2 28 89 247.25 50.34 50.25 253.602 129.028 224.577 23.30 12.92 89.22 35.27 
3 28 89 247.25 50.13 49.88 253.576 129.027 224.590 23.27 12.91 88.45 35.37 

56 
1 28 89 243.79 47.78 47.62 250.858 130.125 225.084 21.35 11.45 

21.35 11.45 
105.01 46.15 

44.86 2 28 89 243.79 47.76 49.25 250.875 130.126 225.089 21.36 11.46 106.10 45.11 
3 28 89 243.79 48.25 50.65 250.862 130.125 225.084 21.35 11.45 105.84 43.31 

R10 

7 
1 28 88 230.48 50.80 50.33 245.491 130.646 222.406 20.10 10.38 

20.10 10.38 
85.77 33.55 

33.79 2 28 88 230.52 50.73 48.11 245.499 130.644 222.416 20.10 10.38 82.16 33.66 
3 28 88 230.50 50.41 49.81 245.493 130.654 222.421 20.09 10.37 85.74 34.15 

28 
1 28 88 247.32 50.21 50.86 253.398 131.264 230.328 18.89 10.02 

18.90 10.02 
108.29 42.41 

41.08 2 28 88 247.32 51.19 51.98 253.416 131.266 230.322 18.91 10.03 107.25 40.31 
3 28 88 247.33 49.47 50.93 253.410 131.261 230.321 18.90 10.02 102.13 40.54 

56 
1 28 88 240.94 49.71 49.76 247.204 129.789 226.707 17.46 9.04 

17.17 9.04 
127.18 51.42 

52.24 2 28 88 240.95 47.62 49.79 247.204 126.792 226.701 17.03 9.04 124.55 52.53 
3 28 88 240.94 49.71 49.16 247.210 126.799 226.726 17.01 9.03 129.02 52.79 
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Table 15 Compressive strength, apparent porosity, and water absorption of POBC mortars with different curing ages (Continue)  
Pre-curing Post-curing 

Mix 
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R20 

7 
1 28 88 235.79 50.65 51.77 243.296 122.373 220.500 18.85 10.34 

19.00 
 

10.43 
 

82.88 31.61 
32.11 2 28 88 235.79 51.01 50.15 243.320 122.380 220.288 19.04 10.46 83.54 32.66 

3 28 88 235.79 50.20 51.00 243.308 122.395 220.196 19.11 10.50 82.11 32.07 

28 
1 28 88 233.99 50.40 50.98 241.821 125.483 222.224 16.84 8.82 

16.80 8.80 
113.26 44.08 

45.07 2 28 88 233.99 49.92 50.28 241.822 125.489 222.256 16.82 8.80 115.00 45.82 
3 28 88 233.99 50.20 49.30 241.830 125.468 222.341 16.75 8.77 112.14 45.31 

56 
1 28 88 234.96 50.95 49.10 244.095 123.931 225.099 15.81 8.44 

15.54 8.28 
134.99 53.96 

52.94 2 28 88 234.96 50.82 49.98 244.097 123.934 225.097 15.81 8.44 132.80 52.28 
3 28 88 234.97 50.95 49.63 244.099 123.946 226.092 14.99 7.96 132.98 52.59 

R30 

7 
1 28 88 232.60 50.76 50.36 240.066 120.055 217.433 18.86 10.41 

18.86 10.41 
78.72 30.79 

30.90 2 28 88 232.61 50.77 49.33 240.068 120.060 217.445 18.85 10.40 77.45 30.92 
3 28 88 232.62 50.76 50.16 240.069 120.071 217.432 18.86 10.41 78.85 30.97 

28 
1 28 88 244.74 50.78 51.32 242.417 122.250 223.025 16.14 8.69 

15.67 8.40 
99.54 38.20 

39.45 2 28 88 244.75 50.00 48.41 240.419 122.266 223.030 14.72 7.80 99.31 41.03 
3 28 88 244.74 51.43 49.30 242.429 122.274 223.033 16.14 8.70 99.23 39.14 

56 
1 28 88 238.11 50.55 49.48 242.273 124.303 224.204 15.32 8.06 

14.19 7.43 
132.98 53.17 

51.39 2 28 88 238.12 50.59 49.50 242.274 124.307 224.209 15.31 8.06 129.26 51.62 
3 28 88 238.14 50.00 50.44 242.285 124.319 228.205 11.94 6.17 124.54 49.38 
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Table 15 Compressive strength, apparent porosity, and water absorption of POBC mortars with different curing ages (Continue)  
Pre-curing Post-curing 

Mix 
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T 
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B10 

7 
1 28 85 239.10 48.79 49.05 244.502 118.951 217.623 21.41 12.35 

21.77 12.35 
63.12 26.38 

26.30 2 28 85 239.12 49.93 49.06 244.509 118.965 217.625 21.41 12.35 64.16 26.19 
3 28 85 239.11 49.88 49.31 244.517 124.963 217.631 22.49 12.35 64.77 26.33 

28 
1 28 85 236.52 49.53 49.52 246.967 121.665 223.423 18.79 10.54 

19.38 10.95 
72.91 29.73 

29.50 2 28 85 236.53 50.13 49.71 247.966 121.667 222.484 20.18 11.45 72.95 29.27 
3 28 85 236.53 50.47 49.74 246.980 120.668 222.759 19.18 10.87 74.02 29.49 

56 
1 28 85 247.47 50.91 50.04 254.322 129.206 231.331 18.38 9.94 

18.35 9.93 
103.44 40.60 

41.02 2 28 85 247.47 50.52 50.16 254.334 129.209 231.452 18.29 9.89 105.13 41.49 
3 28 85 247.48 50.30 50.12 254.339 131.207 231.320 18.40 9.95 103.28 40.97 

B20 

7 
1 28 85 253.10 50.01 50.95 260.206 132.321 227.992 24.99 14.13 

25.00 14.13 
60.31 23.67 

23.49 2 28 85 253.10 50.98 50.99 260.209 131.326 227.993 25.00 14.13 60.45 23.25 
3 28 85 253.10 51.09 50.89 260.211 131.339 227.996 25.00 14.13 61.21 23.54 

28 
1 28 85 245.01 51.04 51.25 250.252 131.824 224.401 21.83 11.52 

21.80 11.52 
73.70 28.17 

29.01 2 28 85 245.01 50.85 49.97 250.253 133.728 224.408 21.81 11.52 73.97 29.11 
3 28 85 245.01 50.03 48.83 250.261 131.525 224.405 21.78 11.52 72.64 29.73 

56 
1 28 85 240.43 49.70 48.31 246.130 126.063 222.141 19.98 10.80 

19.98 10.80 
94.70 39.44 

38.30 2 28 85 240.43 48.37 50.04 246.145 126.080 222.145 19.99 10.80 93.97 38.82 
3 28 85 240.45 50.48 51.45 246.127 126.074 222.165 19.96 10.79 95.12 36.62 
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Table 15 Compressive strength, apparent porosity, and water absorption of POBC mortars with different curing ages (Continue)  
Pre-curing Post-curing 
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7 
1 28 85 239.93 51.69 49.70 247.827 123.973 214.627 26.81 15.47 

26.82 15.48 
57.66 22.44 

22.77 2 28 85 239.93 51.52 49.88 247.845 123.978 214.625 26.82 15.48 58.55 22.78 
3 28 85 239.94 50.17 49.66 247.859 123.979 214.626 26.83 15.48 57.54 23.10 

28 
1 28 85 237.53 50.79 48.27 244.000 132.601 215.016 26.02 13.48 

25.85 13.39 
64.61 26.35 

26.04 2 28 85 237.55 50.35 50.96 244.336 132.605 216.017 25.35 13.11 65.22 25.42 
3 28 85 237.69 50.32 49.23 244.235 132.606 215.018 26.17 13.59 65.30 26.36 

56 
1 28 85 239.06 49.67 50.08 247.903 125.413 219.413 23.26 12.98 

23.26 12.98 
85.51 34.38 

35.49 2 28 85 239.08 49.55 50.17 247.905 125.416 219.419 23.26 12.98 86.84 34.93 
3 28 85 239.09 48.09 49.92 247.909 125.419 219.416 23.26 12.99 89.21 37.16 

B5R5 

7 
1 28 89 239.20 50.06 50.90 246.879 126.964 221.331 21.31 11.54 

21.31 11.54 
73.39 28.80 

29.02 2 28 89 239.20 50.12 49.99 246.899 126.978 221.335 21.32 11.55 73.12 29.18 
3 28 89 239.21 51.23 50.11 246.874 126.976 221.339 21.30 11.54 74.65 29.08 

28 
1 28 89 234.43 49.28 48.42 242.022 125.211 218.917 19.78 10.55 

19.78 10.56 
93.89 39.35 

39.31 2 28 89 234.44 50.19 48.70 242.025 127.215 218.916 19.78 10.56 96.56 39.50 
3 28 89 234.45 50.30 50.37 242.027 126.214 218.920 19.78 10.55 98.99 39.07 

56 
1 28 89 248.08 50.64 49.67 256.411 120.956 233.738 16.74 9.70 

16.74 9.70 
102.10 40.59 

40.15 2 28 89 248.09 51.25 50.03 256.412 120.958 233.731 16.74 9.70 101.11 39.43 
3 28 89 248.08 51.14 49.20 256.417 120.957 233.728 16.75 9.71 101.69 40.42 
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Table 15 Compressive strength, apparent porosity, and water absorption of POBC mortars with different curing ages (Continue)  
Pre-curing Post-curing 

Mix 
Age 

(days) 
T 

(ºC) 
RH 
(%) 

Weight 
(g) 

W 
(mm) 

L 
(mm) 

SS
D-

we
igh

t in
 a

ir 
(g

) 

SS
D-

we
igh

t in
 

wa
ter

 (g
) 

Ov
en

-d
ry 

we
igh

t 
(g

) 

Po
ro

sit
y (

%
) 

W
ate

r a
bs

or
pti

on
 

(%
) 

Av
g. 

po
ro

sit
y (

%
) 

Av
g. 

wa
ter

 
ab

so
rp

tio
n 

(%
) 

Ma
xim

um
 lo

ad
 

(kN
) 

UC
S 

(M
Pa

) 

Av
g. 

UC
S 

(M
Pa

) 

B5R15 

7 
1 28 89 235.95 50.41 50.00 241.942 122.432 218.514 19.60 10.72 

19.61 10.72 
85.28 33.83 

33.87 2 28 89 235.95 49.46 50.28 241.949 122.435 218.519 19.60 10.72 84.21 33.86 
3 28 89 235.95 50.17 50.01 241.956 122.447 218.516 19.61 10.73 85.10 33.92 

28 
1 28 89 239.46 50.21 48.81 245.718 125.205 223.634 18.32 9.88 

17.77 9.55 
95.67 39.04 

39.37 2 28 89 239.55 51.58 50.00 245.519 125.215 224.635 17.50 9.39 101.45 39.34 
3 28 89 239.55 50.76 49.23 246.102 125.219 224.633 17.50 9.39 99.26 39.72 

56 
1 28 89 238.64 50.62 49.43 245.533 120.208 226.632 15.08 8.34 

15.36 8.51 
112.03 44.77 

45.61 2 28 89 238.66 49.21 49.43 245.542 120.209 225.624 15.89 8.83 111.00 45.63 
3 28 89 238.66 49.43 48.95 245.551 120.216 226.625 15.10 8.35 112.31 46.42 

B15R5 

7 
1 28 89 239.66 51.26 50.17 244.794 124.013 217.189 22.86 12.71 

22.86 12.71 
63.70 24.77 

24.50 2 28 89 239.66 50.00 49.66 244.789 124.055 217.190 22.86 12.71 61.19 24.64 
3 28 89 239.67 52.10 50.41 244.797 124.025 217.195 22.85 12.71 63.30 24.10 

28 
1 28 89 249.82 51.23 50.07 255.874 137.018 232.712 19.49 9.95 

19.48 9.95 
82.72 32.25 

32.31 2 28 89 249.83 50.51 50.86 255.875 137.000 232.716 19.48 9.95 82.41 32.08 
3 28 89 249.83 50.60 50.08 255.879 137.014 232.721 19.48 9.95 82.60 32.60 

56 
1 28 89 244.52 51.36 48.12 250.826 128.828 229.376 17.58 9.35 

17.60 9.36 
101.61 41.11 

40.32 2 28 89 244.54 50.93 48.96 250.829 128.829 229.380 17.58 9.35 101.23 40.60 
3 28 89 244.52 51.28 50.25 250.945 128.833 229.412 17.63 9.39 101.17 39.26 
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Table 15 Compressive strength, apparent porosity, and water absorption of POBC mortars with different curing ages (Continue)  
Pre-curing Post-curing 

Mix 
Age 

(days) 
T 

(ºC) 
RH 
(%) 

Weight 
(g) 

W 
(mm) 

L 
(mm) 

SS
D-

we
igh

t in
 a

ir 
(g

) 

SS
D-

we
igh

t in
 

wa
ter

 (g
) 

Ov
en

-d
ry 

we
igh

t 
(g

) 

Po
ro

sit
y (

%
) 

W
ate

r a
bs

or
pti

on
 

(%
) 

Av
g. 

po
ro

sit
y (

%
) 

Av
g. 

wa
ter

 
ab

so
rp

tio
n 

(%
) 

Ma
xim

um
 lo

ad
 

(kN
) 

UC
S 

(M
Pa

) 

Av
g. 

UC
S 

(M
Pa

) 

B10R20 

7 
1 28 85 247.91 51.30 49.14 247.663 122.789 222.797 19.91 11.16 

19.92 11.16 
79.21 31.42 

31.42 2 28 85 247.92 51.95 50.07 247.669 122.791 222.798 19.92 11.16 81.00 31.14 
3 28 85 247.91 51.77 47.87 247.675 122.794 222.796 19.92 11.17 78.55 31.70 

28 
1 28 85 243.65 50.22 49.66 248.871 124.046 225.869 18.43 10.18 

18.33 10.18 
88.62 35.53 

35.45 2 28 85 243.66 50.86 49.94 248.879 122.046 225.878 18.13 10.18 88.65 34.90 
3 28 85 243.66 50.76 48.50 248.889 124.049 225.879 18.43 10.19 88.45 35.93 

56 
1 28 85 244.81 50.97 50.02 250.380 125.758 229.247 16.96 9.22 

16.96 9.22 
110.91 43.50 

43.19 2 28 85 244.81 51.17 49.86 250.380 125.765 229.254 16.95 9.22 110.55 43.33 
3 28 85 244.81 51.90 49.91 250.391 125.754 229.257 16.96 9.22 110.69 42.73 

B20R10 

7 
1 28 87 239.37 52.12 50.94 244.310 121.283 214.922 23.89 13.67 

23.89 13.67 
72.51 27.31 

27.89 2 28 87 239.37 51.82 49.98 244.312 121.295 214.931 23.88 13.67 72.00 27.80 
3 28 87 239.37 51.16 49.81 244.319 121.297 214.925 23.89 13.68 72.77 28.56 

28 
1 28 87 244.85 50.86 48.43 248.194 121.000 220.052 22.13 12.79 

22.13 12.79 
76.14 30.91 

30.30 2 28 87 244.86 51.25 49.58 248.199 121.046 220.054 22.13 12.79 74.52 29.33 
3 28 87 244.86 49.89 49.23 248.195 121.002 220.059 22.12 12.79 75.28 30.65 

56 
1 28 87 247.61 51.28 49.34 253.250 127.568 229.755 18.69 10.23 

18.70 10.23 
95.13 37.60 

37.72 2 28 87 247.61 51.38 49.32 253.266 127.574 229.764 18.70 10.23 96.22 37.97 
3 28 87 247.61 50.56 48.46 253.264 127.580 229.751 18.71 10.23 92.10 37.59 
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Table 16 Properties of POBC mortars exposed to sulfuric acid solution 
Before expose to sulfuric acid solution After expose to sulfuric acid solution 

Mix 
Age 

(days) 
T 

(ºC) 
RH 
(%) 

Oven-dry 
Weight* 

(g) 

UCS 
(MPa) 

Ref. (Table 15) 

W 
(mm) 

L 
(mm) 

Ov
en

-dr
y W

eig
ht*

 
(g

) 

Ma
xim

um
 lo

ad
 

(kN
) 

UC
S 

(M
Pa

) 

Lo
ss

 in
 w

eig
ht 

(%
) 

Lo
ss

 in
 U

CS
 (%

) 

Av
g. 

los
s i

n 
we

igh
t 

(%
) 

Av
g. 

los
s i

n 
UC

S 
(%

) 

Control 

7 
1 28 82 234.828 31.30 50.81 49.96 227.925 74.71 29.43 3.03 6.35 

2.93 6.65 2 28 82 239.420 31.30 50.82 49.46 232.407 73.82 29.37 3.02 6.57 
3 28 82 244.488 31.30 50.33 49.36 237.967 72.64 29.24 2.74 7.04 

28 
1 28 82 246.935 35.55 50.04 49.77 240.771 83.36 33.47 2.56 6.21 

2.59 6.24 2 28 82 239.460 35.55 50.40 49.30 233.693 82.62 33.25 2.47 6.91 
3 28 82 240.751 35.55 50.36 49.80 234.302 84.44 33.67 2.75 5.59 

56 
1 28 82 243.426 44.86 49.90 49.28 239.46 104.3 42.41 1.66 5.76 

1.53 4.94 2 28 82 243.468 44.86 49.71 49.40 239.033 103.63 42.20 1.86 6.29 
3 28 82 241.000 44.86 49.26 49.82 238.397 107.13 43.65 1.09 2.76 

R10 

7 
1 28 82 240.037 33.56 49.88 49.88 232.905 76.79 30.86 3.06 8.75 

2.90 6.26 2 28 82 236.156 33.56 49.89 49.95 229.092 79.08 31.73 3.08 5.77 
3 28 82 240.866 33.56 50.04 48.88 234.895 78.73 32.19 2.54 4.28 

28 
1 28 82 263.154 41.08 50.42 50.51 259.446 97.23 38.18 1.43 7.61 

1.80 4.66 2 28 82 252.356 41.08 50.50 49.94 247.781 99.14 39.31 1.85 4.51 
3 28 82 250.590 41.08 50.33 50.00 245.357 101.49 40.33 2.13 1.87 

56 
1 28 82 247.763 48.13 49.85 50.11 245.231 120.21 48.04 1.03 0.18 

0.81 3.84 2 28 82 250.328 48.13 50.45 49.75 248.403 115.65 46.08 0.77 4.45 
3 28 82 246.426 48.13 50.85 49.52 244.873 113.37 45.02 0.63 6.90 

*Oven-dry weight at 50 °C for 72 hours 
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Table 16 Properties of POBC mortars exposed to sulfuric acid solution (Continue) 
Before expose to sulfuric acid solution After expose to sulfuric acid solution 

Mix 
Age 

(days) 
T 

(ºC) 
RH 
(%) 

Oven-dry 
Weight 

(g) 

UCS 
(MPa) 

Ref. (Table 15) 

W 
(mm) 

L 
(mm) 

Ov
en

-dr
y W

eig
ht 

(g
) 

Ma
xim

um
 lo

ad
 

(kN
) 

UC
S 

(M
Pa

) 

Lo
ss

 in
 w

eig
ht 

(%
) 

Lo
ss

 in
 U

CS
 (%

) 

Av
g. 

los
s i

n 
we

igh
t 

(%
) 

Av
g. 

los
s i

n 
UC

S 
(%

) 

R20 

7 
1 28 85 240.585 32.11 50.95 49.62 233.504 75.67 29.93 3.03 7.29 

2.82 5.97 2 28 85 244.601 32.11 50.24 50.96 237.807 78.67 30.73 2.86 4.50 
3 28 85 236.015 32.11 49.86 60.64 230.07 91.48 30.26 2.58 6.13 

28 
1 28 85 232.694 45.07 49.90 50.01 229.21 108.49 43.47 1.52 3.67 

1.55 4.36 2 28 85 233.443 45.07 50.12 50.17 229.852 107.66 42.82 1.56 5.27 
3 28 85 235.995 45.07 50.15 50.08 232.361 108.69 43.28 1.56 4.14 

56 
1 28 85 246.426 52.94 50.31 49.69 245.09 125.66 50.27 0.55 5.33 

0.68 2.90 2 28 85 238.970 52.94 49.18 50.75 237.341 129.65 51.95 0.69 1.92 
3 28 85 234.874 52.94 49.18 50.14 233.012 128.7 52.19 0.80 1.44 

R30 

7 
1 28 85 231.036 30.90 49.64 50.80 225.495 72.03 28.56 2.46 8.16 

2.79 5.98 2 28 85 236.827 30.90 50.85 50.21 230.165 75.62 29.62 2.89 4.32 
3 28 85 223.169 30.90 50.21 49.59 216.655 72.94 29.29 3.01 5.47 

28 
1 28 85 242.154 39.45 50.24 49.79 240.058 97.35 38.92 0.87 1.38 

1.20 3.61 2 28 85 234.052 39.45 50.88 49.64 231.622 96.93 38.38 1.05 2.80 
3 28 85 240.011 39.45 50.79 49.94 236.031 93.83 36.99 1.69 6.65 

56 
1 28 85 247.489 44.74 50.20 50.23 246.305 109.51 43.43 0.48 3.01 

0.47 1.59 2 28 85 245.149 44.74 49.52 50.87 244.682 111.75 44.36 0.19 0.85 
3 28 85 248.782 44.74 50.46 50.33 246.966 112.59 44.33 0.74 0.92 
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Table 16 Properties of POBC mortars exposed to sulfuric acid solution (Continue) 
Before expose to sulfuric acid solution After expose to sulfuric acid solution 

Mix 
Age 

(days) 
T 

(ºC) 
RH 
(%) 

Oven-dry 
Weight 

(g) 

UCS 
(MPa) 

Ref. (Table 15) 

W 
(mm) 

L 
(mm) 

Ov
en

-dr
y W

eig
ht 

(g
) 

Ma
xim

um
 lo

ad
 

(kN
) 

UC
S 

(M
Pa

) 

Lo
ss

 in
 w

eig
ht 

(%
) 

Lo
ss

 in
 U

CS
 (%

) 

Av
g. 

los
s i

n 
we

igh
t 

(%
) 

Av
g. 

los
s i

n 
UC

S 
(%

) 

B10 

7 
1 28 85 241.097 26.30 50.35 49.19 234.329 59.34 23.96 2.89 9.77 

3.00 7.24 2 28 85 232.836 26.30 50.38 49.70 225.621 61.55 24.58 3.20 6.99 
3 28 85 229.528 26.30 50.46 49.29 222.997 62.32 25.06 2.93 4.96 

28 
1 28 85 241.652 29.50 50.13 49.19 235.545 68.78 27.89 2.59 5.75 

2.70 5.89 2 28 85 245.077 29.50 50.62 49.95 239.156 70.29 27.80 2.48 6.10 
3 28 85 243.094 29.50 50.25 49.24 235.940 68.96 27.87 3.03 5.83 

56 
1 28 85 226.655 41.02 50.05 49.60 224.130 98.41 39.64 1.13 3.47 

0.97 4.43 2 28 85 239.315 41.02 50.68 49.96 236.964 98.33 38.84 0.99 5.62 
3 28 85 243.278 41.02 50.73 49.65 241.384 99.16 39.37 0.78 4.19 

B20 

7 
1 28 85 219.994 23.49 50.14 49.69 210.551 54.49 21.87 4.48 7.40 

3.07 7.67 2 28 85 223.986 23.49 50.00 49.68 219.255 53.75 21.64 2.16 8.55 
3 28 85 215.660 23.49 49.93 49.77 210.265 54.52 21.94 2.57 7.06 

28 
1 28 85 237.981 29.01 49.02 49.97 232.087 67.20 27.43 2.54 5.73 

2.68 7.04 2 28 85 245.329 29.01 49.58 49.93 238.584 66.52 26.86 2.83 7.98 
3 28 85 250.552 29.01 49.70 49.17 243.997 66.00 27.01 2.69 7.40 

56 
1 28 85 238.163 38.30 49.78 50.62 234.542 91.34 36.25 1.54 5.65 

1.54 5.53 2 28 85 230.270 38.30 50.81 49.92 226.764 92.28 36.27 1.55 5.58 
3 28 85 229.040 38.30 49.02 50.15 225.602 89.36 36.35 1.52 5.36 
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Table 16 Properties of POBC mortars exposed to sulfuric acid solution (Continue) 
Before expose to sulfuric acid solution After expose to sulfuric acid solution 

Mix 
Age 

(days) 
T 

(ºC) 
RH 
(%) 

Oven-dry 
Weight 

(g) 

UCS 
(MPa) 

Ref. (Table 15) 

W 
(mm) 

L 
(mm) 

Ov
en

-dr
y W

eig
ht 

(g
) 

Ma
xim

um
 lo

ad
 

(kN
) 

UC
S 

(M
Pa

) 

Lo
ss

 in
 w

eig
ht 

(%
) 

Lo
ss

 in
 U

CS
 (%

) 

Av
g. 

los
s i

n 
we

igh
t 

(%
) 

Av
g. 

los
s i

n 
UC

S 
(%

) 

B30 

7 
1 28 89 231.042 22.77 50.26 49.43 222.808 52.36 21.08 3.70 8.06 

3.19 7.82 2 28 89 224.795 22.77 50.43 49.60 219.040 53.17 21.26 2.63 7.14 
3 28 89 226.404 22.77 50.71 49.33 219.259 52.62 21.04 3.26 8.27 

28 
1 28 89 240.749 26.04 50.19 50.40 233.985 62.27 24.62 2.89 5.80 

2.99 7.59 2 28 89 245.468 26.04 50.27 50.96 238.537 61.64 24.06 2.91 8.24 
3 28 89 248.043 26.04 50.28 50.13 240.418 60.37 23.95 3.17 8.74 

56 
1 28 89 224.280 35.73 50.23 50.29 220.808 85.21 33.73 1.57 5.91 

1.57 6.09 2 28 89 234.840 35.73 49.25 50.47 231.189 83.46 33.58 1.58 6.40 
3 28 89 237.051 35.73 50.68 50.47 233.382 86.23 33.71 1.57 5.97 

B5R5 

7 
1 28 89 232.178 29.02 50.62 49.27 229.099 67.73 27.16 1.34 6.87 

6.70 2.90 2 28 89 233.972 29.02 50.39 49.95 222.092 68.83 27.35 5.35 6.13 
3 28 89 231.652 29.02 49.96 49.69 227.125 67.26 27.09 1.99 7.12 

28 
1 28 89 241.732 39.31 50.32 49.84 237.233 93.25 37.18 1.90 5.72 

5.79 2.29 2 28 89 243.176 39.31 50.79 49.62 237.541 93.42 37.07 2.37 6.04 
3 28 89 243.487 39.31 50.83 49.75 237.313 94.13 37.22 2.60 5.60 

56 
1 28 89 240.068 42.51 49.88 50.76 237.195 103.24 40.78 1.21 4.27 

4.36 1.14 2 28 89 243.137 42.51 50.18 49.74 240.538 101.57 40.69 1.08 4.47 
3 28 89 244.473 42.51 50.58 49.81 241.719 102.65 40.74 1.14 4.35 
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Table 16 Properties of POBC mortars exposed to sulfuric acid solution (Continue) 
Before expose to sulfuric acid solution After expose to sulfuric acid solution 

Mix 
Age 

(days) 
T 

(ºC) 
RH 
(%) 

Oven-dry 
Weight 

(g) 

UCS 
(MPa) 

Ref. (Table 15) 

W 
(mm) 

L 
(mm) 

Ov
en

-dr
y W

eig
ht 

(g
) 

Ma
xim

um
 lo

ad
 

(kN
) 

UC
S 

(M
Pa

) 

Lo
ss

 in
 w

eig
ht 

(%
) 

Lo
ss

 in
 U

CS
 (%

) 

Av
g. 

los
s i

n 
we

igh
t 

(%
) 

Av
g. 

los
s i

n 
UC

S 
(%

) 

B5R15 

7 
1 28 84 240.024 33.87 50.81 49.11 227.546 79.72 31.95 5.48 6.02 

2.69 6.43 2 28 84 234.382 33.87 50.37 49.74 228.713 79.5 31.73 2.48 6.74 
3 28 84 238.826 33.87 50.35 49.87 238.549 79.85 31.80 0.12 6.51 

28 
1 28 84 239.356 39.37 50.82 49.82 234.521 94.49 37.32 2.06 5.48 

2.20 5.52 2 28 84 240.360 39.37 50.46 49.16 235.642 93.18 37.56 2.00 4.80 
3 28 84 236.024 39.37 50.26 49.59 230.156 92.3 37.03 2.55 6.30 

56 
1 28 84 244.957 45.61 50.68 49.68 243.053 110.7 43.97 0.78 3.73 

0.86 4.07 2 28 84 232.040 45.61 50.40 49.88 229.987 110.15 43.82 0.89 4.09 
3 28 84 236.472 45.61 50.68 49.78 234.369 110.21 43.68 0.90 4.40 

B15R5 

7 
1 28 84 232.884 24.50 50.77 49.82 226.989 57.94 22.91 2.60 6.98 

3.01 7.41 2 28 84 235.383 24.50 50.39 49.45 230.754 56.46 22.66 2.01 8.15 
3 28 84 244.023 24.50 49.56 50.50 233.679 57.27 22.88 4.43 7.09 

28 
1 28 84 234.718 32.31 50.17 49.58 228.761 74.57 29.98 2.60 7.77 

2.61 6.71 2 28 84 237.594 32.31 50.38 49.81 231.476 76.72 30.57 2.64 5.68 
3 28 84 236.523 32.31 50.26 49.25 230.573 74.97 30.29 2.58 6.67 

56 
1 28 84 238.435 40.32 49.79 49.79 234.944 95.17 38.39 1.49 5.04 

1.47 4.91 2 28 84 236.565 40.32 49.87 50.42 233.214 96.68 38.45 1.44 4.87 
3 28 84 242.624 40.32 49.81 50.12 239.051 96.03 38.47 1.49 4.83 
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Table 16 Properties of POBC mortars exposed to sulfuric acid solution (Continue) 
Before expose to sulfuric acid solution After expose to sulfuric acid solution 

Mix 
Age 

(days) 
T 

(ºC) 
RH 
(%) 

Oven-dry 
Weight 

(g) 

UCS 
(MPa) 

Ref. (Table 15) 

W 
(mm) 

L 
(mm) 

Ov
en

-dr
y W

eig
ht 

(g
) 

Ma
xim

um
 lo

ad
 

(kN
) 

UC
S 

(M
Pa

) 

Lo
ss

 in
 w

eig
ht 

(%
) 

Lo
ss

 in
 U

CS
 (%

) 

Av
g. 

los
s i

n 
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igh
t 

(%
) 

Av
g. 

los
s i

n 
UC

S 
(%

) 

B10R20 

7 
1 28 84 225.393 31.42 50.84 49.32 223.072 73.84 29.45 1.04 6.69 

2.77 6.56 2 28 84 229.728 31.42 50.74 49.48 223.611 73.27 29.18 2.74 7.66 
3 28 84 232.146 31.42 50.30 49.44 222.056 74.18 29.83 4.54 5.33 

28 
1 28 84 228.063 35.45 50.61 49.60 223.229 83.95 33.44 2.17 6.02 

2.49 6.19 2 28 84 237.981 35.45 50.66 49.10 230.722 82.63 33.22 3.15 6.73 
3 28 84 233.119 35.45 50.78 49.13 228.219 83.58 33.50 2.15 5.83 

56 
1 28 84 233.233 43.19 49.88 50.45 231.415 104.23 41.42 0.79 4.27 

0.90 4.28 2 28 84 234.902 43.19 50.43 49.41 232.652 103.45 41.52 0.97 4.03 
3 28 84 227.716 43.19 50.96 50.44 225.552 106.18 41.31 0.96 4.55 

B20R10 

7 
1 28 87 233.632 27.89 50.38 49.85 227.575 62.7 24.97 2.66 11.71 

3.01 7.58 2 28 87 232.918 27.89 50.62 49.03 225.512 64.87 26.14 3.28 6.70 
3 28 87 228.660 27.89 50.60 49.32 221.801 66.71 26.73 3.09 4.33 

28 
1 28 87 232.576 30.30 50.66 49.27 227.082 70.81 28.37 2.42 6.79 

2.64 6.83 2 28 87 233.207 30.30 50.63 49.33 227.205 71.04 28.44 2.64 6.51 
3 28 87 226.120 30.30 50.37 49.00 219.817 69.77 28.27 2.87 7.17 

56 
1 28 87 229.844 37.72 49.88 50.45 226.375 90.52 35.97 1.53 4.86 

1.52 4.93 2 28 87 226.755 37.72 50.43 49.41 223.380 89.44 35.89 1.51 5.08 
3 28 87 226.354 37.72 50.96 50.44 222.953 92.48 35.98 1.53 4.84 
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Table 17 Properties of POBC mortars exposed to sodium sulfate solution  
Before expose to sodium sulfate solution After expose to sodium sulfate solution 

Mix 
Age 

(days) 
T 

(ºC) 
RH 
(%) 

Oven-dry 
Weight* 

(g) 

UCS 
(MPa) 

Ref. (Table 15) 

W 
(mm) 

L 
(mm) 

Ov
en

-dr
y W

eig
ht*

 
(g

) 

Ma
xim

um
 lo

ad
 

(kN
) 

UC
S 

(M
Pa

) 

Ga
in 

in 
we

igh
t (

%
) 

Lo
ss

 in
 U

CS
 (%

) 

Av
g. 

los
s i

n 
we

igh
t 

(%
) 

Av
g. 

los
s i

n 
UC

S 
(%

) 

Control 

7 
1 28 82 236.755 34.36 50.35 50.70 238.032 86.28 33.80 0.54 1.67 

0.45 1.51 2 28 82 237.300 33.65 50.48 49.78 238.817 83.30 33.15 0.64 1.52 
3 28 82 236.620 32.22 50.03 49.28 237.026 78.40 31.80 0.17 1.33 

28 
1 28 82 229.441 36.01 50.03 49.80 229.920 88.46 35.50 0.21 1.41 

0.20 1.42 2 28 82 236.951 35.27 50.39 49.24 237.381 86.18 34.73 0.18 1.55 
3 28 82 230.043 35.37 50.32 49.77 230.520 87.45 34.92 0.21 1.30 

56 
1 28 82 242.780 40.00 50.24 49.67 243.054 98.67 39.54 0.11 1.17 

0.13 1.15 2 28 82 248.523 40.74 50.11 49.81 248.865 100.54 40.28 0.14 1.14 
3 28 82 245.906 39.34 49.44 49.21 246.244 94.65 38.90 0.14 1.13 

R10 

7 
1 28 82 235.636 33.55 49.80 51.00 235.636 83.99 33.07 0.41 1.44 

0.43 1.35 2 28 82 233.992 33.66 48.86 50.17 233.992 81.34 33.18 0.50 1.45 
3 28 82 238.908 33.48 50.14 49.61 238.908 82.34 33.10 0.39 1.15 

28 
1 28 82 251.490 42.41 50.43 50.45 251.490 106.92 42.03 0.13 0.92 

0.15 0.97 2 28 82 258.638 42.78 50.52 49.91 258.638 106.83 42.37 0.17 0.96 
3 28 82 254.452 42.19 50.29 50.21 254.452 105.45 41.76 0.14 1.03 

56 1 28 82 245.557 44.46 50.50 49.56 245.557 110.32 44.08 0.09 0.86 
0.09 0.85 2 28 82 248.470 44.34 49.74 50.48 248.470 110.19 43.89 0.10 1.04 

3 28 82 252.500 44.85 50.46 49.33 252.500 83.99 44.56 0.10 0.64 
*Oven-dry weight at 50 °C for 72 hours 
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Table 17 Properties of POBC mortars exposed to sodium sulfate solution (Continue) 
Before expose to sodium sulfate solution After expose to sodium sulfate solution 

Mix 
Age 

(days) 
T 

(ºC) 
RH 
(%) 

Oven-dry 
Weight 

(g) 

UCS 
(MPa) 

Ref. (Table 15) 

W 
(mm) 

L 
(mm) 

Ov
en

-dr
y W

eig
ht 

(g
) 

Ma
xim

um
 lo

ad
 

(kN
) 

UC
S 

(M
Pa

) 

Ga
in 

in 
we

igh
t (

%
) 

Lo
ss

 in
 U

CS
 (%

) 

Av
g. 

los
s i

n 
we

igh
t 

(%
) 

Av
g. 

los
s i

n 
UC

S 
(%

) 

R20 

7 
1 28 85 231.029 31.29 51.13 48.84 232.065 77.10 30.87 0.45 1.35 

0.42 1.32 2 28 85 231.773 31.09 51.55 49.85 232.706 78.82 30.67 0.40 1.37 
3 28 85 229.817 31.29 51.04 48.54 230.777 76.58 30.91 0.42 1.23 

28 
1 28 85 240.476 41.83 50.21 49.02 240.894 101.82 41.37 0.17 1.11 

0.14 0.89 2 28 85 235.072 41.83 50.36 49.87 235.306 104.32 41.54 0.10 0.71 
3 28 85 234.465 42.13 50.22 49.52 234.831 103.88 41.77 0.16 0.85 

56 
1 28 85 245.688 47.01 50.30 49.62 246.009 116.51 46.68 0.13 0.70 

0.07 0.55 2 28 85 237.942 47.40 50.99 49.30 238.032 118.59 47.18 0.04 0.47 
3 28 85 240.777 47.84 50.48 49.89 240.875 119.92 47.62 0.04 0.48 

R30 

7 
1 28 85 230.270 34.71 50.02 49.88 231.112 85.59 34.30 0.36 1.17 

0.41 1.30 2 28 85 225.748 34.92 50.08 48.60 226.733 83.94 34.49 0.43 1.24 
3 28 85 229.822 34.90 50.71 49.29 230.820 85.94 34.38 0.43 1.49 

28 
1 28 85 239.780 40.54 50.26 49.97 240.100 101.10 40.25 0.13 0.72 

0.13 0.70 2 28 85 245.823 39.45 50.48 49.28 246.042 97.52 39.20 0.09 0.64 
3 28 85 238.308 39.14 50.64 49.52 238.716 97.40 38.84 0.17 0.76 

56 
1 28 85 239.670 42.33 50.88 49.68 239.708 106.65 42.19 0.02 0.34 

0.03 0.32 2 28 85 241.086 42.47 50.43 50.83 241.194 108.53 42.34 0.04 0.32 
3 28 85 237.970 42.58 50.88 50.22 238.055 108.48 42.45 0.04 0.30 
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Table 17 Properties of POBC mortars exposed to sodium sulfate solution (Continue) 
Before expose to sodium sulfate solution After expose to sodium sulfate solution 

Mix 
Age 

(days) 
T 

(ºC) 
RH 
(%) 

Oven-dry 
Weight 

(g) 

UCS 
(MPa) 

Ref. (Table 15) 

W 
(mm) 

L 
(mm) 

Ov
en

-dr
y W

eig
ht 

(g
) 

Ma
xim

um
 lo

ad
 

(kN
) 

UC
S 

(M
Pa

) 

Ga
in 

in 
we

igh
t (

%
) 

Lo
ss

 in
 U

CS
 (%

) 

Av
g. 

los
s i

n 
we

igh
t 

(%
) 

Av
g. 

los
s i

n 
UC

S 
(%

) 

B10 

7 
1 28 85 238.197 25.34 50.68 50.25 239.315 63.63 24.99 0.47 1.41 

0.45 1.40 2 28 85 235.733 26.19 50.61 50.49 236.718 66.10 25.87 0.42 1.25 
3 28 85 233.508 26.33 50.61 50.24 234.601 65.94 25.93 0.47 1.54 

28 
1 28 85 240.997 29.73 50.00 50.20 241.377 73.75 29.38 0.16 1.17 

0.16 1.19 2 28 85 247.950 29.27 49.91 50.11 248.473 72.57 29.02 0.21 0.89 
3 28 85 250.105 29.49 50.01 50.22 250.392 72.95 29.05 0.11 1.51 

56 
1 28 85 226.719 40.60 50.52 49.70 227.016 101.00 40.23 0.13 0.94 

0.12 0.98 2 28 85 241.603 41.49 50.43 49.77 241.844 102.97 41.03 0.10 1.12 
3 28 85 239.762 40.97 50.46 49.29 240.097 101.00 40.61 0.14 0.88 

B20 

7 
1 28 85 232.745 26.55 50.60 49.94 233.795 66.10 26.16 0.45 1.48 

0.46 1.53 2 28 85 231.742 26.07 50.63 49.97 232.902 64.98 25.68 0.50 1.52 
3 28 85 231.334 25.58 50.66 49.80 232.362 63.54 25.19 0.44 1.58 

28 
1 28 85 245.071 28.17 49.93 49.99 245.510 69.45 27.82 0.18 1.26 

0.18 1.28 2 28 85 249.658 29.11 49.56 49.91 250.035 71.06 28.73 0.15 1.33 
3 28 85 248.663 29.73 49.96 49.95 249.191 73.28 29.36 0.21 1.26 

56 
1 28 85 238.221 38.66 50.12 50.06 238.567 95.90 38.22 0.15 1.16 

0.16 1.21 2 28 85 236.711 36.56 50.40 49.68 237.129 90.26 36.05 0.18 1.41 
3 28 85 228.610 35.91 50.80 49.40 228.941 89.18 35.54 0.14 1.06 
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Table 17 Properties of POBC mortars exposed to sodium sulfate solution (Continue) 
Before expose to sodium sulfate solution After expose to sodium sulfate solution 

Mix 
Age 

(days) 
T 

(ºC) 
RH 
(%) 

Oven-dry 
Weight 

(g) 

UCS 
(MPa) 

Ref. (Table 15) 

W 
(mm) 

L 
(mm) 

Ov
en

-dr
y W

eig
ht 

(g
) 

Ma
xim

um
 lo

ad
 

(kN
) 

UC
S 

(M
Pa

) 

Ga
in 

in 
we

igh
t (

%
) 

Lo
ss

 in
 U

CS
 (%

) 

Av
g. 

los
s i

n 
we

igh
t 

(%
) 

Av
g. 

los
s i

n 
UC

S 
(%

) 

B30 

7 
1 28 89 227.188 22.44 50.86 50.62 228.292 56.91 22.10 0.48 1.54 

0.48 1.56 2 28 89 225.960 22.78 50.84 50.68 226.929 57.98 22.50 0.43 1.25 
3 28 89 224.634 23.10 50.67 50.61 225.847 58.12 22.66 0.54 1.90 

28 
1 28 89 235.013 26.35 50.20 50.19 235.482 65.50 26.00 0.20 1.37 

0.21 1.39 2 28 89 232.680 25.42 50.15 50.19 233.085 63.08 25.06 0.17 1.43 
3 28 89 247.533 26.36 50.29 50.02 248.157 65.41 26.00 0.25 1.37 

56 
1 28 89 239.169 33.70 50.59 49.63 239.525 83.55 33.28 0.15 1.27 

0.16 1.32 2 28 89 236.634 32.94 50.11 49.76 237.073 81.05 32.50 0.19 1.33 
3 28 89 223.559 34.31 50.20 50.68 223.909 86.12 33.85 0.16 1.35 

B5R5 

7 
1 28 89 235.607 30.59 49.87 49.87 236.610 74.96 30.14 0.42 1.50 

0.44 1.50 2 28 89 235.163 29.18 49.79 49.85 236.297 71.39 28.76 0.48 1.46 
3 28 89 235.854 29.08 49.91 49.85 236.846 71.25 28.64 0.42 1.54 

28 
1 28 89 234.514 39.35 50.46 49.78 234.858 97.56 38.84 0.15 1.31 

0.15 1.23 2 28 89 243.874 39.50 50.38 49.97 244.259 98.38 39.08 0.16 1.09 
3 28 89 241.384 39.07 50.39 49.82 241.748 96.83 38.57 0.15 1.30 

56 
1 28 89 242.204 42.58 49.69 49.81 242.512 104.22 42.11 0.13 1.12 

0.12 1.11 2 28 89 238.784 42.16 50.35 49.84 239.060 104.65 41.70 0.12 1.11 
3 28 89 245.870 42.80 49.94 50.28 246.179 106.29 42.33 0.13 1.11 



 

 
 

142 

Table 17 Properties of POBC mortars exposed to sodium sulfate solution (Continue) 
Before expose to sodium sulfate solution After expose to sodium sulfate solution 

Mix 
Age 

(days) 
T 

(ºC) 
RH 
(%) 

Oven-dry 
Weight* 

(g) 

UCS 
(MPa) 

Ref. (Table 15) 

W 
(mm) 

L 
(mm) 

Ov
en

-dr
y W

eig
ht*

 
(g

) 

Ma
xim

um
 lo

ad
 

(kN
) 

UC
S 

(M
Pa

) 

Ga
in 

in 
we

igh
t (

%
) 

Lo
ss

 in
 U

CS
 (%

) 

Av
g. 

los
s i

n 
we

igh
t 

(%
) 

Av
g. 

los
s i

n 
UC

S 
(%

) 

B5R15 

7 
1 28 84 243.379 24.77 50.31 49.75 244.506 61.03 24.38 0.46 1.58 

0.46 1.52 2 28 84 238.364 24.64 50.22 49.91 239.461 60.75 24.24 0.46 1.68 
3 28 84 240.271 24.10 50.11 49.68 241.405 59.23 23.79 0.47 1.30 

28 
1 28 84 239.986 32.91 49.54 49.42 240.371 79.55 32.49 0.16 1.27 

0.15 1.24 2 28 84 242.297 32.72 49.93 49.98 242.652 80.62 32.31 0.15 1.29 
3 28 84 223.785 32.60 49.52 49.95 224.127 79.70 32.22 0.15 1.16 

56 
1 28 84 236.176 39.47 50.32 50.50 236.487 99.24 39.05 0.13 1.08 

0.13 1.14 2 28 84 237.815 39.78 50.37 49.84 238.107 98.77 39.34 0.12 1.12 
3 28 84 233.534 39.26 50.50 50.12 233.856 98.16 38.78 0.14 1.24 

B15R5 

7 
1 28 84 243.379 24.77 50.31 49.75 244.506 61.03 24.38 0.46 1.58 

0.46 1.52 2 28 84 238.364 24.64 50.22 49.91 239.461 60.75 24.24 0.46 1.68 
3 28 84 240.271 24.10 50.11 49.68 241.405 59.23 23.79 0.47 1.30 

28 
1 28 84 239.986 32.91 49.54 49.42 240.371 79.55 32.49 0.16 1.27 

0.15 1.24 2 28 84 242.297 32.72 49.93 49.98 242.652 80.62 32.31 0.15 1.29 
3 28 84 223.785 32.60 49.52 49.95 224.127 79.70 32.22 0.15 1.16 

56 
1 28 84 236.176 39.47 50.32 50.50 236.487 99.24 39.05 0.13 1.08 

0.13 1.14 2 28 84 237.815 39.78 50.37 49.84 238.107 98.77 39.34 0.12 1.12 
3 28 84 233.534 39.26 50.50 50.12 233.856 98.16 38.78 0.14 1.24 
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Table 17 Properties of POBC mortars exposed to sodium sulfate solution (Continue) 
Before expose to sodium sulfate solution After expose to sodium sulfate solution 

Mix 
Age 

(days) 
T 

(ºC) 
RH 
(%) 

Oven-dry Weight 
(g) 

UCS 
(MPa) 

Ref. (Table 15) 

W 
(mm) 

L 
(mm) 

Ov
en

-dr
y W

eig
ht 

(g
) 

Ma
xim

um
 lo

ad
 

(kN
) 

UC
S 

(M
Pa

) 

Ga
in 

in 
we

igh
t (

%
) 

Lo
ss

 in
 U

CS
 (%

) 

Av
g. 

los
s i

n 
we

igh
t 

(%
) 

Av
g. 

los
s i

n 
UC

S 
(%

) 

B10R20 

7 
1 28 84 237.489 31.42 50.56 49.47 238.512 77.49 30.98 0.43 1.42 

0.43 1.41 2 28 84 236.514 31.14 50.68 49.36 237.508 76.89 30.74 0.42 1.31 
3 28 84 236.102 31.70 50.62 49.56 237.143 78.35 31.23 0.44 1.49 

28 
1 28 84 240.611 33.50 50.15 49.87 240.965 82.93 33.16 0.15 1.02 

0.15 1.08 2 28 84 239.213 33.56 50.00 49.84 239.570 82.64 33.16 0.15 1.19 
3 28 84 234.909 35.93 50.47 49.49 235.251 88.84 35.57 0.15 1.01 

56 
1 28 84 236.223 40.36 49.85 50.72 236.465 101.13 40.00 0.10 0.90 

0.10 0.91 2 28 84 231.264 40.98 50.05 49.94 231.500 101.34 40.54 0.10 1.07 
3 28 84 238.522 40.42 50.41 49.88 238.768 100.85 40.11 0.10 0.77 

B20R10 

7 
1 28 87 234.042 27.31 50.33 50.12 235.144 67.84 26.89 0.47 1.55 

0.46 1.54 2 28 87 235.556 27.80 50.27 50.15 236.631 69.02 27.38 0.45 1.54 
3 28 87 235.594 28.56 50.24 50.16 236.682 70.89 28.13 0.46 1.51 

28 
1 28 87 241.060 30.91 50.56 50.21 241.458 77.53 30.54 0.16 1.22 

0.16 1.31 2 28 87 232.912 29.33 50.51 50.30 233.305 73.54 28.95 0.17 1.32 
3 28 87 229.416 30.65 50.38 50.25 229.780 76.53 30.23 0.16 1.39 

56 
1 28 87 232.405 37.60 49.85 50.54 232.740 93.64 37.17 0.14 1.16 

0.14 1.18 2 28 87 228.021 37.97 50.05 49.91 228.345 93.78 37.54 0.14 1.14 
3 28 87 234.365 37.59 50.41 50.44 234.701 94.42 37.13 0.14 1.23 
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Table 18 The RCPT results of POBC concrete with different binary and ternary mixtures and curing ages 

Co
ntr

ol 

Ages  28 days 56 days 
Di

am
ete

r 
(m

m)
 1 107.84 107.43 

2 107.93 107.12 
Average 107.89 107.28 

Tim
e 

ela
ps

ed
 (m

in)
 

0 0.140 0.140 0.130 0.130 
30 0.170 0.340 0.130 0.260 
60 0.180 0.360 0.140 0.280 
90 0.180 0.360 0.140 0.280 
120 0.185 0.370 0.150 0.300 
150 0.190 0.380 0.150 0.300 
180 0.190 0.380 0.160 0.320 
210 0.190 0.380 0.170 0.340 
240 0.190 0.380 0.180 0.360 
270 0.190 0.380 0.180 0.360 
300 0.190 0.380 0.190 0.380 
330 0.190 0.380 0.190 0.380 
360 0.190 0.190 0.190 0.190 

Qx (Coulombs) 3,978 3,492 
Qs (Coulombs) 3,085 2,739 



 
 

 
 

146 

Table 18 The RCPT results of POBC concrete with different binary and ternary mixtures and curing ages (Continue) 

R1
0 

Ages  28 days 56 days 
Di

am
ete

r 
(m

m)
 1 107.89 107.45 

2 107.90 107.87 
Average 107.90 107.66 

Tim
e 

ela
ps

ed
 (m

in)
 

0 0.060 0.060 0.045 0.045 
30 0.060 0.120 0.045 0.090 
60 0.060 0.120 0.045 0.090 
90 0.070 0.140 0.045 0.090 
120 0.070 0.140 0.045 0.090 
150 0.070 0.140 0.045 0.090 
180 0.070 0.140 0.045 0.090 
210 0.070 0.140 0.045 0.090 
240 0.080 0.160 0.045 0.090 
270 0.080 0.160 0.045 0.090 
300 0.080 0.160 0.045 0.090 
330 0.100 0.200 0.045 0.090 
360 0.100 0.100 0.045 0.045 

Qx (Coulombs) 1,602 972 
Qs (Coulombs) 1,242 757 
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Table 18 The RCPT results of POBC concrete with different binary and ternary mixtures and curing ages (Continue) 

R2
0 

Ages  28 days 56 days 
Di

am
ete

r 
(m

m)
 1 107.23 107.87 

2 107.46 107.80 
Average 107.35 107.84 

Tim
e 

ela
ps

ed
 (m

in)
 

0 0.040 0.040 0.025 0.025 
30 0.050 0.100 0.030 0.060 
60 0.050 0.100 0.035 0.070 
90 0.060 0.120 0.035 0.070 
120 0.060 0.120 0.035 0.070 
150 0.060 0.120 0.035 0.070 
180 0.060 0.120 0.035 0.070 
210 0.060 0.120 0.035 0.070 
240 0.070 0.140 0.035 0.070 
270 0.100 0.200 0.035 0.070 
300 0.100 0.200 0.035 0.070 
330 0.100 0.200 0.035 0.070 
360 0.100 0.100 0.035 0.035 

Qx (Coulombs) 1,512 738 
Qs (Coulombs) 1,184 573 
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Table 18 The RCPT results of POBC concrete with different binary and ternary mixtures and curing ages (Continue) 

R3
0 

Ages  28 days 56 days 
Di

am
ete

r 
(m

m)
 1 107.33 107.74 

2 107.42 107.78 
Average 107.38 107.76 

Tim
e 

ela
ps

ed
 (m

in)
 

0 0.030 0.030 0.020 0.020 
30 0.030 0.060 0.020 0.040 
60 0.030 0.060 0.020 0.040 
90 0.030 0.060 0.020 0.040 
120 0.030 0.060 0.020 0.040 
150 0.030 0.060 0.020 0.040 
180 0.030 0.060 0.020 0.040 
210 0.030 0.060 0.020 0.040 
240 0.030 0.060 0.020 0.040 
270 0.030 0.060 0.020 0.040 
300 0.030 0.060 0.020 0.040 
330 0.030 0.060 0.020 0.040 
360 0.030 0.030 0.020 0.020 

Qx (Coulombs) 648 432 
Qs (Coulombs) 507 336 
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Table 18 The RCPT results of POBC concrete with different binary and ternary mixtures and curing ages (Continue) 

B1
0 

Ages  28 days 56 days 
Di

am
ete

r 
(m

m)
 1 107.29 107.68 

2 107.35 107.90 
Average 107.32 107.79 

Tim
e 

ela
ps

ed
 (m

in)
 

0 0.220 0.220 0.190 0.190 
30 0.270 0.540 0.220 0.440 
60 0.305 0.610 0.240 0.480 
90 0.340 0.680 0.250 0.500 
120 0.370 0.740 0.260 0.520 
150 0.380 0.760 0.260 0.520 
180 0.400 0.800 0.270 0.540 
210 0.420 0.840 0.270 0.540 
240 0.430 0.860 0.270 0.540 
270 0.450 0.900 0.270 0.540 
300 0.460 0.920 0.270 0.540 
330 0.480 0.960 0.270 0.540 
360 0.480 0.480 0.270 0.270 

Qx (Coulombs) 8,379 5,544 
Qs (Coulombs) 6,566 4,306 
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Table 18 The RCPT results of POBC concrete with different binary and ternary mixtures and curing ages (Continue) 

B2
0 

Ages  28 days 56 days 
Di

am
ete

r 
(m

m)
 1 107.94 108.10 

2 107.72 108.03 
Average 107.83 108.07 

Tim
e 

ela
ps

ed
 (m

in)
 

0 0.260 0.260 0.190 0.190 
30 0.320 0.640 0.220 0.440 
60 0.360 0.720 0.240 0.480 
90 0.390 0.780 0.260 0.520 
120 0.400 0.800 0.270 0.540 
150 0.405 0.810 0.280 0.560 
180 0.420 0.840 0.280 0.560 
210 0.420 0.840 0.280 0.560 
240 0.420 0.840 0.280 0.560 
270 0.420 0.840 0.290 0.580 
300 0.420 0.840 0.290 0.580 
330 0.420 0.840 0.290 0.580 
360 0.420 0.420 0.290 0.290 

Qx (Coulombs) 8,523 5,796 
Qs (Coulombs) 6,615 4,479 
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Table 18 The RCPT results of POBC concrete with different binary and ternary mixtures and curing ages (Continue) 

B3
0 

Ages  28 days 56 days 
Di

am
ete

r 
(m

m)
 1 107.61 108.05 

2 107.67 106.89 
Average 107.64 107.47 

Tim
e 

ela
ps

ed
 (m

in)
 

0 0.300 0.300 0.220 0.220 
30 0.360 0.720 0.240 0.480 
60 0.420 0.840 0.260 0.520 
90 0.450 0.900 0.270 0.540 
120 0.470 0.940 0.280 0.560 
150 0.470 0.940 0.295 0.590 
180 0.470 0.940 0.300 0.600 
210 0.470 0.940 0.300 0.600 
240 0.470 0.940 0.310 0.620 
270 0.470 0.940 0.310 0.620 
300 0.470 0.940 0.310 0.620 
330 0.470 0.940 0.310 0.620 
360 0.470 0.470 0.320 0.320 

Qx (Coulombs) 9,675 6,219 
Qs (Coulombs) 7,536 4,860 
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Table 18 The RCPT results of POBC concrete with different binary and ternary mixtures and curing ages (Continue) 

B5
R5

 

Ages  28 days 56 days 
Di

am
ete

r 
(m

m)
 1 108.05 106.91 

2 108.08 106.86 
Average 108.07 106.89 

Tim
e 

ela
ps

ed
 (m

in)
 

0 0.010 2.000 0.080 0.080 
30 0.130 0.130 0.100 0.200 
60 0.140 0.280 0.100 0.200 
90 0.150 0.300 0.100 0.200 
120 0.170 0.340 0.100 0.200 
150 0.180 0.360 0.120 0.240 
180 0.185 0.370 0.120 0.240 
210 0.190 0.380 0.120 0.240 
240 0.190 0.380 0.120 0.240 
270 0.190 0.380 0.120 0.240 
300 0.190 0.380 0.120 0.240 
330 0.190 0.380 0.120 0.240 
360 0.190 0.380 0.120 0.120 

Qx (Coulombs) 3,825 2,412 
Qs (Coulombs) 2,956 1,905 
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Table 18 The RCPT results of POBC concrete with different binary and ternary mixtures and curing ages (Continue) 

B5
R1

5 

Ages  28 days 56 days 
Di

am
ete

r 
(m

m)
 1 107.93 106.91 

2 108.25 106.86 
Average 108.09 106.89 

Tim
e 

ela
ps

ed
 (m

in)
 

0 0.040 0.040 0.035 0.035 
30 0.040 0.080 0.040 0.080 
60 0.050 0.100 0.040 0.080 
90 0.050 0.100 0.040 0.080 
120 0.050 0.100 0.040 0.080 
150 0.050 0.100 0.040 0.080 
180 0.050 0.100 0.040 0.080 
210 0.050 0.100 0.045 0.090 
240 0.050 0.100 0.045 0.090 
270 0.050 0.100 0.045 0.090 
300 0.050 0.100 0.045 0.090 
330 0.050 0.100 0.045 0.090 
360 0.050 0.050 0.045 0.045 

Qx (Coulombs) 1,053 909 
Qs (Coulombs) 813 718 
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Table 18 The RCPT results of POBC concrete with different binary and ternary mixtures and curing ages (Continue) 

B1
5R

5 

Ages  28 days 56 days 
Di

am
ete

r 
(m

m)
 1 107.76 106.78 

2 107.61 106.83 
Average 107.69 106.81 

Tim
e 

ela
ps

ed
 (m

in)
 

0 0.085 0.085 0.050 0.050 
30 0.100 0.200 0.050 0.100 
60 0.100 0.200 0.050 0.100 
90 0.100 0.200 0.050 0.100 
120 0.110 0.220 0.050 0.100 
150 0.110 0.220 0.060 0.120 
180 0.120 0.240 0.060 0.120 
210 0.120 0.240 0.060 0.120 
240 0.120 0.240 0.070 0.140 
270 0.120 0.240 0.070 0.140 
300 0.120 0.240 0.070 0.140 
330 0.121 0.242 0.070 0.140 
360 0.122 0.122 0.080 0.080 

Qx (Coulombs) 2,420 1,305 
Qs (Coulombs) 1,884 1,032 
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Table 18 The RCPT results of POBC concrete with different binary and ternary mixtures and curing ages (Continue) 

B1
0R

20
 

Ages  28 days 56 days 
Di

am
ete

r 
(m

m)
 1 106.55 106.57 

2 107.10 107.04 
Average 106.83 106.81 

Tim
e 

ela
ps

ed
 (m

in)
 

0 0.040 0.040 0.035 0.035 
30 0.040 0.080 0.035 0.070 
60 0.041 0.082 0.035 0.070 
90 0.041 0.082 0.035 0.070 
120 0.041 0.082 0.035 0.070 
150 0.041 0.082 0.035 0.070 
180 0.041 0.082 0.035 0.070 
210 0.041 0.082 0.035 0.070 
240 0.041 0.082 0.035 0.070 
270 0.041 0.082 0.035 0.070 
300 0.041 0.082 0.035 0.070 
330 0.041 0.082 0.035 0.070 
360 0.041 0.041 0.035 0.035 

Qx (Coulombs) 883 756 
Qs (Coulombs) 698 598 
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Table 18 The RCPT results of POBC concrete with different binary and ternary mixtures and curing ages (Continue) 

B2
0R

10
 

Ages  28 days 56 days 
Di

am
ete

r 
(m

m)
 1 106.86 107.27 

2 107.62 107.52 
Average 107.24 107.40 

Tim
e 

ela
ps

ed
 (m

in)
 

0 0.080 0.080 0.055 0.055 
30 0.090 0.180 0.060 0.120 
60 0.100 0.200 0.060 0.120 
90 0.100 0.200 0.060 0.120 
120 0.105 0.210 0.060 0.120 
150 0.110 0.220 0.060 0.120 
180 0.120 0.240 0.060 0.120 
210 0.120 0.240 0.060 0.120 
240 0.120 0.240 0.060 0.120 
270 0.120 0.240 0.060 0.120 
300 0.120 0.240 0.060 0.120 
330 0.121 0.242 0.060 0.120 
360 0.140 0.140 0.060 0.060 

Qx (Coulombs) 2,405 1,292 
Qs (Coulombs) 1,887 1,011 
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Table 19 Capillary water absorption of 28-day POBC concrete with different binary and ternary mixtures  

Mix designation 
Avg. Cross-sectional 

area (mm2) 
Mass (kg) 

∆Mass/area*105 ∆Mass/area/time0.5 
Weighted at 0 h Weighted at 72 h 

Control 9,136.75 1.051 1.061 0.109 0.12 
R10 9,138.44 1.026 1.034 0.088 0.10 
R20 9,045.51 0.964 0.971 0.077 0.09 
R30 9,050.57 0.984 0.990 0.066 0.07 
B10 9,041.30 0.970 0.980 0.111 0.14 
B20 9,127.43 0.989 1.005 0.175 0.21 
B30 9,095.30 1.024 1.041 0.187 0.22 

B5R5 8,998.38 1.018 1.025 0.078 0.10 
B5R15 9,171.50 1.036 1.042 0.065 0.08 
B15R5 9,102.90 1.018 1.025 0.077 0.09 
B10R20 9,126.59 1.003 1.009 0.066 0.08 
B20R10 9,027.82 1.018 1.025 0.078 0.09 
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Table 20 Capillary water absorption of 56-day POBC concrete with different binary and ternary mixtures  

Mix designation 
Avg. Cross-sectional 

area (mm2) 
Mass (kg) 

∆Mass/area*105 ∆Mass/area/time0.5 
Weighted at 0 h Weighted at 72 h 

Control 9,007.64 1.039 1.047 0.096 0.10 
R10 9,139.29 1.041 1.047 0.075 0.08 
R20 9,122.36 1.018 1.023 0.064 0.07 
R30 9,118.97 1.019 1.024 0.056 0.06 
B10 9,058.16 1.004 1.013 0.103 0.11 
B20 8,945.52 1.086 1.095 0.108 0.12 
B30 8,969.00 1.014 1.027 0.151 0.17 

B5R5 8,963.96 1.055 1.062 0.079 0.09 
B5R15 9,061.53 1.042 1.048 0.067 0.07 
B15R5 8,958.93 1.031 1.037 0.078 0.08 
B10R20 8,994.19 1.003 1.008 0.066 0.07 
B20R10 9,075.03 1.036 1.042 0.071 0.08 
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Table 21 Indirect tensile strength of 28-day POBC concrete with different binary and ternary mixtures  

Mixes 
Diameter (mm) L, Thickness (mm) 

P (N) 2P (N) Pi*(D)*(L) 
σt 

(MPa) Top Bottom Avg.  Left Right Avg. 
Control 112.84 107.93 110.39 52.74 55.63 54.19 25,960 51,920 18,798.09 2.76 

R10 107.89 107.90 107.90 51.43 50.82 51.13 32,180 64,360 17,336.41 3.71 
R20 107.23 107.46 107.35 50.78 50.39 50.59 25,340 50,680 17,065.86 2.97 
R30 107.33 107.42 107.38 51.35 52.20 51.78 22,190 44,380 17,472.21 2.54 
B10 107.29 107.35 107.32 51.70 49.41 50.56 24,860 49,720 17,051.77 2.92 
B20 107.94 107.72 107.83 51.90 50.79 51.35 24,110 48,220 17,400.53 2.77 
B30 107.61 107.67 107.64 52.34 52.33 52.34 19,870 39,740 17,704.78 2.24 

B5R5 108.05 108.08 108.07 50.79 50.75 50.77 24,400 48,800 17,243.16 2.83 
B5R15 107.93 108.25 108.09 52.25 52.53 52.39 25,850 51,700 17,797.48 2.90 
B15R5 107.70 107.61 107.66 51.25 51.82 51.54 24,710 49,420 17,436.57 2.83 
B10R20 106.55 107.10 106.83 51.29 51.26 51.28 27,970 55,940 17,214.85 3.25 
B20R10 106.86 107.62 107.24 51.76 52.02 51.89 24,590 49,180 17,489.01 2.81 
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Table 22 Indirect tensile strength of 56-day POBC concrete with different binary and ternary mixtures  

Mixes 
Diameter (mm) L, Thickness (mm) 

P (N) 2P (N) Pi*(D)*(L) 
σt 

(MPa) Top Bottom Avg. Left Right Avg. 
Control 107.43 107.12 107.28 52.44 52.26 52.35 27,250 54,500 17,649.80 3.09 

R10 107.45 107.90 107.68 51.11 52.57 51.84 33,350 66,700 17,543.03 3.80 
R20 107.87 107.80 107.84 52.95 53.21 53.08 28,570 57,140 17,989.34 3.18 
R30 107.74 107.78 107.76 52.65 51.35 52.00 25,840 51,680 17,611.06 2.93 
B10 107.59 107.42 107.51 50.84 51.24 51.04 27,310 54,620 17,245.03 3.17 
B20 106.69 106.75 106.72 52.66 51.59 52.13 26,310 52,620 17,483.02 3.01 
B30 108.05 106.89 107.47 53.80 53.53 53.67 26,880 53,760 18,126.04 2.97 

B5R5 106.90 106.86 106.88 51.58 52.34 51.96 26,560 53,120 17,453.81 3.04 
B5R15 106.78 106.83 106.81 52.07 52.22 52.15 30,950 61,900 17,503.66 3.54 
B15R5 107.85 107.44 107.65 52.05 52.59 52.32 27,010 54,020 17,700.53 3.05 
B10R20 106.57 107.04 106.81 52.19 51.90 52.05 29,010 58,020 17,470.09 3.32 
B20R10 107.27 107.52 107.40 53.57 52.20 52.89 26,810 53,620 17,850.12 3.00 
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