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ABSTRACT

This paper presents an experimental investigation on the durability properties and carbon dioxide (CO3)
emissions of concrete developed using waste products. The concrete comprised of recycled concrete
aggregate (RA) as a complete coarse aggregate replacement. In addition, rice husk ash (RHA), palm oil
fuel ash (POFA) and palm oil clinker powder (POCP) were used as replacement materials for cement at
levels up to 30%. The supplementary cementitious materials (SCMs) were used in RA concrete with the
aim of reducing the dependency on cement as a stand-alone binder. The compressive strength, water
absorption, chloride-ion penetration and electrical resistivity were investigated for RA concrete con-
taining SCMs. Moreover, the residual compressive strength was also examined along with the weight loss
to check the elevated temperature resistance of RA concrete with SCMs. The results revealed that the use
of 30% RHA as SCM produced the highest compressive strength efficiency of 0.143 MPa/kg cement among
all mixes at the age of 90 days. In addition, a significant enhancement was observed for the durability-
related properties at later ages, although the engineering properties of RA concrete containing SCMs was
low at the age of 28 days. The thermogravimetric (TG) analysis indicated that the RHA is more effective as
a pozzolanic additive than POFA and POCP. The CO, emissions from RA concrete were reduced by
approximately 29% when it was incorporated with 30% SCM, where the eco-strength efficiency showed
the highest values at 20% cement replacement level of 20%.

© 2018 Elsevier Ltd. All rights reserved.

1. Introduction

Cleaner production of concrete is characterized by embracing
sustainable binders which is less aggressive to the environment.
Modern concrete incorporating sustainable materials is evolving in
light of the remarkable growth in the construction industry.
Consequently, the use of supplementary cementitious materials
(SCMs) from industrial by-products as a partial replacement for
conventional cement is considered as a viable alternative to
reducing CO, emission. Furthermore, the use of recycled materials,
in particular, recycled concrete as a replacement to conventional
crushed granite aggregate in the concrete industry would enable us
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to preserve the virgin materials. The annual requirement for 2016
was approximately 3.81 billion tonnes of cement (USGS, 2017) and
22 billion tonnes of aggregates for concrete manufacturing (Celik
et al.,, 2015). The latter adds more woes on ecological imbalance
and sustainable development. To put these figures in perspective, a
wall of about 4 m width x 70 m height could be built along the
equator using the 11.25 billion cubic meter of concrete produced
annually. Although the concrete industry has a detrimental impact
on the environment and sustainability, it is an indispensable
component in the development of infrastructure, industry and
housing.

From another perspective, concrete industry accounts for 5% of
all man-made carbon dioxide (CO;) emissions (Cai et al., 2016). This
progressive emission of CO; reached an alarming level and is ex-
pected to rise faster in the near future. According to Celik et al.
(2015), approximately 866 kg of CO, is being emitted for every
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caused by the disposal of these materials as well as reducing the
CO;, emission during the production of cement.

6. Further research can be done on the treatment of POFA since it
yielded a high LOI value. Hence, heat treatment is recommended
to remove the high carbon content that exists in POFA. Future
work could include testing the RA based concrete incorporating
high-volume SCMs in a full-scale structural application as the
current study only concentrated on the durability and sustain-
ability performance of RA based concrete.

Acknowledgement

The authors are grateful to University of Malaya for the financial
support through the Innovative Technology Research Cluster with
Project No. RP037C-15 AET-Enhancement of Concrete Properties
made from Local Waste Materials Using Nano Particles.

References

AASHTO TP 95, 2014. Method of Test for Surface Resistivity Indication of Concrete's
Ability to Resist Chloride Ion Penetration. American Association of State High-
way and Transportation Officials.

Abutaha, F,, Abdul Razak, H., Ibrahim, H.A., 2017. Effect of coating palm oil clinker
aggregate on the engineering properties of normal grade concrete. Coatings 7
(10), 175.

Abutaha, F, Razak, H.A., Kanadasan, J., 2016. Effect of palm oil clinker (POC) ag-
gregates on fresh and hardened properties of concrete. Construct. Build. Mater.
112, 416—423.

ACI 222R-01, 2001. Protection of Metals in Concrete against Corrosion. American
Concrete Institute.

Ahmmad, R, Alengaram, U]., Jumaat, M.Z,, Sulong, N.R,, Yusuf, M.O., Rehman, M.A.,,
2017. Feasibility study on the use of high volume palm oil clinker waste in
environmental friendly lightweight concrete. Construct. Build. Mater. 135,
94—-103.

Alengaram, UJ., Mahmud, H., Jumaat, M.Z., 2011. Enhancement and prediction of
modulus of elasticity of palm kernel shell concrete. Mater. Des. 32 (4),
2143-2148.

Alnahhal, M.F, Alengaram, UJ., Jumaat, M.Z,, Alqedra, M.A., Mo, K.H., Sumesh, M.,
2017. Evaluation of industrial by-products as sustainable pozzolanic materials
in recycled aggregate concrete. Sustainability 9 (5), 767.

Alnahhal, M.F,, Alengaram, U,]., Jumaat, M.Z., Alsubari, B., Algedra, M.A., Mo, K.H.,
2018. Effect of aggressive chemicals on durability and microstructure properties
of concrete containing crushed new concrete aggregate and non-traditional
supplementary cementitious materials. Construct. Build. Mater. 163, 482—495.

Alsubari, B., Shafigh, P, Ibrahim, Z., Alnahhal, M.F, Jumaat, M.Z., 2018. Properties of
eco-friendly self-compacting concrete containing modified treated palm oil fuel
ash. Construct. Build. Mater. 158, 742—754.

Alsubari, B., Shafigh, P., Jumaat, M.Z., 2016. Utilization of high-volume treated palm
oil fuel ash to produce sustainable self-compacting concrete. . Clean. Prod. 137,
982—-996.

Aprianti, E., Shafigh, P., Bahri, S., Farahani, J.N., 2015. Supplementary cementitious
materials origin from agricultural wastes—A review. Construct. Build. Mater. 74,
176—187.

ASTM (33, 2013. Standard Specification for Concrete Aggregates. ASTM Interna-
tional, West Conshohocken, PA.

ASTM (€618, 2012. Standard Specification for Coal Fly Ash and Raw or Calcined
Natural Pozzolan for Use in Concrete. ASTM International, West Conshohocken,
PA.

ASTM (642, 2013. Standard Test Method for Density, Absorption, and Voids in
Hardened Concrete. ASTM International, West Conshohocken, PA.

ASTM (1202, 2012. Standard Test Method for Electrical Indication of Concrete's
Ability to Resist Chloride lon Penetration. ASTM International, West Con-
shohocken, PA.

Bashar, LI, Alengaram, UJ., Jumaat, M.Z,, Islam, A., Santhi, H., Sharmin, A., 2016.
Engineering properties and fracture behaviour of high volume palm oil fuel ash
based fibre reinforced geopolymer concrete. Construct. Build. Mater. 111,
286—297.

Behera, M., Bhattacharyya, S., Minocha, A., Deoliya, R., Maiti, S., 2014. Recycled
aggregate from C&D waste & its use in concrete—A breakthrough towards
sustainability in construction sector: a review. Construct. Build. Mater. 68,
501-516.

BS EN 206-1:2000, 2000. Concrete — Specification, Performance, Production and
Conformity. BSI Standard Publications, London, UK.

BS EN 12390-2, 2009. Testing Hardened Concrete. Making and Curing Specimens for
Strength Tests. BSI Standard Publications, London, UK.

Cai, B., Wang, J., He, ]., Geng, Y., 2016. Evaluating CO2 emission performance in
China's cement industry: an enterprise perspective. Appl. Energy 166, 191-200.

Cakar, O., 2014. Experimental analysis of properties of recycled coarse aggregate
(RCA) concrete with mineral additives. Construct. Build. Mater. 68, 17—25.

Cao, Z., Shen, L., Zhao, ]J., Liu, L., Zhong, S., Sun, Y., Yang, Y., 2016. Toward a better
practice for estimating the CO 2 emission factors of cement production: an
experience from China. J. Clean. Prod. 139, 527-539.

Celik, K., Meral, C., Gursel, A.P., Mehta, PK., Horvath, A., Monteiro, PJ., 2015. Me-
chanical properties, durability, and life-cycle assessment of self-consolidating
concrete mixtures made with blended portland cements containing fly ash
and limestone powder. Cement Concr. Compos. 56, 59—72.

Chao-Lung, H., Le Anh-Tuan, B., Chun-Tsun, C., 2011. Effect of rice husk ash on the
strength and durability characteristics of concrete. Construct. Build. Mater. 25
(9), 3768—-3772.

Collins, F,, 2010. Inclusion of carbonation during the life cycle of built and recycled
concrete: influence on their carbon footprint. Int. J. Life Cycle Assess. 15 (6),
549-556.

Debieb, F., Courard, L., Kenai, S., Degeimbre, R., 2010. Mechanical and durability
properties of concrete using contaminated recycled aggregates. Cement Concr.
Compos. 32 (6), 421-426.

DECC, 2011. Guidelines to Defra/DECC's GHG Conversion Factors for Company
Reporting. Department for Environment, Food and Rural Affairs and Depart-
ment for Energy and Climate Change, Defra London.

Delhomme, F., Ambroise, J., Limam, A., 2012. Effects of high temperatures on mortar
specimens containing Portland cement and GGBFS. Mater. Struct. 45 (11),
1685—1692.

Department of the Environment, 1997. Design of Normal Concrete Mixes. Building
Research Establishment, Watford, U.K.

Dilbas, H., Simsek, M., Cakir, O., 2014. An investigation on mechanical and physical
properties of recycled aggregate concrete (RAC) with and without silica fume.
Construct. Build. Mater. 61, 50—59.

Fares, H., Remond, S., Noumowe, A., Cousture, A., 2010. High temperature behaviour
of self-consolidating concrete: microstructure and physicochemical properties.
Cement Concr. Res. 40 (3), 488—496.

Flower, DJ., Sanjayan, J.G., 2007. Green house gas emissions due to concrete
manufacture. Int. J. Life Cycle Assess. 12 (5), 282—288.

Gallucci, E., Zhang, X., Scrivener, K, 2013. Effect of temperature on the micro-
structure of calcium silicate hydrate (CSH). Cement Concr. Res. 53, 185—195.

Garcia-Segura, T., Yepes, V., Alcalg, ]., 2014. Life cycle greenhouse gas emissions of
blended cement concrete including carbonation and durability. Int. J. Life Cycle
Assess. 19 (1), 3—12.

Givi, A.N,, Rashid, S.A., Aziz, EN.A,, Salleh, M.A.M,, 2010. Assessment of the effects of
rice husk ash particle size on strength, water permeability and workability of
binary blended concrete. Construct. Build. Mater. 24 (11), 2145—2150.

Gursel, A.P,, Maryman, H., Ostertag, C., 2016. A life-cycle approach to environmental,
mechanical, and durability properties of “green” concrete mixes with rice husk
ash. J. Clean. Prod. 112, 823—836.

Hanif, A., Kim, Y., Lu, Z., Park, C., 2017a. Early-age behavior of recycled aggregate
concrete under steam curing regime. J. Clean. Prod. 152, 103—114.

Hanif, A., Lu, Z., Diao, S., Zeng, X,, Li, Z., 2017b. Properties investigation of fiber
reinforced cement-based composites incorporating cenosphere fillers.
Construct. Build. Mater. 140, 139—149.

Hanif, A., Lu, Z., Sun, M., Parthasarathy, P,, Li, Z., 2017c. Green lightweight ferroce-
ment incorporating fly ash cenosphere based fibrous mortar matrix. J. Clean.
Prod. 159, 326—335.

Hanif, A., Parthasarathy, P, Ma, H., Fan, T,, Li, Z., 2017d. Properties improvement of
fly ash cenosphere modified cement pastes using nano silica. Cement Concr.
Compos. 81, 35—48.

Hwang, J.P., Shim, H.B., Lim, S., Ann, K.Y., 2013. Enhancing the durability properties
of concrete containing recycled aggregate by the use of pozzolanic materials.
KSCE J. Civ. Eng. 17 (1), 155—163.

Islam, M.M.U., Mo, K.H., Alengaram, U.J., Jumaat, M.Z., 2016. Mechanical and fresh
properties of sustainable oil palm shell lightweight concrete incorporating
palm oil fuel ash. J. Clean. Prod. 115, 307—314.

Johari, M.M., Brooks, ]., Kabir, S., Rivard, P, 2011. Influence of supplementary
cementitious materials on engineering properties of high strength concrete.
Construct. Build. Mater. 25 (5), 2639—2648.

Kannan, V., Ganesan, K., 2014. Chloride and chemical resistance of self compacting
concrete containing rice husk ash and metakaolin. Construct. Build. Mater. 51,
225-234.

Karim, M.R., Hashim, H., Razak, H.A., 2016. Assessment of pozzolanic activity of
palm oil clinker powder. Construct. Build. Mater. 127, 335—343.

Kim, T,, Davis, J.M., Ley, M.T,, Kang, S., Amrollahi, P.,, 2018. Fly ash particle charac-
terization for predicting concrete compressive strength. Construct. Build. Mater.
165, 560—571.

Kim, T., Olek, J., 2012. Effects of sample preparation and interpretation of ther-
mogravimetric curves on calcium hydroxide in hydrated pastes and mortars.
Transport. Res. Rec. 2290 (1), 10—18.

Kou, S.C., Poon, C., 2012. Enhancing the durability properties of concrete prepared
with coarse recycled aggregate. Construct. Build. Mater. 35, 69—76.

Kou, S.C., Poon, C.S., Agrela, F., 2011. Comparisons of natural and recycled aggregate
concretes prepared with the addition of different mineral admixtures. Cement
Concr. Compos. 33 (8), 788—795.

Kutchko, B.G., Strazisar, B.R., Hawthorne, S.B., Lopano, C.L., Miller, D.J., Hakala, J.A.,
Guthrie, G.D., 2011. H 2 S—CO 2 reaction with hydrated Class H well cement:
acid-gas injection and CO 2 Co-sequestration. Int. ]J. Greenh. Gas Contr. 5 (4),
880—888.

Lee, H., Hanif, A., Sim, J., Oh, H., 2018. Performance evaluation of concrete incor-
porating glass powder and glass sludge wastes as supplementary cementing


http://refhub.elsevier.com/S0959-6526(18)32653-2/sref1
http://refhub.elsevier.com/S0959-6526(18)32653-2/sref1
http://refhub.elsevier.com/S0959-6526(18)32653-2/sref1
http://refhub.elsevier.com/S0959-6526(18)32653-2/sref2
http://refhub.elsevier.com/S0959-6526(18)32653-2/sref2
http://refhub.elsevier.com/S0959-6526(18)32653-2/sref2
http://refhub.elsevier.com/S0959-6526(18)32653-2/sref3
http://refhub.elsevier.com/S0959-6526(18)32653-2/sref3
http://refhub.elsevier.com/S0959-6526(18)32653-2/sref3
http://refhub.elsevier.com/S0959-6526(18)32653-2/sref3
http://refhub.elsevier.com/S0959-6526(18)32653-2/sref4
http://refhub.elsevier.com/S0959-6526(18)32653-2/sref4
http://refhub.elsevier.com/S0959-6526(18)32653-2/sref5
http://refhub.elsevier.com/S0959-6526(18)32653-2/sref5
http://refhub.elsevier.com/S0959-6526(18)32653-2/sref5
http://refhub.elsevier.com/S0959-6526(18)32653-2/sref5
http://refhub.elsevier.com/S0959-6526(18)32653-2/sref5
http://refhub.elsevier.com/S0959-6526(18)32653-2/sref6
http://refhub.elsevier.com/S0959-6526(18)32653-2/sref6
http://refhub.elsevier.com/S0959-6526(18)32653-2/sref6
http://refhub.elsevier.com/S0959-6526(18)32653-2/sref6
http://refhub.elsevier.com/S0959-6526(18)32653-2/sref7
http://refhub.elsevier.com/S0959-6526(18)32653-2/sref7
http://refhub.elsevier.com/S0959-6526(18)32653-2/sref7
http://refhub.elsevier.com/S0959-6526(18)32653-2/sref8
http://refhub.elsevier.com/S0959-6526(18)32653-2/sref8
http://refhub.elsevier.com/S0959-6526(18)32653-2/sref8
http://refhub.elsevier.com/S0959-6526(18)32653-2/sref8
http://refhub.elsevier.com/S0959-6526(18)32653-2/sref8
http://refhub.elsevier.com/S0959-6526(18)32653-2/sref9
http://refhub.elsevier.com/S0959-6526(18)32653-2/sref9
http://refhub.elsevier.com/S0959-6526(18)32653-2/sref9
http://refhub.elsevier.com/S0959-6526(18)32653-2/sref9
http://refhub.elsevier.com/S0959-6526(18)32653-2/sref10
http://refhub.elsevier.com/S0959-6526(18)32653-2/sref10
http://refhub.elsevier.com/S0959-6526(18)32653-2/sref10
http://refhub.elsevier.com/S0959-6526(18)32653-2/sref10
http://refhub.elsevier.com/S0959-6526(18)32653-2/sref11
http://refhub.elsevier.com/S0959-6526(18)32653-2/sref11
http://refhub.elsevier.com/S0959-6526(18)32653-2/sref11
http://refhub.elsevier.com/S0959-6526(18)32653-2/sref11
http://refhub.elsevier.com/S0959-6526(18)32653-2/sref11
http://refhub.elsevier.com/S0959-6526(18)32653-2/sref12
http://refhub.elsevier.com/S0959-6526(18)32653-2/sref12
http://refhub.elsevier.com/S0959-6526(18)32653-2/sref13
http://refhub.elsevier.com/S0959-6526(18)32653-2/sref13
http://refhub.elsevier.com/S0959-6526(18)32653-2/sref13
http://refhub.elsevier.com/S0959-6526(18)32653-2/sref14
http://refhub.elsevier.com/S0959-6526(18)32653-2/sref14
http://refhub.elsevier.com/S0959-6526(18)32653-2/sref15
http://refhub.elsevier.com/S0959-6526(18)32653-2/sref15
http://refhub.elsevier.com/S0959-6526(18)32653-2/sref15
http://refhub.elsevier.com/S0959-6526(18)32653-2/sref16
http://refhub.elsevier.com/S0959-6526(18)32653-2/sref16
http://refhub.elsevier.com/S0959-6526(18)32653-2/sref16
http://refhub.elsevier.com/S0959-6526(18)32653-2/sref16
http://refhub.elsevier.com/S0959-6526(18)32653-2/sref16
http://refhub.elsevier.com/S0959-6526(18)32653-2/sref17
http://refhub.elsevier.com/S0959-6526(18)32653-2/sref17
http://refhub.elsevier.com/S0959-6526(18)32653-2/sref17
http://refhub.elsevier.com/S0959-6526(18)32653-2/sref17
http://refhub.elsevier.com/S0959-6526(18)32653-2/sref17
http://refhub.elsevier.com/S0959-6526(18)32653-2/sref17
http://refhub.elsevier.com/S0959-6526(18)32653-2/sref17
http://refhub.elsevier.com/S0959-6526(18)32653-2/sref17
http://refhub.elsevier.com/S0959-6526(18)32653-2/sref18
http://refhub.elsevier.com/S0959-6526(18)32653-2/sref18
http://refhub.elsevier.com/S0959-6526(18)32653-2/sref18
http://refhub.elsevier.com/S0959-6526(18)32653-2/sref19
http://refhub.elsevier.com/S0959-6526(18)32653-2/sref19
http://refhub.elsevier.com/S0959-6526(18)32653-2/sref20
http://refhub.elsevier.com/S0959-6526(18)32653-2/sref20
http://refhub.elsevier.com/S0959-6526(18)32653-2/sref20
http://refhub.elsevier.com/S0959-6526(18)32653-2/sref21
http://refhub.elsevier.com/S0959-6526(18)32653-2/sref21
http://refhub.elsevier.com/S0959-6526(18)32653-2/sref21
http://refhub.elsevier.com/S0959-6526(18)32653-2/sref21
http://refhub.elsevier.com/S0959-6526(18)32653-2/sref21
http://refhub.elsevier.com/S0959-6526(18)32653-2/sref22
http://refhub.elsevier.com/S0959-6526(18)32653-2/sref22
http://refhub.elsevier.com/S0959-6526(18)32653-2/sref22
http://refhub.elsevier.com/S0959-6526(18)32653-2/sref22
http://refhub.elsevier.com/S0959-6526(18)32653-2/sref23
http://refhub.elsevier.com/S0959-6526(18)32653-2/sref23
http://refhub.elsevier.com/S0959-6526(18)32653-2/sref23
http://refhub.elsevier.com/S0959-6526(18)32653-2/sref23
http://refhub.elsevier.com/S0959-6526(18)32653-2/sref23
http://refhub.elsevier.com/S0959-6526(18)32653-2/sref24
http://refhub.elsevier.com/S0959-6526(18)32653-2/sref24
http://refhub.elsevier.com/S0959-6526(18)32653-2/sref24
http://refhub.elsevier.com/S0959-6526(18)32653-2/sref24
http://refhub.elsevier.com/S0959-6526(18)32653-2/sref25
http://refhub.elsevier.com/S0959-6526(18)32653-2/sref25
http://refhub.elsevier.com/S0959-6526(18)32653-2/sref25
http://refhub.elsevier.com/S0959-6526(18)32653-2/sref25
http://refhub.elsevier.com/S0959-6526(18)32653-2/sref26
http://refhub.elsevier.com/S0959-6526(18)32653-2/sref26
http://refhub.elsevier.com/S0959-6526(18)32653-2/sref26
http://refhub.elsevier.com/S0959-6526(18)32653-2/sref26
http://refhub.elsevier.com/S0959-6526(18)32653-2/sref27
http://refhub.elsevier.com/S0959-6526(18)32653-2/sref27
http://refhub.elsevier.com/S0959-6526(18)32653-2/sref27
http://refhub.elsevier.com/S0959-6526(18)32653-2/sref28
http://refhub.elsevier.com/S0959-6526(18)32653-2/sref28
http://refhub.elsevier.com/S0959-6526(18)32653-2/sref28
http://refhub.elsevier.com/S0959-6526(18)32653-2/sref28
http://refhub.elsevier.com/S0959-6526(18)32653-2/sref29
http://refhub.elsevier.com/S0959-6526(18)32653-2/sref29
http://refhub.elsevier.com/S0959-6526(18)32653-2/sref30
http://refhub.elsevier.com/S0959-6526(18)32653-2/sref30
http://refhub.elsevier.com/S0959-6526(18)32653-2/sref30
http://refhub.elsevier.com/S0959-6526(18)32653-2/sref30
http://refhub.elsevier.com/S0959-6526(18)32653-2/sref30
http://refhub.elsevier.com/S0959-6526(18)32653-2/sref30
http://refhub.elsevier.com/S0959-6526(18)32653-2/sref30
http://refhub.elsevier.com/S0959-6526(18)32653-2/sref30
http://refhub.elsevier.com/S0959-6526(18)32653-2/sref31
http://refhub.elsevier.com/S0959-6526(18)32653-2/sref31
http://refhub.elsevier.com/S0959-6526(18)32653-2/sref31
http://refhub.elsevier.com/S0959-6526(18)32653-2/sref31
http://refhub.elsevier.com/S0959-6526(18)32653-2/sref32
http://refhub.elsevier.com/S0959-6526(18)32653-2/sref32
http://refhub.elsevier.com/S0959-6526(18)32653-2/sref32
http://refhub.elsevier.com/S0959-6526(18)32653-2/sref33
http://refhub.elsevier.com/S0959-6526(18)32653-2/sref33
http://refhub.elsevier.com/S0959-6526(18)32653-2/sref33
http://refhub.elsevier.com/S0959-6526(18)32653-2/sref34
http://refhub.elsevier.com/S0959-6526(18)32653-2/sref34
http://refhub.elsevier.com/S0959-6526(18)32653-2/sref34
http://refhub.elsevier.com/S0959-6526(18)32653-2/sref34
http://refhub.elsevier.com/S0959-6526(18)32653-2/sref34
http://refhub.elsevier.com/S0959-6526(18)32653-2/sref35
http://refhub.elsevier.com/S0959-6526(18)32653-2/sref35
http://refhub.elsevier.com/S0959-6526(18)32653-2/sref35
http://refhub.elsevier.com/S0959-6526(18)32653-2/sref35
http://refhub.elsevier.com/S0959-6526(18)32653-2/sref36
http://refhub.elsevier.com/S0959-6526(18)32653-2/sref36
http://refhub.elsevier.com/S0959-6526(18)32653-2/sref36
http://refhub.elsevier.com/S0959-6526(18)32653-2/sref36
http://refhub.elsevier.com/S0959-6526(18)32653-2/sref37
http://refhub.elsevier.com/S0959-6526(18)32653-2/sref37
http://refhub.elsevier.com/S0959-6526(18)32653-2/sref37
http://refhub.elsevier.com/S0959-6526(18)32653-2/sref38
http://refhub.elsevier.com/S0959-6526(18)32653-2/sref38
http://refhub.elsevier.com/S0959-6526(18)32653-2/sref38
http://refhub.elsevier.com/S0959-6526(18)32653-2/sref38
http://refhub.elsevier.com/S0959-6526(18)32653-2/sref39
http://refhub.elsevier.com/S0959-6526(18)32653-2/sref39
http://refhub.elsevier.com/S0959-6526(18)32653-2/sref39
http://refhub.elsevier.com/S0959-6526(18)32653-2/sref39
http://refhub.elsevier.com/S0959-6526(18)32653-2/sref40
http://refhub.elsevier.com/S0959-6526(18)32653-2/sref40
http://refhub.elsevier.com/S0959-6526(18)32653-2/sref40
http://refhub.elsevier.com/S0959-6526(18)32653-2/sref40
http://refhub.elsevier.com/S0959-6526(18)32653-2/sref41
http://refhub.elsevier.com/S0959-6526(18)32653-2/sref41
http://refhub.elsevier.com/S0959-6526(18)32653-2/sref41
http://refhub.elsevier.com/S0959-6526(18)32653-2/sref41
http://refhub.elsevier.com/S0959-6526(18)32653-2/sref42
http://refhub.elsevier.com/S0959-6526(18)32653-2/sref42
http://refhub.elsevier.com/S0959-6526(18)32653-2/sref42
http://refhub.elsevier.com/S0959-6526(18)32653-2/sref42
http://refhub.elsevier.com/S0959-6526(18)32653-2/sref43
http://refhub.elsevier.com/S0959-6526(18)32653-2/sref43
http://refhub.elsevier.com/S0959-6526(18)32653-2/sref43
http://refhub.elsevier.com/S0959-6526(18)32653-2/sref43
http://refhub.elsevier.com/S0959-6526(18)32653-2/sref44
http://refhub.elsevier.com/S0959-6526(18)32653-2/sref44
http://refhub.elsevier.com/S0959-6526(18)32653-2/sref44
http://refhub.elsevier.com/S0959-6526(18)32653-2/sref44
http://refhub.elsevier.com/S0959-6526(18)32653-2/sref45
http://refhub.elsevier.com/S0959-6526(18)32653-2/sref45
http://refhub.elsevier.com/S0959-6526(18)32653-2/sref45
http://refhub.elsevier.com/S0959-6526(18)32653-2/sref46
http://refhub.elsevier.com/S0959-6526(18)32653-2/sref46
http://refhub.elsevier.com/S0959-6526(18)32653-2/sref46
http://refhub.elsevier.com/S0959-6526(18)32653-2/sref46
http://refhub.elsevier.com/S0959-6526(18)32653-2/sref47
http://refhub.elsevier.com/S0959-6526(18)32653-2/sref47
http://refhub.elsevier.com/S0959-6526(18)32653-2/sref47
http://refhub.elsevier.com/S0959-6526(18)32653-2/sref47
http://refhub.elsevier.com/S0959-6526(18)32653-2/sref48
http://refhub.elsevier.com/S0959-6526(18)32653-2/sref48
http://refhub.elsevier.com/S0959-6526(18)32653-2/sref48
http://refhub.elsevier.com/S0959-6526(18)32653-2/sref49
http://refhub.elsevier.com/S0959-6526(18)32653-2/sref49
http://refhub.elsevier.com/S0959-6526(18)32653-2/sref49
http://refhub.elsevier.com/S0959-6526(18)32653-2/sref49
http://refhub.elsevier.com/S0959-6526(18)32653-2/sref50
http://refhub.elsevier.com/S0959-6526(18)32653-2/sref50
http://refhub.elsevier.com/S0959-6526(18)32653-2/sref50
http://refhub.elsevier.com/S0959-6526(18)32653-2/sref50
http://refhub.elsevier.com/S0959-6526(18)32653-2/sref50
http://refhub.elsevier.com/S0959-6526(18)32653-2/sref50
http://refhub.elsevier.com/S0959-6526(18)32653-2/sref51
http://refhub.elsevier.com/S0959-6526(18)32653-2/sref51

M.E. Alnahhal et al. / Journal of Cleaner Production 203 (2018) 822—835 835

material. J. Clean. Prod. 170, 683—693.

Limbachiya, M., Meddah, M.S., Ouchagour, Y., 2012. Use of recycled concrete
aggregate in fly-ash concrete. Construct. Build. Mater. 27 (1), 439—449.

Ma, H., 2014. Mercury intrusion porosimetry in concrete technology: tips in mea-
surement, pore structure parameter acquisition and application. ]. Porous
Mater. 21 (2), 207—-215.

Ma, Q,, Guo, R, Zhao, Z, Lin, Z., He, K., 2015. Mechanical properties of concrete at
high temperature—a review. Construct. Build. Mater. 93, 371-383.

Mo, K.H., Chin, TS., Alengaram, U]., Jumaat, M.Z., 2016. Material and structural
properties of waste-oil palm shell concrete incorporating ground granulated
blast-furnace slag reinforced with low-volume steel fibres. ]J. Clean. Prod. 133,
414—426.

Mohammed, M., Salmiaton, A., Azlina, W.W., Amran, M.M., Fakhru'l-Razi, A., Taufig-
Yap, Y., 2011. Hydrogen rich gas from oil palm biomass as a potential source of
renewable energy in Malaysia. Renew. Sustain. Energy Rev. 15 (2), 1258—1270.

Mujah, D., 2016. Compressive strength and chloride resistance of grout containing
ground palm oil fuel ash. J. Clean. Prod. 112, 712—722.

Ranjbar, N., Behnia, A., Alsubari, B., Birgani, P.M., Jumaat, M.Z., 2016. Durability and
mechanical properties of self-compacting concrete incorporating palm oil fuel
ash. J. Clean. Prod. 112, 723—730.

RILEM, 1995. Test methods for mechanical properties of concrete at high temper-
atures. Mater. Struct. 28, 410—414.

Rodriguez, E.T., Garbev, K., Merz, D., Black, L., Richardson, 1.G., 2017. Thermal sta-
bility of CSH phases and applicability of Richardson and Groves' and Richardson
C-(A)-SH (I) models to synthetic CSH. Cement Concr. Res. 93, 45—56.

Sadati, S., Arezoumandi, M., Khayat, KH., Volz, ].S., 2016. Shear performance of
reinforced concrete beams incorporating recycled concrete aggregate and high-
volume fly ash. J. Clean. Prod. 115, 284—293.

Senaratne, S., Gerace, D., Mirza, O., Tam, V.W,, Kang, W.-H., 2016. The costs and

benefits of combining recycled aggregate with steel fibres as a sustainable,
structural material. J. Clean. Prod. 112, 2318—2327.

Shi, C, Li, Y., Zhang, J., Li, W., Chong, L., Xie, Z., 2016. Performance enhancement of
recycled concrete aggregate—a review. J. Clean. Prod. 112, 466—472.

Shi, C,, Wy, Y., Riefler, C., Wang, H., 2005. Characteristics and pozzolanic reactivity of
glass powders. Cement Concr. Res. 35 (5), 987—993.

Shi, X., Xie, N., Fortune, K., Gong, ]., 2012. Durability of steel reinforced concrete in
chloride environments: an overview. Construct. Build. Mater. 30, 125—138.
Sumesh, M., Alengaram, UJ]., Jumaat, M.Z., Mo, K.H., Alnahhal, M.F., 2017. Incorpo-
ration of nano-materials in cement composite and geopolymer based paste and

mortar—A review. Construct. Build. Mater. 148, 62—84.

USGS, 2017. Cement - Mineral Commodity Summaries, Cement Statistics and In-
formation - Annual Publications. U.S. Department of the Interior, U.S. Geological
Survey.

Wong, H., Zhao, Y., Karimi, A., Buenfeld, N., Jin, W., 2010. On the penetration of
corrosion products from reinforcing steel into concrete due to chloride-induced
corrosion. Corrosion Sci. 52 (7), 2469—2480.

Yuan, H., Shen, L., 2011. Trend of the research on construction and demolition waste
management. Waste Manag. 31 (4), 670—679.

Zeyad, A., Johari, M.M., Tayeh, B., Yusuf, M.O., 2016. Efficiency of treated and un-
treated palm oil fuel ash as a supplementary binder on engineering and fluid
transport properties of high-strength concrete. Construct. Build. Mater. 125,
1066—1079.

Zeyad, A.M., Johari, M.A.M., Tayeh, B.A., Yusuf, M.O., 2017. Pozzolanic reactivity of
ultrafine palm oil fuel ash waste on strength and durability performances of
high strength concrete. ]. Clean. Prod. 144, 511-522.

Zhang, Q., Ye, G., 2012. Dehydration kinetics of Portland cement paste at high
temperature. J. Therm. Anal. Calorim. 110 (1), 153—158.


http://refhub.elsevier.com/S0959-6526(18)32653-2/sref51
http://refhub.elsevier.com/S0959-6526(18)32653-2/sref51
http://refhub.elsevier.com/S0959-6526(18)32653-2/sref52
http://refhub.elsevier.com/S0959-6526(18)32653-2/sref52
http://refhub.elsevier.com/S0959-6526(18)32653-2/sref52
http://refhub.elsevier.com/S0959-6526(18)32653-2/sref53
http://refhub.elsevier.com/S0959-6526(18)32653-2/sref53
http://refhub.elsevier.com/S0959-6526(18)32653-2/sref53
http://refhub.elsevier.com/S0959-6526(18)32653-2/sref53
http://refhub.elsevier.com/S0959-6526(18)32653-2/sref54
http://refhub.elsevier.com/S0959-6526(18)32653-2/sref54
http://refhub.elsevier.com/S0959-6526(18)32653-2/sref54
http://refhub.elsevier.com/S0959-6526(18)32653-2/sref54
http://refhub.elsevier.com/S0959-6526(18)32653-2/sref55
http://refhub.elsevier.com/S0959-6526(18)32653-2/sref55
http://refhub.elsevier.com/S0959-6526(18)32653-2/sref55
http://refhub.elsevier.com/S0959-6526(18)32653-2/sref55
http://refhub.elsevier.com/S0959-6526(18)32653-2/sref55
http://refhub.elsevier.com/S0959-6526(18)32653-2/sref56
http://refhub.elsevier.com/S0959-6526(18)32653-2/sref56
http://refhub.elsevier.com/S0959-6526(18)32653-2/sref56
http://refhub.elsevier.com/S0959-6526(18)32653-2/sref56
http://refhub.elsevier.com/S0959-6526(18)32653-2/sref57
http://refhub.elsevier.com/S0959-6526(18)32653-2/sref57
http://refhub.elsevier.com/S0959-6526(18)32653-2/sref57
http://refhub.elsevier.com/S0959-6526(18)32653-2/sref58
http://refhub.elsevier.com/S0959-6526(18)32653-2/sref58
http://refhub.elsevier.com/S0959-6526(18)32653-2/sref58
http://refhub.elsevier.com/S0959-6526(18)32653-2/sref58
http://refhub.elsevier.com/S0959-6526(18)32653-2/sref59
http://refhub.elsevier.com/S0959-6526(18)32653-2/sref59
http://refhub.elsevier.com/S0959-6526(18)32653-2/sref59
http://refhub.elsevier.com/S0959-6526(18)32653-2/sref60
http://refhub.elsevier.com/S0959-6526(18)32653-2/sref60
http://refhub.elsevier.com/S0959-6526(18)32653-2/sref60
http://refhub.elsevier.com/S0959-6526(18)32653-2/sref60
http://refhub.elsevier.com/S0959-6526(18)32653-2/sref61
http://refhub.elsevier.com/S0959-6526(18)32653-2/sref61
http://refhub.elsevier.com/S0959-6526(18)32653-2/sref61
http://refhub.elsevier.com/S0959-6526(18)32653-2/sref61
http://refhub.elsevier.com/S0959-6526(18)32653-2/sref62
http://refhub.elsevier.com/S0959-6526(18)32653-2/sref62
http://refhub.elsevier.com/S0959-6526(18)32653-2/sref62
http://refhub.elsevier.com/S0959-6526(18)32653-2/sref62
http://refhub.elsevier.com/S0959-6526(18)32653-2/sref63
http://refhub.elsevier.com/S0959-6526(18)32653-2/sref63
http://refhub.elsevier.com/S0959-6526(18)32653-2/sref63
http://refhub.elsevier.com/S0959-6526(18)32653-2/sref63
http://refhub.elsevier.com/S0959-6526(18)32653-2/sref64
http://refhub.elsevier.com/S0959-6526(18)32653-2/sref64
http://refhub.elsevier.com/S0959-6526(18)32653-2/sref64
http://refhub.elsevier.com/S0959-6526(18)32653-2/sref65
http://refhub.elsevier.com/S0959-6526(18)32653-2/sref65
http://refhub.elsevier.com/S0959-6526(18)32653-2/sref65
http://refhub.elsevier.com/S0959-6526(18)32653-2/sref66
http://refhub.elsevier.com/S0959-6526(18)32653-2/sref66
http://refhub.elsevier.com/S0959-6526(18)32653-2/sref66
http://refhub.elsevier.com/S0959-6526(18)32653-2/sref66
http://refhub.elsevier.com/S0959-6526(18)32653-2/sref66
http://refhub.elsevier.com/S0959-6526(18)32653-2/sref67
http://refhub.elsevier.com/S0959-6526(18)32653-2/sref67
http://refhub.elsevier.com/S0959-6526(18)32653-2/sref67
http://refhub.elsevier.com/S0959-6526(18)32653-2/sref68
http://refhub.elsevier.com/S0959-6526(18)32653-2/sref68
http://refhub.elsevier.com/S0959-6526(18)32653-2/sref68
http://refhub.elsevier.com/S0959-6526(18)32653-2/sref68
http://refhub.elsevier.com/S0959-6526(18)32653-2/sref69
http://refhub.elsevier.com/S0959-6526(18)32653-2/sref69
http://refhub.elsevier.com/S0959-6526(18)32653-2/sref69
http://refhub.elsevier.com/S0959-6526(18)32653-2/sref70
http://refhub.elsevier.com/S0959-6526(18)32653-2/sref70
http://refhub.elsevier.com/S0959-6526(18)32653-2/sref70
http://refhub.elsevier.com/S0959-6526(18)32653-2/sref70
http://refhub.elsevier.com/S0959-6526(18)32653-2/sref70
http://refhub.elsevier.com/S0959-6526(18)32653-2/sref71
http://refhub.elsevier.com/S0959-6526(18)32653-2/sref71
http://refhub.elsevier.com/S0959-6526(18)32653-2/sref71
http://refhub.elsevier.com/S0959-6526(18)32653-2/sref71
http://refhub.elsevier.com/S0959-6526(18)32653-2/sref72
http://refhub.elsevier.com/S0959-6526(18)32653-2/sref72
http://refhub.elsevier.com/S0959-6526(18)32653-2/sref72

