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a b s t r a c t 

The contribution of buildings to climate change as a result of energy consumption and greenhouse gas emissions 

necessitates the use of agro-industrial by-products as alternative construction materials. The present study ex- 

amines the thermal properties of Rice husk ash-blended Palm Kernel Shell Concrete (RHA-blended PKSC). Three 

control concrete mixes with mix ratios of 1:1 1 
2 
:3, 1:2:4 and 1:3:6 using water-to-cement (w/c) ratios of 0.5, 0.6 

and 0.7, respectively were made with cement, river sand and granite. For each mix ratio with the respective w/c 

ratio, five concrete mixes containing RHA fixed at 15% as replacement for cement and PKS at 20, 40, 60, 80 

and 100% as replacement for crushed granite were produced. The oven-dry density, compressive strength and 

thermal properties (thermal conductivity, thermal diffusivity, volumetric heat capacity and thermal resistivity) 

were determined. The results showed that the oven-dry density and compressive strength of concrete declined 

with increasing PKS content. Nevertheless, the compressive strength increased with curing age and the gain in 

strength of RHA-blended PKSC were higher than the control at the later age. The thermal conductivity and dif- 

fusivity decreased with increasing PKS contents but increase with curing age while volumetric heat capacity and 

thermal resistivity increased as PKS content increases but decreased with curing age. In addition, concrete with 

1:3:6 mix ratio exhibited the lowest thermal conductivity and diffusivity but higher volumetric heat capacity 

and thermal resistivity than those with 1:1 1 
2 
:3, 1:2:4 mix ratios. RHA-blended PKSC with 40% PKS and 15% 

RHA for 1:1 1 
2 
:3 mix ratio attained the compressive strength and thermal conductivity values recommended for 

lightweight aggregate concrete which is suitable for structural and insulation purposes. It was concluded that 

the combined use of PKS and RHA as raw materials in concrete is effective in improving concrete’s thermal and 

insulation properties. 
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. Introduction 

Concrete is the most widely utilized construction material and its ap-

lication is rank third behind air and water ( CEMBUREAU, 2020 ). The

omponent used for concrete production are sand, granite, water with

r without admixture. One of the vital requirements of a structure is

he provision of thermal comfort and reduction of energy consumption

 Reddy et al., 2020 ). The increase in energy demand from buildings can

e attributed to the inability of the conventional building materials to

atisfy the thermal comfort requirements for its occupants ( IEA, 2020 ).

ccording to Thakur et al., (2020) , the atmosphere within a building is

ainly determined by how heat, moisture, and wind interact with the

uilding’s envelope and the surrounding environment. The CO 2 emis-

ions resulting from electricity and non-renewable energy sources for
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he provision of thermal comfort in building rose to 10 Gt in 2019 ( IEA,

020 ). With rising air conditioning possession and climate change, the

eed for heating and cooling accounts for more than one-third of global

nal energy consumption and nearly 40% of direct and indirect CO 2 

missions. Thermal properties of building materials can be improved to

educe building energy consumption ( Shafigh et al., 2018 ). 

The knowledge of the thermal properties of the structure compo-

ents is critical in the assessment of the thermal efficiency of a sys-

em ( Misri et al., 2018 ). Thermal conductivity, thermal diffusivity, ther-

al resistivity, and specific heat are the thermo-physical parameters

sed to evaluate the thermal behavior of concrete. Thermal conductiv-

ty is a property which determines the capacity of a material to conduct

nd accumulate heat ( Aurangzeb et al., 2006 ). Thermal diffusivity is

 parameter which governs how quickly temperature changes within
eptember 2021 
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o  
 mass may pass through a medium, thus, it can be used to measure

ow well concrete can withstand temperature changes ( Howlader et al.,

012 ). Thermal resistivity is a property that determines a material’s

hermal transport capability and is an indicator of its insulative ef-

ciency ( Howlader et al., 2012 ). The specific heat is a measures of

he quantity of energy requires to raise a unit mass’s temperature by

ne degree. ( Shafigh et al., 2018 ). Heat transfer and energy consump-

ion in buildings are limited by concrete with low thermal conductivity

 Asadi et al., 2019 ). The thermal conductivity of concrete depends on

oncrete density, aggregate types, shape and packing type, and mois-

ure content ( Misri et al., 2018 ; Aurangzeb et al., 2006 ; Kodur and Sul-

an, 2003 ; ACI 122R-14 2014 ). Lightweight aggregates (LWAs) are gen-

rally considered as materials with better insulating and thermal prop-

rties ( Thakur et al., 2020 ; Sengul et al., 2011 ). Aggregate with bulk

ensity ranging from 500 to 1120 kg/m 

3 are generally known as LWA

hile those with bulk density between 1520 and 1680 kg/m 

3 are known

s normal aggregate (NA) ( Li, 2011 ). Several investigations have indi-

ated that adding LWAs to concrete reduces the thermal conductivity

f the material ( Aurangzeb et al., 2006 ; Demirboga and Gül, 2003 ).

n past few decades, there has been growing interest in using agricul-

ural and industrial by-products as a substitute for reducing the contin-

ous use of NA, which is the most abundant components in concrete

 Skalny et al., 2002 ). Numerous studies have established the potentials

f using agricultural residues as LWAs for improving the thermal and in-

ulation properties in lightweight concrete production ( Real et al., 2016 ;

raore et al., 2017 ; Traore et al., 2018 ). Some of these materials with

he potential of replacing the NA and which have been widely studied

nclude palm kernel shell, coconut shell, periwinkle shell ( Raheem et al.,

008 ; Regin et al., 2016 ; Aboshio et al., 2018 ). The utilization of these

aterials as aggregate in concrete has been found to be a viable option

or their disposal ( Bahrami et al., 2015 ). 

PKS is the solid outer covering of palm kernel obtained as a

yproduct of oil palm fruit processing. According to FAO (2018) , to-

al global oil palm production in 2018 was estimated at 71.45 million

onnes. The world’s leading oil palm producing countries are Indonesia,

alaysia, Thailand, Colombia, Nigeria and Guatemala. Nigeria was the

orld’s fifth largest producer of oil palm and Africa’s largest, with an es-

imated output of 1.05 million tonnes in 2018 ( FAO, 2018 ). About 5.5%

f the PKS is present in each bunch of fresh fruit from oil palm trees

 Teo et al., 2006 ). PKS is found useful as a source of fuel for cooking,

urning and finishes in mud houses ( Okpala, 1990 ). The silicate formed

n boilers when it is used as source of fuel has restricted its use in that

egards ( Poku, 2002 ). The increase in the studies on the use of PKS is ba-

ically to expand the knowledge on the potentials of this materials with

he expectation of increasing the extent of its utilization in construction

ndustries. PKS has been found useful as promising aggregate material

or reducing the dead weight and thermal conductivity of concrete. For

nstance, Traore et al. (2017) revealed that the thermal conductivity and

iffusivity of concrete decreased by 10% and 42% when coarse aggre-

ate was replaced with 50% PKS; 28% and 42% with full replacement

ith PKS while the specific heat increased by 56% and 24% at 50%

nd full replacement of PKS, respectively. Alengaram et al. (2013) , dis-

overed that PKS foamed concrete had a thermal conductivity that was

6% lower than conventional bricks. Serri et al. (2014a) reported that

KSC showed lower thermal conductivity than the conventional con-

rete (CC). Similarly, Traore et al. (2018) found a reduction in thermal

onductivity and diffusivity of 28% and 42% by full replacement of NA

y untreated PKS; 52% and 33% with polyvinyl alcohol treated PKS

hile specific heat increased by 24% for untreated PKS and decreased

y 29% for the treated PKS. The decrease in thermal conductivity has

een attributed mostly to PKS’s poor thermal conductivity when com-

ared to that of NA. According to Khan (2002) , NA thermal conductivity

anged between 1.16 W/mK and 8.56 W/mK, but PKS thermal conduc-

ivity can be as low as 0.45 W/m K ( Okpala, 1990 ). 

Mineral admixtures including fly ash, silica fume, corn cob ash, rice

usk ash, and saw dust ash have been shown to improve the thermal ef-
2 
ciency of concrete and mortar. The investigation by Demirbo ǧa and

ül (2003) revealed that the thermal conductivity of pumice aggre-

ate concrete with 30% fly ash as substitute for cement reduced by

0% compared with the pumice aggregate concrete without admixture.

emirbo ǧa et al. (2007) indicated that the concrete’s thermal conduc-

ivity decreased by 23% with the inclusion of 30% fly ash. ( Raheem and

desanya (2011) observed a drop in thermal conductivity of cement

ortar with the incorporation of corn cob ash. The study by Raheem

t al. (2015) reported a decrease in concrete’s thermal conductivity af-

er substituting cement with saw dust ash. Huang et al. (2021) revealed

hat the thermal conductivity of calcium sulfoaluminate cement-based

ortars decreased with increase in the substituting expanded perlite for

and from 0 to 100%. 

RHA is obtained from the incineration of rice husk, a major by-

roduct from rice processing industries. According to AMIS (2021) , the

stimate of commercial harvest of rice globally in 2020/21 was 514.3

illion tonnes. Nigeria is Africa’s largest rice producer, with an average

nnual production volume of 8 million metric tons. As of 2019, Nige-

ia was ranked the 14th largest rice producer in the world, with China

eing the top producing country ( Thrive Agric, 2020 ). Rice milling pro-

uces 200 kg of husk for every ton of rice milled, resulting in 40 kg of

HA after complete combustion ( Zerbino et al., 2011 ). RHA is abun-

antly available in rice producing countries and the ash obtained from

t is rich in silica which make it to be suitable for use as cement replace-

ent material ( Nilantha et al., 2010 ; Soltani et al., 2014 ; Silva et al.,

020 ). RHA improves the concrete properties through the filler effect,

ydration heat reduction, and the pozzolanic reaction of RHA with ce-

ent hydration by-product (Calcium hydroxide) ( Jamil et al., 2016 ;

ilho et al., 2017 ). Several studies ( Abalaka, 2013 ; Raheem and Ka-

eem, 2017 ; Rattanachu et al., 2020 ), have shown that the inclusion of

HA as substitute for cement enhanced the compressive strength of con-

rete and mortar. Amorphous RHA exhibited high resistance to chemi-

al corrosion and temperature variation, low thermal conductivity, high

elting point, low bulk density and high porosity ( Silva et al., 2020 ;

hindaprasirt et al., 2007 ; Bahrami et al., 2016 ; Praveenkumar et al.,

019 ). In recent studies ( Raheem and Kareem, 2017 ; Rattanachu et al.,

020 ), RHA was incorporated into PKSC. Foong et al. (2015) compared

he strength properties of RHA based PKSC and PKSC without RHA.

hilips et al. (2017) also related the strength and water absorption char-

cteristics of RHA based PKSC and NA. 

Because of RHA’s advantages as a mineral admixture, its combina-

ion with PKS is bound to enhance PKSC qualities. The modification of

KSC with RHA leads to further reduction of PKSC density resulting to

urther reduction of thermal conductivity of PKSC as a lightweight con-

rete. As a result, the use of these materials would aid the construction

f structural concrete with a lower dead load than CC with the bene-

t of cost saving and ease of construction. The extra calcium-silicate-

ydrate (C-S-H) gel produced in concrete as a result of the RHA poz-

olanic activity during the cement hydration refines the concrete pores

nd improves the interfacial transaction zone in between aggregates and

ement paste, resulting in a denser internal structure in concrete. As a

esult, the strength of concrete is expected to rise ( Soltani et al., 2014 ).

 large quantity of PKS or RHA are usually stockpiled and subsequently

ump as residue thereby constituting a nuisance and environmental pol-

ution especially in an area where they have been accumulated in large

uantities. Thus, the use of these materials as construction purposes

s considered as the environmental-friendly method of their disposal

 Raheem and Kareem, 2017 ). In addition, utilization of these materials

ill encourage increase in rice and oil palm productions. The increase in

roduction will substantially increase farmer wages, provide economic

ncentive for the community, and contribute to the country’s gross do-

estic product. 

Based on the literature, the strength characteristics of PKSC with

HA as mineral admixture were studied at an early age of up to 28

ays. Furthermore, there is paucity of research on the thermal properties

f PKSC blended with RHA. Therefore, this study investigates the oven-



A.A. RAHEEM, K.O. ORIOLA, M.A. KAREEM et al. Environmental Challenges 5 (2021) 100284 

Table 1 

Chemical compositions of cement and RHA. 

Materials Chemical composition (%) 

SiO 2 Al 2 O 3 Fe 2 O 3 CaO MgO SO 3 K 2 O Na 2 O Others SiO 2 + Al 2 O 3 + Fe 2 O 3 
∗ LOI 

Cement 20.92 4.84 3.24 62.50 2.53 2.77 0.19 0.25 2.76 29 1.52 

RHA 92.40 0.78 1.06 1.38 1.09 0.06 1.63 0.04 1.56 94.24 8.93 

∗ LOI = Loss On Ignition. 

Table 2 

Physical properties of Aggregates. 

Properties Materials 

River sand Granite PKS 

Maximum size (mm) 2.36 20 20 

Fineness Modulus 2.52 2.59 2.37 

Specific gravity 2.79 2.91 1.19 

Water absorption (%) 15.03 7.93 16.99 

Bulk density (kg/m 

3 ) 1802 1614 762 
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ry bulk density, compressive strength, and thermal properties (thermal

onductivity, thermal diffusivity, volumetric heat capacity, and thermal

esistivity) of concrete of three different mix proportions produced with

VA-treated PKS as a substitute for NA and RHA as a partial substitute

or cement.at the curing ages of up to 90 days. The findings from this

tudy would be useful in establishing mix proportioning and understand-

ng the behavior of RHA-blended PKSC. 

. Materials and method 

.1. Materials 

Portland limestone cement, river sand, crushed granite, PKS, rice

usk, polyvinyl alcohol (PVA) and water are the materials used in this

tudy. Elephant brand of cement of grade 32.5 N with the specific grav-

ty of 3.19 which conformed to BS EN 197-1 (2011) was used as binder

n the concrete mix. River sand of 4.75 mm maximum size sourced from

he river bank along Ifon Osun, Osun State Nigeria was the fine aggre-

ate used. Crushed granite was sourced from the Quarry site at Ibadan.

KS of 20 mm nominal size was collected from mini oil palm process-

ng mill at Ogbaagba community, Osun State, Nigeria. The collected

KSs were first washed with detergent soap and subsequently dipped in

ortable water and 5% PVA solution for up to 24 ± 2 h in line with Thong

t al. (2017) . Previous studies ( Traore et al., 2018 ; Thong et al., 2017 )

ave established that this treatment method is effective in improving

he quality of PKS in terms of water absorption. RH was sourced from

ini rice processing mill within Ogbomoso, Oyo State, Nigeria. 

RHA was produced by calcinating the husks in the furnace at the tem-

erature of 600 ᴼ C for 4 h. The chemical compositions of cement and

HA are presented in Table 1 . The RHA was subsequently sieved with

5 𝜇m sieve to obtain the ash having the specific gravity and bulk den-

ity values of 1.90 and 145 kg/m 

3 , respectively. Fig. 1 (a)-(d) show the

ranite, river sand, PKS and RHA samples used in the analysis, respec-

ively. The particle-size distribution and the properties of aggregates are

hown in Fig. 2 and Table 2 , respectively. RHA had SiO 2 (92.40%) as its

ajor chemical constituent. The SO 3 of RHA does not exceed the max-

mum of 5% specified by ( ASTM C618–12 (2012) for cementitious ma-

erial. These validate the previous findings ( Raheem and Kareem, 2017 ;

attanachu et al., 2020 ; Nguyen, 2021 ). The sum of SiO 2 , Al 2 O 3 and

 2 O 3 for RHA was 94.24% that is more than 70% and LOI of 4.64 which

s less than 6% as specified by ASTM C618–12 (2012) for class F poz-

olans. The potable water collected from the tap at the Structural and

aterial Laboratory at Civil Engineering Laboratory, Ladoke Akintola

niversity, Ogbomoso, Nigeria was used throughout the experimental

orks. 
3 
.2. Mix design, batching and sampling 

Three control concrete mixes with prescribed mix ratios of 1:1 1 2 :3,

:2:4 and 1:3:6 using water-to-cement (w/c) ratios of with w/c ratio

f 0.5, 0.6 and 0.7, respectively were made with cement, river sand

nd granite. For each mix ratio with the respective w/c ratio, five con-

rete mixes containing RHA fixed at 15% as replacement for cement and

KS at the rate of 20, 40, 60, 80 and 100% as replacement for crushed

ranite by volume were produced. The sample prepared without PKS

nd served as the control. The PKS which was in saturated surface dry

ondition was used during aggregate mixing. The cement used for con-

rete mixes was replaced with a fixed amount of 15% of RHA except the

ontrol. Concrete mixing was done manually according to BS 1881-125

2013) Concrete mixes were then cast into wooden moulds and placed

n the curing room at 27 ± 5 O  C. After 24 h, the concrete specimens were

nmoulded and later cured in water until the testing ages. 

.3. Testing methods 

.3.1. Density 

The density of hardened concrete specimens was determined at 28

ays of curing in accordance with ASTM C642-13 (2013) . 

.3.2. Compressive strength 

Concrete specimens’ compressive strength was determined in accor-

ance with ASTM C39/C39M-12 (2012) . Concrete specimens measuring

00 × 100 × 100 mm were cast in steel moulds in three layers and man-

ally compacted with 25 strokes of a steel tamping rod with a diameter

f 25 mm across the cross section of the mold. The specimens were de-

oulded after 24 h and water cured in a curing chamber for 7, 28, 56,

nd 90 days before being tested. On each testing age, three specimens

rom the same concrete mixture were removed from the curing tank and

llowed to dry at room temperature for two hours before being crushed

n a compression machine (maximum capacity 2000 kN). The compres-

ive strength was based on the average of three specimens. 

.3.3. Thermal properties measurement 

The thermal properties (thermal conductivity, thermal diffusivity,

olumetric heat capacity and thermal resistivity) of concrete specimens

ere determined using a direct measuring instrument with surface probe

nown as KD2 Pro-thermal properties analyzer by Decagon Inc. devices

ig. 3 ). This instrument measured the thermal properties of materials

ased on transient heat source methods as specified in ASTM D5334–14

2014) . The transient methods measures the thermal properties within

everal minutes as a result of its ability to record temperature signal

uring a heating process ( Huang et al., 2021 ). A needle with an internal

eater and temperature sensor was used as a probe for this measure-

ent. A current is passed through the heater, and the system continu-

usly monitors the sensor’s temperature over time. The thermal conduc-

ivity of a sensor is determined by analyzing its temperature. According

o Carslaw and Jaeger (1959) and Kluitenberg et al. (1993) , the KD2 Pro-

mploys two distinct algorithms, one for the dual needle sensor and one

or the single needle sensor. For the Dual needle algorithm, heat is ap-

lied to the heated needle for a given heating time, th, and temperature

s measured in the monitoring needle, 6 mm distance, during the cool-

ng period following heating. The reading can be processed by removing
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Fig. 1. (a) Granite sample; (b) River Sand sam- 

ple; (c) PKS sample; and (d) RHA sample. 

Fig. 2. Gradation curves of aggregates. 
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b 0  
he ambient temperature at time 0, multiplying by 4, and dividing by

he heat per unit length, q. Using a non-linear least squares approach,

he obtained data is fitted to the following equations as demonstrated

y Eq. (1) . Eqs. (1) and ( (2) apply to the first th seconds when the heat

s turned on and off, respectively. Thermal conductivity and diffusivity

an be calculated using Eqs. (4) and (5) . Eqs. (6) and (7) can be used to

alculate volumetric specific heat and thermal resistance (7). 

 

∗ = 𝑏 0 𝑡 + 𝑏 1 𝐸𝑖 

( 

𝑏 2 
𝑡 

) 

(1)

 

∗ = 𝑏 0 𝑡 + 𝑏 1 

{ 

𝐸𝑖 

( 

𝑏 2 
𝑡 

) 

− 𝐸𝑖 

[ 
𝑏 2 

𝑡 − 𝑡 

] } 

(2)

ℎ 

4 
 

∗ = 

4 𝜋
(
𝑇 − 𝑇 0 

)
𝑞 

(3) 

 = 

1 
𝑏 1 

(4)

 = 

𝑟 2 

4 𝑏 2 
(5)

 𝑣 = 𝜌𝐶 𝑃 = 

𝐾 

4 𝑏 2 
(6)

 = 

1 
𝐾 

(7)

here: Ei is the exponential integral, 𝑏 0 , 𝑏 1 and 𝑏 2 are the constants to

e fit. 𝑇 is the temperature at the start of the measurement and q is
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Fig. 3. Setup for thermal properties test. 
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he heat input, 𝐾 is the thermal conductivity, D is the diffusivity, 𝐶 𝑣 is

he volumetric heat capacity, 𝐶 𝑝 is the specific heat capacity, 𝜌 is the

ensity and r is the thermal resistivity. 

In this study, Pilot pins of 1.3 mm diameter x 30 cm long, 6 mm

pacing coated with Vaseline were installed from the surface of the

pecimens while in fresh state to create the hole that will accommodate

he sensor probe of thermal analyzer. The pins were removed when the

oncrete specimens have hardened. The surface probe/sensor used is a

0 cm dual-needle (SH-1). The sensor was coated with thermal grease

nd embedded into the cast hole on the specimen surface to take the

eadings. Three specimens from the same concrete mixture were taken

ut of the curing compartment after being cured for 7, 28, 56 and 90

ays and oven-dried at 100 to 115 ᴼ C using the electric drying oven,

ntil a constant mass was reached to remove the moisture in line with

he literatures ( Sengul et al., 2011 ; Traore et al., 2017 ). The specimens

ere left to settle to ambient temperature before taking thermal prop-

rties readings from the thermal analyzer’s display unit after inserting

he sensor from the device into the hole formed on the specimen ear-

ier while it was still fresh, as illustrated in Fig. 3 . The value for each

f the thermal characteristics was calculated using the average of three

pecimens. 

. Results and discussion 

.1. Density 

Fig. 4 presents the results of 28-day density of RHA-blended PKSC

ith different mix ratios. It can be noted from Fig. 4 that the percentage

f PKS present in concrete and the mix ratios had significant effect on

ven-dry bulk density of concrete. For 1:1 1 / 2 :3 mix ratio, the average

ven-dry density decreased from 2431 to 1600 kg/m 

3 with increased

n PKS replacement at 0–100%; while for 1:2:4 mix ratio, the density

ecreased from 2256 to 1404 kg/m 

3 with increase in PKS contents from

 to 100% and the average oven-dry density values of concrete pro-

uced with 1:3:6 mix ratio decreased from 2104 to 1256 kg/m 

3 as the

KS contents increased from 0 to 100%. These findings are in consis-

ent with previous researches ( Alengaram et al., 2013 ; Philips et al.,

017 ; Sobuz et al., 2014 ; Maghfouri et al., 2018 ), where the concrete

ensity declined as the content of PKS aggregate increased. The lower

ulk density of PKS, which is approximately 58% lower than that of

ranite ( Table 1 ) may account for the reduction in concrete density.

herefore, the substitution of granite with PKS in CC increased the void
5 
ontent which subsequently reduced the concrete density. The RHA in-

luded in concrete is also beneficial for the reduction in concrete den-

ity since it exhibited lower specific gravity (1.94) than cement (3.19)

 Praveenkumar et al., 2019 ; Damdelen et al., 2014 ). Concrete with an

ven-dry density of less than 2000 kg/m 

3 is classified as structural LWA

oncrete (LWAC) by Newman and Owen (2003) . This density range was

bserved at the substitution levels of granite with PKS of 60% and above

or mix ratio 1:1 1 2 :3, 40% and above for mix ratio 1:2:4 and 20% and

bove for mix ratio 1:3:6. The maximum reductions of 

31%, 34% and 38% in the density of concrete were observed for

oncrete with 1:1 1 2 :3, 1:2:4 and 1:3:4 mix ratios, respectively, at 100%

KS and 15% RHA combination at 90-day curing age with respect to the

ontrol for mix ratio. 

As shown in Fig. 4 , the density of RHA-blended PKSC is altered by

he aggregate/cement ratio of concrete mix. The concrete specimens

roduced with the richer concrete mix (1:1 1 2 :3), having lower aggre-

ate/cement ratio exhibited higher density values than those with 1:2:4

ix ratio while the values with 1:2:4 mix ratio were also higher than

hose with 1:3:6 mix ratio. As the aggregate content increased, the void

ontent of the concrete mix is expected to rise while its level of com-

actness decreased. Thus, the density of concrete with higher aggregate

ontent is lower than that with lower aggregate content. This corrobo-

ates previous findings regarding concrete or mortar produced with dif-

erent mix ratios ( Okpala, 1990 ; Sobuz et al., 2014 ; Olanipekun et al.,

006 ; Braga et al., 2014 ; Kareem et al., 2021 ). It can be deduced that

he reduction of concrete oven-dry density means that the combination

f both materials (PKS and RHA) is ideal for use as lightweight and

reen concrete. Such concrete has the tendency of exhibiting lower self-

eight thereby resulting to reduction in load on foundation and building

tructures with the benefit of cost saving and ease of construction. In ad-

ition, better thermal properties that guarantee better thermal comfort

or human and animals. 

.2. Compressive strength 

The compressive strength of RHA-blended PKSC with various mix

atios at curing ages of 7, 28, 56 and 90 days are shown in Fig. 5 . For

ll the mix ratios examined, the compressive strength improved with

ncreasing curing ages and declined with increasing PKS substitution.

t 7 days, the compressive strength values control were 20.83 N/mm 

2 ,

7.63 N/mm 

2 and 14.67 N/mm 

2 for 1:1 1 2 :3, 1:2:4 and 1:3:6 mix ratios,

espectively. The substitution rate of PKS has a substantial influence on

he compressive strength of concrete with the addition of PKS. For ex-

mple, when the PKS substitution rate increased from 20% to 100%, the

-day compressive strength of RHA-blended PKSC for a 1:1 1 2 :3 mix ratio

ecreased from 17.17 to 9.97 N/mm 

2 . This trend is similar to the com-

ressive strength of RHA-blended PKSC at various ages for varied mix

atios. These findings are consistent with earlier research ( Traore et al.,

017 ; Philips et al., 2017 ; Sobuz et al., 2014 ; Maghfouri et al., 2018 ;

jima et al., 2018 ; Azunna, 2019 ). As illustrated in Fig. 5 , incorpo-

ating PKS remarkably increased the concrete void contents and re-

uced its density. Consequently, the compressive strength of concrete

eclined. Furthermore, the increased surface area, fineness, and flaki-

ess of PKS reduced concrete workability and resulted in a weakening of

he bond between the aggregate and the hydrating cement paste, result-

ng in lower compressive strength ( Okpala, 1990 ; Maghfouri et al., 2018 ;

sei and Jackson, 2012 ). However, it was noted that up to 60–70% of

he 28-day strength was attained at 7 days by RHA-blended PKSC for

ix ratios. For instant, about 87% to 85%, 86% to 87% and 86 to 83%

f 28-day strength were achieved by RHA-blended PKSC when PKS re-

lacement ratio increased from 20% to 100% for 1:1 1 2 :3, 1:2:4 and 1:3:6

ix ratios, respectively. The early strength developed by RHA-blended

KSC can be ascribed to the filler action of RHA, which decreased the

orosity of concrete, and this was proposed to be advantageous in pre-

ast concrete where early strength is critical ( Foong et al., 2015 ). 
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Fig. 4. Oven-dry bulk density of RHA-blended PKSC at 

28 days. 
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In addition to PKS substitution rate, the compressive strength of

HA-blended PKSC is also affected by the curing ages as revealed in

ig. 5 . For example, from 7 days to 90 days, the compressive strength

ncreased about 7.9–8.3 N/mm 

2 , 5.6–6.9 N/mm 

2 , 6.2–8.0 N/mm 

2 , 6.6–

.2 N/mm 

2 , 5.6–6.2 N/mm 

2 , 4.0–5.8 N/mm 

2 , for RHA-blended PKSC at

%, 20%, 40%, 60%, 80% and 100% PKS substitution, respectively. This

orroborates previous studies ( Maghfouri et al., 2018 ; Olanipekun et al.,

006 ; Shafigh et al., 2012 ), where the concrete strength improved as the

uring ages increased. As the curing age increases, the voids between

he concrete particles (cement grains and aggregate) are filled by ad-

itional hydration products produced, thereby increasing the concrete

ensity. Consequently, the concrete’s strength increases ( Okpala, 1990 ;

lykbanov et al., 2019 ; Uysal et al., 2004 ). 

The compressive strength of RHA-blended PKSC was also found to

e influenced by the aggregate/cement ratio of the concrete mix. For

xample, the compressive strength of control (without PKS and RHA)

ith 1:3:6 mix ratio having the highest aggregate/cement ratio was

.5 N/mm 

2 and 6.0 N/mm 

2 lower than those with 1:1 1 2 :3 and 1:2:4 mix

atios, respectively. This can be attributed to the fact that when the ag-

regate/cement ratio increased, as in the instance of 1:3:6, the amount

f cement available was insufficient to adequately bond with the ag-

regate, resulting in a loss in the compressive strength of RHA-blended

KSC. However, for the richest concrete mix (1:1 1 2 :3) with lower aggre-

ate/cement ratio, the void contents of the concrete decreased as the

ggregate content decreased, while the level of compactness improves.

s a result, fine cement particles fill up the spaces in the aggregate,

mproving the physical packing of the aggregate and producing more C-

-H, which enhances the compressive strength of concrete ( Braga et al.,

014 ; Kareem et al., 2021 ). 

It was also noted from the results that the inclusion of RHA had in-

uence on compressive strength of RHA-blended PKSC as the greater

trength gain were observed for RHA-blended PKSC than the control as

uring age increased from 28 days to 90 days. For example, The gain in

ompressive strength from 28 to 90 days for control was 7%, 13%, and

6% for control with 1:1 1 2 :3, 1:2:4, and 1:3:6 mix ratios, respectively,

hile it ranged from 18 to 24%, 15–23%, and 18–27% for RHA-blended

KSC with the respective mix ratios. The pozzolanic action of concrete

ontaining RHA was proven by the increase in the strength development

f RHA-blended PKSC. Chao-Lung et al. (2011) achieved comparable re-

ults in CC utilizing RHA as a substitute for cement. This suggests that

s the curing progresses, the rate of strength development will acceler-

te. The increase in strength gain observed for RHA-blended PKSC com-

ared to those without RHA was related to the extra C-S-H gel formed

ue to the pozzolanic action of RHA, which enhanced particle packing

nd hence improved the microstructure of PKSC. 
6 
The presented results, as shown in Fig. 5 , indicated that the con-

rol achieved the minimum NWC strengths of M25 for a 1:1 1 2 :3 mix

atio, M20 for a 1:2:4 mix ratio, and M15 for a 1:3:6 mix ratio at

he curing age of 28 days, as stipulated in BS EN 1992–1–1:2004+A1

014 (2014) . All the RHA-blended PKSC exhibited the compressive

trength below the targeted strength for NWC for the respective mix

atio investigated. However, the RHA-blended PKSC containing 20%

KS showed slight reduction compared with the targeted values while

hose containing higher PKS content showed higher reduction for the

espective mix ratio. In addition, the compressive strength value of

7 N/mm 

2 specified by ASTM C 330/C 330 M (2014) and - ACI 213R-

3 (2003) for Structural LWAC at the curing age of 28 days was sat-

sfied by RHA-blended PKSC containing PKS content up to 40% for

:1 1 2 :3 mix ratio, 20% for 1:2:4 mix ratio, while for 1:3:6 mix ratio,

ll the PKS replacement considered could not satisfy ASTM C 330/C

30 M (2014) ASTM C 330/C 330 M (2014) and ACI 213R-03 (2003)

equirements. 

The scatter plot showing the correlation between concrete 28-

ompressive strength and oven-dry density of RHA-blended PKSC is

hown in Fig. 6 . The compressive strength of RHA-blended PKSC and the

ven-dry density decreased linearly as the aggregate replacement ratio

ith PKS increased with the coefficient of determination (R 

2 = 0.988).

aghfouri et al. (2018) and Liu et al. (2014) provided similar relation-

hip for oil palm shell foamed geopolymer concrete and PKSC, respec-

ively. 

.3. Thermal conductivity 

Fig. 7 shows the outcomes of RHA-blended PKSC with varied mix

atios at curing ages of 7, 28, 56, and 90 days. The thermal conductivity

f RHA-blended PKSC was significantly affected by the PKS substitution

ate. For 1:1 1 2 :3 mix ratios, at 28 days, thermal conductivity of RHA-

lended PKSC decreased from 1.61 W/mk to 1.30 W/mk, 0.86 W/mk,

.67 W/mk, 0.63 W/mk and 0.51 W/mk when the PKS contents in-

reased from 0%, 20%, 40%, 60%, 80% and 100%, respectively. A com-

arable trend was found for RHA-blended PKSC with other mix ratios

or different ages. These agree with previous studies ( Traore et al., 2017 ;

lengaram et al., 2013 ; Serri et al., 2014b ), where the concrete thermal

onductivity of declined as the PKS contents increased. The lower ther-

al conductivity of RHA-blended PKSC is caused by the insulating effect

f PKS, which has a lower thermal conductivity than NA ( Traore et al.,

017 ; Alengaram et al., 2013 ). The thermal conductivity of PKS can be

s low as 

0.45 W/mK ( Bahrami et al., 2015 ), while the thermal conductiv-

ty of NA varied between 1.16–8.56 W/mK ( Khan, 2002 ). The in-
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Fig. 5. Compressive strength of RHA-blended PKSC at: (a) 7 days; (b) 28 days; (c) 56 days; and (d) 90 days. 

Fig. 6. Correlation between Oven-dry density and compressive 

strength. 

7 
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Fig. 7. Thermal conductivity of RHA-blended PKSC at: (a) 7 days; (b) 28 days; (c) 56 days; and (d) 90 days. 
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rease in void content leading to the reduction in concrete density due

igher porosity PKS compared to NA is also responsible for the de-

rease thermal conductivity of RHA-blended PKSC ( Traore et al., 2017 ;

kpala, 1990 ; Alengaram et al., 2013 ; Serri et al., 2014b ). Since RHA

as a lower specific gravity and a higher active silica content than ce-

ent, it can also contribute to the fall in thermal conductivity in con-

rete ( Praveenkumar et al., 2019 ; Damdelen et al., 2014 ). The findings

rom the present study demonstrates that incorporating PKS and RHA

nto concrete had a beneficial impact on its thermal and insulation ca-

abilities. Thus, buildings energy consumption and the aftereffect of

reenhouse gas emissions are expected to drastically reduce with the

se of these materials in buildings. Furthermore, PKS in concrete can

ffectively reduce the indoor temperature in a building due to low heat

onduction from the outside in a hot weather setting, and this effect is

mplified when RHA is present. This concrete form may also be useful

n the construction of storage structures that involve materials with low

hermal conductivity. 

The thermal conductivity of RHA-blended PKSC is also affected by

uring age as shown in Fig. 7 . The thermal conductivity decreased ap-

roximately 1.22–0.8 W/mK, 0.84–0.69 W/mK, 0.6–0.54 W/mK, 0.34–

.25 W/mK, 0.27–0.25 W/mK, 0.26–0.23 W/mK, for RHA-blended

KSC at 0%, 20%, 40%, 60%, 80% and 100% PKS substitution, respec-

ively as the curing age rise from 7 days to 90 days. The increase in

hermal conductivity with curing age can be ascribed to the fact that

he voids between the concrete particles (cement grains and aggregate)

re filled by extra hydration products produced, thereby increasing the
8 
oncrete density. Consequently, the concrete’s thermal conductivity in-

reases ( Ulykbanov et al., 2019 ; Uysal et al., 2004 ). Raheem et al.

2015) provided similar results where the thermal conductivity values

mproved as curing age increased for concrete with saw dust ash as par-

ial cement substitute. Kim et al. (2003) discovered that curing age had

o effect on thermal conductivity of Ordinary Portland Cement (OPC)-

ased concrete, except for the first two days. Huang et al. (2021) found

hat curing age had no effect on the thermal conductivity of OPC-based

ortars. 

The findings also showed that the aggregate/cement ratio of con-

rete mix had influence on the thermal conductivity of RHA-blended

KSC. For example, the thermal conductivity of control (without PKS

nd RHA) with 1:3:6 mix ratio having the highest aggregate/cement ra-

io was 0.6 W/mK and 0.29 W/mK lower than those with 1:1 1 2 :3 and

:2:4, respectively. These findings are in line with Raheem and Ade-

anya (2011) which found that the thermal conductivity of OPC-based

ortars declined as aggregate/cement ratio increased. Howlader et al.

2012) reported similar where concrete with higher aggregate/cement

atio (1:2:3) exhibited lower thermal conductivity than the richer mix

roportion (1:1.5:2) having lower aggregate/cement ratio. These find-

ngs may be credited to the fact that incorporation of more aggregate in

he mix ratio of 1:3:6 compared to 1:2:4 and 1:1 1 2 :3 mix ratios, resulting

n a decrease in cement content of concrete. Serri et al. (2014b) reported

hat the thermal conductivity of PKSC increased with the rise in cement

ontent. According to Ngohpok et al. (2018) the thermal conductivity

f concrete reduced as the filling paste ratio rises, while the porosity of
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Fig. 8. Correlation between Oven-dry density and com- 

pressive strength. 
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oncrete rise with the rise in aggregate content and decline in cement

aste. 

The results shown in Fig. 7 suggested that the thermal conductiv-

ty values for control concrete for the three mix ratios exceeded the

alue of 1.0 W/mK for LWAC as specified by Newman (1993) . All the

HA-blended PKSC containing exhibited the thermal conductivity in the

ange of 0.2 to 1.0 W/mK for LWAC. The RHA-blended PKSC with PKS

ddition from 40% PKS and above for all the mix ratios attained the

hermal conductivity value below 0.75 W/mK for lightweight concrete

seful for insulation purpose. However, the RHA-blended PKSC with

KS addition below 40% PKS exhibited the thermal conductivity value

bove 0.75 W/mK for lightweight concrete but not useful for insulation

urpose according to Newman (1993) and RILEM (1978) . 

Fig. 8 shows the correlation between the 28-day thermal conduc-

ivity and oven-dry density of RHA-blended PKSC. As the inclusion of

KS in the CC increased, the thermal conductivity and oven-dry den-

ity of concrete decreased. An exponential correlation with a correla-

ion coefficient (R 

2 = 0.938) suggested a very close relationship be-

ween the two properties and the prospects of estimating the thermal

onductivity from oven-dry density of RHA-blended PKSC. A similar ex-

onential correlation was provided by Huang et al. (2021) for OPC-

ased mortars. Oktay et al. (2015) also proposed similar correlation

o that obtained in Fig. 8 for concrete incorporating different LWAs

pumice, expanded perlite and rubber) as substitute for NA. However,

aheem et al. (2015) proposed a polynomial correlation for corn cob ash

lended cement mortar. A polynomial relationships was also proposed

y Alengaram et al. (2013) between the thermal conductivity and oven-

ry density of oil palm shell foamed concrete. 

.4. Thermal diffusivity 

The results of thermal diffusivity of RHA-blended PKSC with vari-

us mix ratios at curing ages of 7, 28, 56 and 90 days are presented in

ig. 9 . It was noted from the results presented in Fig. 9 that the ther-

al diffusivity of RHA-blended PKSC followed similar trend as observed

or thermal conductivity. The PKS substitution rate caused variation in

hermal diffusivity of RHA-blended PKSC. For example, at 28-day, ther-

al diffusivity of RHA-blended PKSC For 1:1 1 2 :3 mix ratios decreased

rom 0.60 mm/s 2 to 0.55 mm/s 2 , 0.51 mm/s 2 , 0.49 mm/s 2 , 0.46 mm/s 2 

nd 0.37 mm/s 2 as the PKS substitution rate increased from 0%, 20%,

0%, 60%, 80% and 100%, respectively. A similar trend was found

or RHA-blended PKSC with other mix ratios for different ages. The

resented results indicates that the thermal diffusivity of RHA-blended

KSC is affected by the substitution of PKS for granite as it’s decreased
9 
s the PKS substitution increased. These results confirmed the obser-

ations from previous studies ( Traore et al., 2017 ; Serri et al., 2014b ;

ulkarnain et al., 2014 ), where the thermal diffusivity of PKSC as the

KS contents increased. These results also agree with the findings of

ktay et al. (2015) for other LWAs where increase in the contents of

umice, expanded perlite and rubber as substitute for NA resulted to

ncrease in the thermal diffusivity of concrete. The reduction in thermal

iffusivity of RHA-blended PKSC can be attributed to the fact that the

ddition of PKS and RHA increased the concrete void content due to

heir higher porosity, thereby lowering the concrete density and subse-

uently the thermal diffusivity of concrete. The lower density of con-

rete is due to its higher porosity and can also be related to the specific

ravity of the lightweight materials (PKS) ( Serri et al., 2014a ; Serri et al.,

014b ; Tandiroglu, 2010 ). The lower specific gravity and higher active

ilica content of RHA also contributed to the reduction in thermal diffu-

ivity of concrete compared with cement ( Praveenkumar et al., 2019 ;

amdelen et al., 2014 ; Hossain et al., 2017 ). Because RHA-blended

KSC has a lower thermal diffusivity, the temperature differential be-

ween indoor and outdoor will take longer to reach equilibrium than in

C ( Huang et al., 2021 ). Concrete with low thermal diffusivity reacts

lowly to temperature differences and are effective thermal mass ele-

ents in a building accordance to ACI 122R-14 (2014) . This concrete

ype could also act as a heat sink/source to buffer temperature extremes

hat occur during the diurnal cycle, implying that it has a propensity to

ower indoor temperatures when compared to structures made of tradi-

ional concrete ( Bentz et al., 2011 ). 

The results also revealed that the thermal diffusivity of RHA-blended

KSC is also influenced by the curing age as shown in Fig. 9 . For exam-

le, the thermal diffusivity decreased about 0.24–0.19 mm/s 2 , 0.20–

.19 mm/s 2 , 0.21–0.19 mm/s 2 , 0.23–0.21 mm/s 2 , 0.21–0.19 mm/s 2 ,

.19–0.16 mm/s 2 , for RHA-blended PKSC with 0%, 20%, 40%, 60%,

0% and 100% aggregate replacement ratio, respectively as the curing

ge increased from 7 days to 90 days. The increase in thermal diffu-

ivity with curing age can be attributed to the fact that the additional

ydration products are produced with increase in curing age thereby

lling the concrete’s voids ( Ulykbanov et al., 2019 ). As a result, the

oncrete density rises while the thermal diffusivity decreases. Raheem

t al. (2015) found that the thermal diffusivity of concrete using saw dust

sh as a partial cement substitution increased with curing age. Hansen

t al. (1982) found that the thermal diffusivity of cement paste decreased

ith curing age. According to Huang et al. (2021) curing age had no ef-

ect on the thermal diffusivity of OPC-based mortars. 

The presented results in Fig. 9 showed that the aggregate/cement

atio of concrete mix also had influence on the thermal diffusivity of
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Fig. 9. Thermal diffusivity of RHA-blended PKSC at: (a) 7 days; (b) 28 days; (c) 56 days; and (d) 90 days. 
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HA-blended PKSC. For example, the thermal diffusivity of control con-

rete with 1:3:6 mix ratio having the highest aggregate/cement ratio

as 0.15 mm/s 2 and 0.02 mm/s 2 lower than those with 1:1 1 2 :3 and

:2:4, respectively. These findings agree with Serri et al. (2014b) which

ound that the thermal diffusivity of PKSC decreased as sand/cement

atio increased. Howlader et al. (2012) reported a similar observation,

n which concrete with a richer mix proportion (1:1 1 2 :2) and a lower ag-

regate/cement ratio exhibited higher thermal diffusivity than concrete

ith a higher aggregate/cement ratio (1:2:3). The inclusion of more ag-

regate in concrete mix of 1:3:6 mix ratio compared to 1:2:4 and 1:1 1 2 :3

ix ratios, resulted in a decrease in cement contents, leading to the de-

rease in concrete density and thermal diffusivity in a similar manner

s the thermal conductivity. These can also be ascribed to the rise in the

orosity of concrete as the aggregate content rises and the cement paste

ontent decreased. 

The 28-day thermal diffusivity values for control concrete were be-

ow the ranged of 0.55 and 1.55 mm 

2 /s as specified Neville (2008) with

he exception of the control with 1:1 1 2 :3 mix ratio. However, the thermal

iffusivity for all RHA-blended PKSC were below the minimum specified

hermal diffusivity value for CC. 

The correlation between the 28-day thermal diffusivity and oven-dry

ensity of RHA-blended PKSC is shown in Fig. 10 . The thermal diffusiv-

ty and oven-dry density of RHA-blended PKSC decreased as the addi-

ion of PKS increased, and a correlation with a correlation coefficient

R 

2 = 0.941) which show a fair good prediction of thermal diffusivity

f RHA-blended PKSC from oven-dry density. A similar correlation was
 i  

10 
roposed by Oktay et al. (2015) for concrete incorporating other LWAs

pumice, expanded perlite and rubber) as substitute for NA. Huang et al.

2021) also proposed similar correlation for OPC-based mortars. 

.5. Volumetric heat capacity 

Fig. 11 presents the results of volumetric heat capacity of RHA-

lended PKSC with various mix ratios at curing ages of 7, 28, 56 and

0 days. The results showed that the volumetric heat capacity of RHA-

lended PKSC is also influenced by PKS substitution rate. For exam-

le, the 28-day volumetric heat capacity increased from 1.39 MJ/m 

3 K

o 1.50 MJ/m 

3 K, 1.79 MJ/m 

3 K, 2.13 MJ/m 

3 K, 2.60 MJ/m 

3 K and

.09 MJ/m 

3 K at from 0%, 20%, 40%, 60%, 80% and 

100% PKS replacement, respectively. Similar pattern were observed

or RHA-blended PKSC from other mix ratios for different ages. These

ndings are consistent with the findings of Traore et al. (2017) who dis-

overed that increasing PKS contents from 0% to 100% resulted in an

ncrease in concrete volumetric heat capacity. Oktay et al. (2015) found

hat increasing the substitution rate of pumice, expanded perlite, and

ubber as substitutes for NA increased the volumetric heat capacity of

oncrete. The increase in volumetric heat capacity can be related to the

ncrease in void content and a reduction in concrete density with ag-

regate (PKS) with a higher porosity than the NA. The presence of high

iO 2 and low Al 2 O 3 in RHA, as well as its lower specific gravity com-

ared to cement, may contribute to the high specific heat capacity of

ncorporating PKS and RHA ( Praveenkumar et al., 2019 ; Kareem et al.,
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Fig. 10. Correlation between Oven-dry density and thermal dif- 

fusivity. 

Fig. 11. Volumetric heat capacity of RHA-blended PKSC at: (a) 7 days; (b) 28 days; (c) 56 days; and (d) 90 days. 

11 
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021 ; Krishnaiah and Singh, 2006 ). Because of the porous nature and

ncreased water absorption rate of these materials, the amount of en-

rgy required to increase a unit mass by one unit of temperature at con-

tant pressure would increase. As a result, concrete’s individual heat

otential rises ( Othuman Mydin, 2016 ), leading to the rise in volu-

etric heat capacity. The findings from the present study suggest that

KSC has a higher heat storage capacity, which will help thermal cycle

alance between the building and its atmosphere, keeping residential

nd commercial buildings warm and lowering heating costs and CO 2 

missions. In the presence of RHA, this effect is amplified. This con-

rete form can be advantageous in terms of reducing the occurrence

f temperature inside the structure according to Ocholi et al. (2014) .

his effect is enhanced in a presence of RHA. This concrete type could

e of benefit for minimizing the incidence of temperature within the

tructure. 

The presented results also indicated that the curing age had in-

uence on volumetric heat capacity of RHA-blended PKSC as shown

n Fig. 11 . For example, the volumetric heat capacity decreased

round 1.45–0.75 MJ/m 

3 K, 1.24–0.83 MJ/m 

3 K, 1.32–1.04 MJ/m 

3 K,

.58–1.18 MJ/m 

3 K, 1.68–1.33 MJ/m 

3 K, 1.82–1.41 MJ/m 

3 K, for RHA-

lended 

PKSC with 0%, 20%, 40%, 60%, 80% and 100% aggregate replace-

ent ratio, respectively as the curing age increased from 7 days to 90

ays. This can be ascribed to the change in moisture content of concrete

ue to hydration of concrete with increase in curing ages. Thus, less heat

s liberated ( Nehdi and Soliman, 2011 ). This implies that additional hy-

ration products are produced with increase in curing age thereby filling

he concrete’s voids ( Ulykbanov et al., 2019 ). Thus, the concrete density

ncreases and the volumetric heat capacity value decreases. A decline in

olumetric heat capacity of concrete with age was also reported else-

here ( De Schutter and Taerwe, 1995 ; Bentur, 2003 ). In contrast to

hese findings, Raheem et al. (2015) found that as the curing age in-

reased, the volumetric heat capacity of concrete with saw dust ash as

 partial cement replacement increased. Huang et al. (2021) discovered

hat curing age had little or no effect on the volumetric heat capacity of

PC-based mortars. 

As shown in Fig. 11 , the volumetric heat capacity of RHA-blended

KSC is influenced by the aggregate/cement ratio in the three mix ratios.

or example, the volumetric heat capacity of control concrete with 1:3:6

ix ratio having the highest aggregate/cement ratio was 0.6 MJ/m 

3 K

nd 0.94 MJ/m 

3 K higher than those with 1:1 1 2 :3 and 1:2:4, respectively.

his indicates that the concrete with 1:3:6 mix ratio which had the low-

st density had the highest volumetric heat capacity values followed by

:2:4 and 1:1 1 2 :3 mix ratios. This corroborates with the findings from

revious studies ( Howlader et al., 2012 ), where the concrete with higher

ggregate/cement ratio of 1:2:3 mix ratio which exhibited lower density

xhibited higher specific heat capacity than the concrete with 1:1.5:2

ix ratio. This can be attributed to the change in filling paste ratio as a

esult of the rise of concrete porosity with increasing aggregate content

nd decreasing cement paste present in concrete mix ( Ngohpok et al.,

018 ). 

According to Tatro (2006) the specific heat capacity of CC range

rom 0.917 J/(gK) at 10 O  C to 1.038 J/(gK) at 66 O C. The specific heat

apacity values observed for concrete with 0–100% PKS substitution for

he three mix ratios were below the minimum specified volumetric heat

apacity value for CC. 

Fig. 12 shows the correlation between the 28-day the volumetric

eat capacity and oven-dry density of RHA-blended PKSC. As the in-

lusion of PKS increased, the oven-dry density of concrete decreased

hile the volumetric heat capacity increased and an correlation with a

orrelation coefficient (R 

2 = 0.956) suggesting that a good prediction

f the volumetric heat capacity from oven-dry density of RHA-blended

KSC was obtained. Similar relationship was presented by Oktay et al.

2015) , where concrete incorporating LWAs such as pumice, expanded

erlite and rubber at higher replacement ratio exhibited lower density

nd higher specific heat capacity than those at lower replacement ratio.
12 
uang et al. (2021) on the other hand, showed a linear rise in volumetric

eat capacity when oven-dry density of OPC-based mortars increased. 

.6. Thermal resistivity 

The results of the thermal resistivity of RHA-blended PKSC with var-

ous mix ratios at 7, 28, 56 and 90 days are shown in Fig. 13 . It can be

bserved that the trends of thermal resistivity of RHA-blended PKSC cor-

espond to that of specific heat capacity but contrary to those of thermal

onductivity and thermal diffusivity. The PKS substitution rate influ-

nces the thermal resistivity of RHA-blended PKSC, as shown in Fig. 13 .

s an example, the 28-day thermal resistivity of RHA-blended PKSC for

:1 1 2 :3 mix ratio increased from 145 ᴼ C.cm/W to 159 ᴼ C.cm/W, 168

 C.cm/W, 173 O  C.cm/W, 182 O  C.cm/W and 202 O  C.cm/W as the aggre-

ate replacement ratio increased from 0%, 20%, 40%, 60%, 80% and

00%, respectively. A similar trend was found for RHA-blended PKSC

ith other mix ratios for different ages. These corroborate with the find-

ngs from a study ( Ocholi et al., 2014 ), where it was found that the

hermal resistivity for concrete with increase in the addition of rubber

ggregate as substitute for NA. The increase in thermal resistivity can

e ascribed to the increase in concrete voids and decrease in concrete

ensity with the incorporation of PKS and RHA having higher poros-

ty than the conventional materials. This observation is in agreement

ith a study ( Krishnaiah and Singh, 2006 ), which found that thermal

esistivity decreased as density increased and vice versa. According to

rishnaiah and Singh (2006) the presence of high content SiO 2 and low

ontent of Al 2 O 3 and Fe 2 O 3 in a pozzolan (RHA in this case) compared

ith cement can also contributed to the higher thermal resistivity RHA-

lended PKSC. The results from the current study suggest that concrete

ontaining PKS will have a higher resistance to heat flow, making it a

tronger insulator, and that this effect will be improved with the addi-

ion of RHA. 

As shown in Fig. 13 , the thermal resistivity of RHA-blended PKSC is

lso influenced by the curing age. From 7 days to 90 days, the volumet-

ic heat capacity decreased around 86–62 ᴼ C.cm/W, 86–57 ᴼ C.cm/W,

2–64 ᴼ C.cm/W, 90–67 ᴼ C.cm/W, 84–77 ᴼ C.cm/W, 79–70 ᴼ C.cm/W,

or RHA-blended PKSC at 0%, 20%, 40%, 60%, 80% and 100% PKS re-

lacement, respectively. The rise in thermal resistivity can be ascribed

o hydration-induced changes in concrete moisture content as curing

ges increase. The additional hydration products filled up the concrete

oids ( Ulykbanov et al., 2019 ), resulting to the increase in concrete den-

ity with subsequent increase in thermal resistivity of concrete. Raheem

t al. (2015) on the other hand, observed a decrease in thermal resis-

ance as the curing age increased for saw dust ash blended cement mor-

ar. The findings also showed that the aggregate/cement ratio had in-

uence on thermal resistivity of RHA-blended PKSC. For example, the

hermal conductivity of control concrete with 1:3:6 mix ratio having

he highest aggregate/cement ratio was 42 O  C.cm/W and 29 O  C.cm/W

igher than those with 1:1 1 2 :3 and 1:2:4, respectively. This implies that

oncrete with 1:3:6 mix ratio, which had the lowest density exhibited

he highest thermal resistivity followed by 1:2:4 and 1:1 1 2 :3 mix ratios.

his may be due to the inclusion of more aggregate in the mix ratio of

:3:6 compared with 1:2:4 and 1:1 1 2 :3 mix ratios, resulting in a decrease

n cement content of concrete. This observation could not be corrobo-

ated further since the thermal resistivity of concrete from various mix

atios has rarely been reported in previous studies. 

Fig. 14 depicts the relationship between the thermal resistivity and

ven-dry density of RHA-blended PKSC at 28 days. It can be seen that

he oven-dry density of concrete decreased as the percentage of PKS

ncreased, while the thermal resistivity increased, resulting in an corre-

ation with a correlation coefficient (R 

2 = 0.985), indicating that the vol-

metric heat capacity could be predicted accurately from the oven-dry

ensity of RHA-blended PKSC. Furthermore, the findings of the study

hown in Fig. 14 are consistent with those shown in Fig. 12 , where

he volumetric heat capacity has a an exponential relationship with the

ven-dry density. 
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Fig. 12. Correlation between Oven-dry density and volumetric 

heat capacity. 

Fig. 13. Thermal resistivity of RHA-blended PKSC at: (a) 7 days; (b) 28 days; (c) 56 days; and (d) 90 days. 
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Fig. 14. Correlation between Oven-dry density and thermal resis- 

tivity. 
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onclusions 

The combined usage of PKS and RHA as alternative building materi-

ls for improving the thermal and insulation qualities of standard con-

rete was evaluated in this study. The design mixes used for concrete

reparation were 1:1 1 2 :3, 1:2:4, 1:3:6 (cement: sand: granite/PKS) with

/c ratio of 0.5, 0.6 and 0.7, respectively. A fixed amount of RHA was

sed as a replacement for cement while PKS was used at varying sub-

titute rate of NA. Concrete were tested in the laboratory for oven-dry

ensity, compressive strength and thermal properties (thermal conduc-

ivity, thermal diffusivity, thermal resistivity, volumetric heat capacity).

ased on the study’s findings, the following conclusions were reached: 

(i) Concrete density is reduced with the substitution of PKS for gran-

ite for all the mix ratios. Thus, the combination of RHA and PKS

is suitable for producing lightweight concrete. 

(ii) The compressive strength of concrete declined as the percentage

of PKS increased but increased as the curing age increases. How-

ever, RHA-blended PKSC exhibited higher gain in strength than

the control at the later age due to pozzolanic nature of RHA. 

(iii) The RHA-blended PKSC failed to attain the targeted strength for

mix ratio investigated. Conversely, the 40% PKS substitution for

1:1 1 2 :3 mix ratio and 20% PKS substitution for 1:2:4 mix ratio

achieved the required strength for structural LWAC. 

(iv) The thermal conductivity of concrete decreased as the amount of

PKS and fixed RHA in the mix increased, and it increased with

curing time. The 28-day thermal conductivity decreased from

1.61 to 0.53 W/mk for 1:1 1 2 :3 mix ratio; 1.32 to 0.48 W/mk for

1:2:4 mix ratio and 1.26 to 0.45 W/mk for 1:3:6 mix ratio at

0 to 100% PKS replacement. The concrete containing 40% PKS

substitution and above for all the mix ratio attained the required

thermal conductivity of LWAC useful for insulation purposes. 

(v) Thermal diffusivity of concrete reduces with the addition of PKS

and RHA and increase with curing age. The 28-day thermal dif-

fusivity decreased from 0.60 to 0.37 mm/s 2 for 1:1 1 2 :3 mix ratio;

0.53 to 0.34 mm/s 2 for 1:2:4 mix ratio and 0.50 to 0.32 mm/s 2 

for 1:3:6 mix ratio at 0 to 100% PKS replacement. 

(vi) With the addition of PKS and RHA, concrete’s volumetric heat

capacity increases, and decline continues with increase in con-

crete ages. The 28-day thermal conductivity decreased from 1.39

to 3.09 MJ/m 

3 K for 1:1 1 2 :3 mix ratio; 1.77 to 3.40 MJ/m 

3 K for

1:2:4 mix ratio and 2.29 to 3.09 MJ/m 

3 K for 1:3:6 mix ratio at 0

to 100% PKS replacement. 

(vii) Thermal resistivity of concrete increased as the amount of PKS

and fixed RHA in the mix increased, and it decreased with curing
14 
time. The 28-day thermal conductivity decreased from 145 to 202

ᴼ C.cm/W for 1:1 1 2 :3 mix ratio; 155 to 217 O  C.cm/W for 1:2:4 mix

ratio and 169 to 237 O  C.cm/W for 1:3:6 mix ratio at 0 to 100%

PKS replacement. 

(viii) The oven-dry bulk density was shown to have a significant cor-

relation with thermal conductivity and compressive strength. 

(ix) Concrete incorporating 40% PKS and 15% RHA for 1:1 1 2 :3 mix

ratio achieved the compressive strength and thermal conductivity

values specified for LWAC which is suitable for structural and

insulation purposes. Thus, the concrete incorporating PKS and

RHA is more beneficial in enhancing the thermal and insulating

properties of structures with a largest energy savings than the CC.
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