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ABSTRACT

Lightweight concrete is being used in the construction industry as a building material in its
own right. Ultra-lightweight concrete can be applied as a filler and support material for the
manufacturing of composite building materials. In the past various techniques have been
utilised to reduce the specific weight of concrete like lightweight aggregates, mixing with
foam and the inclusion of expanded polystyrene, polyurethane or polyisocyanurate. A novel
development is the addition of a bio-degradable polymer into lightweight concrete to reduce

specific weight, carbon footprint and negative effects in the case of fire.

This thesis is about the development of a stable and reproducible ultra-lightweight concrete.
Expanded poly-lactic acid (EPLA) was used to assess the feasibility of a biodegradable
polymer as a lightweight aggregate that will deliver advantages such as eco-friendly concrete
and being a non-petroleum polymer aggregate. The properties of EPLA concrete were
compared to concrete made with expanded polystyrene (EPS) with similar mix design
proportions using ordinary Portland cement (OPC), ground granulated blast-furnace slag
(GGBS) and magnesium phosphate cement (MPC). In addition, two types of lightweight
aggregate, expanded perlite (EP) and expanded vermiculite, are investigated as fine aggregate

in this study.

It was found that chemical reactions of EPLA in the highly alkaline environment of cement
causes significant changes in the microstructure of concrete. A large amount of calcium
carbonate was found as hydration products of EPLA concrete. Furthermore, EPLA
aggregates shrunk and lost their strength, and the rate of degradation was much higher in

moist conditions.

This investigation has shown that non-structural grade ultra-lightweight concrete with
relative densities of 512.85 to 203.2 kg/m3 can be obtained. The compressive strength of the
concretes containing different ratios of EPLA and EPS aggregate varied from 4.62 MPa to
0.28 MPa.

It could be demonstrated that the engineering properties such as density, compressive
strength, tensile strength, elastic modulus and thermal conductivity of concretes containing
EPLA aggregate decreased compared to EPS concrete. The application of EPLA causes
changes in hydration products and increases in concrete porosity, which led to an increase in

electrical resistivity and water absorption ratio. The shrinkages of EPLA aggregate and bond


https://en.wikipedia.org/wiki/Ground_granulated_blast-furnace_slag

failures at the interface area of EPLA and the matrix caused the EPLA concrete failing in a

more brittle way.

Fire resistance has also been investigated as an essential parameter of this ultra-lightweight
concrete. The experimental results show that the carbon dioxide production and heat release
rate of EPLA concrete is much lower than that of concrete containing EPS. Furthermore, the
concrete containing EPLA aggregate shows the lower bond strength compared to EPS
concrete when used as filler in composite sections. While the influence of ultra-lightweight
concrete on the load carrying capacity of cold-formed beams was minimal, its effect on lateral

torsional buckling was significant.

After a comprehensive study on combinations of different binders to eliminate the
degradation of EPLA beads in an alkaline environment, magnesium phosphate cement was
found as a proper binder for concrete containing EPLA. Another solution to the problem of
EPLA degradation was established by coating the EPLA. The experimental results from
coated EPLA (CEPLA) show that coating is the best solution in the high alkaline

environment.

A set of equations were developed to predict the compressive strength, thermal conductivity,
elastic modulus, water absorption, bond strength and load-displacement behaviour of the
investigated concretes. In addition, a new method is proposed for the mix design of ultra-

lightweight concrete.
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CHAPTER 1
INTRODUCTION

1.1 General introduction

The application of lightweight concrete as structural components track back to the eighteenth
century. The use of lightweight concrete provides a substantial improvement in terms of
technical and environmental features. The application of lightweight concrete is instrumental
to effectively reduce the risk of earthquake damage as the earthquake acceleration and its
magnitude is significantly affected by the weight of a structure. The factors such as lower
density, higher strength/weight ratio, lower coefficient of thermal conductivity, better fire
resistance, improved durability properties, better tensile capacity and sound insulation
characteristics are considered as advantages of lightweight concrete compared with normal
concrete [1-3]. However, parameters such as bulk specific gravity, unit weight, maximum
size and particle shapes, texture surface, strength of lightweight particles, moisture content
and water absorption ratio considerably affect negatively the properties of lightweight

concrete.

Lightweight concrete is commonly used as sub-base materials like pavement, construction
materials such as floating marine structures, cladding panels, composite flooring systems,
load-bearing panels, concrete blocks [4], heat preservation, sound insulation materials [3, 5]
like interior and exterior partition walls [3], and energy absorbing materials such as fender
structures [6-10]. Aerated concrete [11], no-fines concrete [12, 13] and replacement of
natural aggregates with lightweight aggregate [14] are the common methods of producing
lightweight concrete. Acetated or cellular concrete is obtained by introducing large air voids
within a matrix by chemical admixture. No-fines concrete is mostly produced by using a
uniform size of coarse aggregate and eliminating the fine aggregate completely from the
concrete matrix. The replacement of natural aggregate with lightweight aggregate such as
pumice [5], diatomic, volcanic cinder, perlite [15], clay [16], sintered fly ash [17-19], oil
palm shell [20], vermiculite [21-27] and expanded polystyrene (EPS) [28, 29] are the most
popular ways of producing lightweight concrete. Lightweight aggregates can be classified in
five groups of naturally occurring aggregates such as pumice [30-38], basaltic pumice,

diatomite, tuff and volcanic cinders; artificially produced aggregate such as expanded perlite



[39, 40], expanded clay [16], expanded shale, expanded slate, and expanded vermiculite [21-
27]; artificial by-product aggregate such as pulverized fly ash [41], air-cooled blast furnace
slag and expanded slag; industrial by-product aggregate such as expanded polystyrene (EPS)
[26], waste glass [42], cenospheres, cork granules, along with broken bricks; and organic
aggregate such as oil palm shell (OPS), rice husk saw dust [43, 44], coconut pith [45], saw

dust and wood chippings.

Research on EPS concrete and EPS aggregate traces back to 1973 [46-48]. The interest in
using expanded polystyrene as lightweight aggregate is evident from the number of
researches and data published in this field. The availability of expanded polystyrene in the
market and its superior characteristics increased its popularity in the concrete industry.
However, the main problem with using EPS as lightweight aggregate is its non-
biodegradability.

The demands for environmentally friendly polymers and sustainable materials is increasing
lately because of environmental concerns and depletion of petroleum oil. The increase in
applications of bio-products in place of petrochemical products leads to a reduction of carbon
dioxide emissions and the human footprint on the environment. In order to decrease the
influence of petroleum polymer on the environment, and to replace non-renewable oil derived
polymers with renewable bio-based resources, several bio-polymer materials were invented
and introduced by researchers. Various types of renewable bio-polymers such as
Polycaprolactone (PCL), Polyglycolic acid (PGA), Polyhydroxylvalerate (PHBV),
Polydioxanone (PDO) and cellulose acetate are commercially available in the market.
Petroleum-derived poly vinyl alcohol or PVOH and microorganism-derived poly-lactic acid
(PLA) are two types of biodegradable polymers. However, the petroleum-derived polymers
are categorized as non-environment friendly polymers because of the emission of greenhouse
gases associated with the production process. The production cost of a petroleum-derived
polymer mainly depends on the fluctuation of crude oil prices. The production process of
microorganism-derived polymers is based on bio-activity of bacteria for transferring
agricultural sources into starting products for polymerization [49, 50]. From all the available
bio-polymers, poly-lactic acid (PLA) is one of the most widely available and more cost-
competitive bio-plastics which is progressively preferred as an alternative for petrochemical
polymers like polyethylene, polypropylene and polystyrene. Preliminary tests by Forest

Research Scion, an expanded poly-lactic acid (EPLA) manufacturer in New Zealand, proved



that the thermal and mechanical properties of EPLA are comparable with EPS and it can be

considered as a good substitution for a petroleum polymer [51-53].

1.2  Problem statement

The disposal of waste petroleum products poses a severe environmental impact. The
packaging industries produce millions of tonnes of waste EPS [52]. EPS is non-
biodegradable, resistant to photolysis and derived from non-renewable petroleum resources
(according to EN 13432) [54]. In addition, pentane emissions during the manufacturing of
EPS is another problem, which considerably affects the environment. It has been estimated
that volatile organic compounds (VOCSs) escaping into the atmosphere amount to 250000 to
300000 t/year. Moreover, increases in oil prices considerably affect polymer product prices.
Thus, parameters such as environmental concerns, fluctuation of crude oil prices along with
natural gas pricing cause a growing interest in developing materials with more

environmentally friendly characteristics.

1.3 Purpose and scope of the study

The purpose of this study is to assess the feasibility of expanded poly-lactic acid lightweight
aggregate as a proper substitution for petroleum polymers such as expanded polystyrene. In
addition, this project aims to produce a more economical and environmentally friendly ultra-
lightweight concrete. Up to now, much of experimental researches concentrate on physical,
mechanical and thermal properties of expanded polystyrene concrete, while no information
is available on the performance of poly-lactic acid concrete. From all the available bio-
polymers, poly-lactic acid is one of the most widely available and more cost-competitive bio-
plastics which is progressively preferred as an alternative for petroleum polymers such as
polyethylene, polypropylene and polystyrene due to its eco-friendly profile and performance
features. PLA is being introduced as foamed packaging for food applications due to its
advantages such as excellent insulation properties, good mechanical properties and its
characteristics in terms of heat resistance or flame retardancy [55, 56]. Based on the European
standard EN 13432, PLA is considered and categorized as a sustainable and compostable

polymer. PLA is produced through ring-opening polymerization of lactide and a dimer of



lactic acid, which is derived from fermented corn starch. Moreover, carbon dioxide (CO2) as

an eco-friendly blowing agent is used for the expansion.

1.4  Outline of the thesis

The thesis consists of eleven chapters, namely: introduction (chapter 1), literature review
(chapter 2), experimental program (chapter 3), results (Chapter 4 to chapter 10) and
conclusions and recommendations (Chapter 11).

Chapter 1 (Introduction): This chapter gives a general view of lightweight concrete, the

problem statement, the scope and objectives of this study.

Chapter 2 (Literature review): This chapter provides a comprehensive review of previous
studies on lightweight concrete and its application as filler and bracing material. The
literature review comprises of three main sections of literature relating to this study. The first
part provides an overview of different types of lightweight aggregates in terms of occurrence
and sources. That follows a comprehensive study of different types of concrete namely perlite
concrete, vermiculite concrete, EPS concrete, foamed concrete and magnesium phosphate
concrete. The last section discusses the application of lightweight concrete as a construction
element or filler along with bonding phenomena. Finally research questions for this study are

derived from the literature review.

Chapter 3 (Experimental program): This chapter presents the raw materials, which are used
to produce concrete at different stages of experiments and a proposed mix design method for
ultra-lightweight aggregate. The specific mix design compositions, test preparations and
experimental methods will be described as experimental procedures of the following

chapters.

Chapter 4 (Vermiculite concrete containing EPLA): This chapter presents the experimental
results of vermiculite concrete containing EPLA aggregate. The main content of this chapter
is published in "KSCE Journal of Civil Engineering" and "International Journal of Civil and
Environmental Engineering” with the title of "Ultra-lightweight Concrete Containing
Expanded Poly-lactic Acid as Lightweight Aggregate” and” Assessment of vermiculite

concrete containing bio-polymer aggregate", respectively.



Chapter 5 (Perlite concrete containing EPLA): This chapter presents the experimental
results of perlite concrete containing EPLA aggregate which comprises of three journal
papers titled (1) “Influence of Poly-lactic Acid on the Properties of Perlite Concrete”
(Accepted in Construction & Building Materials), (2) “Feasibility of a bio-polymer as
lightweight aggregate in perlite concrete” (published in International Journal of Civil and
Environmental Engineering) and (3) “A comparative investigation of the engineering
properties of perlite concrete containing petroleum and bio-polymer aggregates” (published

in International Conference of Architecture and Civil Engineering).

Chapter 6 (GGBS concrete containing EPLA): This chapter presents the experimental
results of GGBS concrete containing EPLA aggregate and its results compared with EPS

concrete.

Chapter 7 (Magnesium phosphate concrete containing EPLA): This chapter presents the
experimental results of magnesium phosphate concrete containing EPLA aggregate.

Chapter 8 (Coated EPLA): This chapter presents the experimental results of novel coated
EPLA (CEPLA) as a solution for EPLA degradation in the high alkaline environment of

cement.

Chapter 9 (Bond slip behaviour): This chapter presents the results of bond-slip behaviour of
concrete. The content and findings of this chapter are published in KSCE Journal of Civil
Engineering with the title of “A comparative study on bond stress-slip behaviour of bio- and

petrochemical polymer concrete”.

Chapter 10 (Application of lightweight concrete): This chapter presents the bond-slip
behaviour of proposed concretes and their performance as bracing components of cold-
formed members. The content and results of this chapter is under review by Thin-Walled
Structures with the title of "Experimental study on flexural behaviour of cold-formed steel

structures filled with bio and petro-chemical polymer lightweight aggregate concrete”.

Chapter 11 (Conclusions and recommendations): The overall conclusions of this study are
presented. This study is the first comprehensive study of bio-polymer concrete containing
expanded poly-lactic acid aggregate and determining most of the mechanical properties,

thermal properties, electrical properties and microstructure of the proposed concrete.



CHAPTER 2
LITERATURE REVIEW

2.1 Introduction

This chapter provides a comprehensive review of previous studies of lightweight concrete
and its application as filler and bracing materials. The literature review comprises of three
main sections of literature relating to this study. The first part covers different types of
lightweight aggregates in terms of occurrence and sources. Following that, a detailed study
is presented of different types of concrete, namely perlite concrete, vermiculite concrete, EPS
concrete, and foamed concrete. The last section discusses the application of lightweight
concrete as construction elements or fillers along with bonding phenomena and its

parameters. Finally research questions for this study are derived from the literature review.

Up to now, many experimental researches concentrated on physical, mechanical and thermal
properties of expanded polystyrene concrete, while no information is available on the
performance of poly-lactic acid concrete and its contribution as a lightweight aggregate.
Therefore, the polystyrene aggregate concrete is used as reference for concrete containing

EPLA due to the similarity in mechanical and thermal properties.

2.2  Lightweight aggregate

Lightweight aggregates in terms of source and occurrence are classified in four types of
naturally occurring aggregates, artificially produced aggregates [57], by-product aggregates
and organic aggregates. Naturally occurring aggregates such as pumice [30-38], basaltic
pumice, diatomite, tuff and volcanic cinders are commonly used as lightweight aggregate
and have volcanic origin (lavas) except diatomite, which is a siliceous sedimentary rock.
These materials have the capability to produce lightweight concrete with a density range of
1630-1885 kg/m3 and compressive strength of 24-55 MPa.

Artificial lightweight aggregate [57] can be obtained from industrial by-products. Expansion
and agglomeration are two common techniques to produce artificial aggregates. The artificial
aggregates such as expanded perlite [58], clay [59], shale, slate, and vermiculite [21-27] are

produced by expansion methods. Concrete with a density range of 1300-1855 kg/m? and



correspondent compressive strength of lower that 50 MPa can be produced with expanded
artificial aggregates, while these ranges can be slightly higher in terms of density and
compressive strength (density range of 1490 to 2000 kg/m3 with compressive strength of
up to 60 MPa) when as a by-product artificial aggregates such as pulverized fly ash [41], air-
cooled blast furnace slag and expanded slag [60-63] are used. Expanded polystyrene [64,
65], waste glass [42], cenospheres, cork granules, and broken bricks are common industrial

by-product aggregates.

The potential use of expanded polystyrene beads (by-products of the packaging industry) as
lightweight aggregate is studied by several researchers [65-67]. Concrete with densities and
compressive strength ranges of 1000-2000 kg/m3 and up to 35 MPa is achieved when EPS
replaces a certain volume of natural aggregates. Concrete made from cenospheres, broken
bricks, waste glass and cork granules reached densities of 1090-1415 kg/m3, 1560-1670
kg/m3, 1500-2472 kg/m3and 1360-1570 kg/m3along with corresponding compressive
strengths of 5-33 MPa, 13-21 MPa, 15-60 MPa and 21-39 MPa, respectively. Agricultural
materials such as oil palm shell (OPS) [20], rice husk saw dust [43, 44] and coconut pith [45]
along with timber by-products like saw dust and wood chippings are categorized as organic
lightweight aggregate. Addition and replacement with agricultural materials causes a
considerable reduction in density and unit weight of concrete. Concrete made with rice husk,
saw dust and OPS reached densities with ranges of 1110-1145 kg/m3 , 1940 kg/m?3 and 1760-
1900 kg/m?, respectively.

2.3  Lightweight concrete

Structural lightweight concrete provides a vital improvement in terms of technical, economic
and environmental aspects [1-3]. Design of lightweight concrete is mostly determined by
density and unit weight rather than strength [68, 69]. Lightweight concrete significantly
reduces the dead load of structures, the cross-section of structural elements such as columns,
beams, braces and foundation sizes. Moreover, longer spans, thinner sections and a better
cycling load response can be obtained by using lightweight concrete [70]. Generally,
lightweight concrete is instrumental to effectively reduce the risk of earthquake damage as
the earthquake acceleration and its magnitude is significantly affected by the weight of a

structure.



The factors such as lower density, higher strength/weight ratio, lower coefficient of thermal
conductivity, better fire resistance, improved durability properties, better tensile capacity and
sound insulation characteristics are considered as advantages of lightweight concrete
compared with normal concrete [1-3]. However, parameters such as bulk specific gravity,
unit weight, maximum size and particles shape, texture surface, strength of lightweight
particles, moisture content and water absorption ratio considerably affect the properties of
lightweight concrete. Three common methods are applied: Aerated concrete, no-fines
concrete and replacement (partially or totally) of natural aggregates with lightweight

aggregate.

Acetated or cellular concrete is obtained by introducing large air voids within a matrix by
chemical admixture such as foaming agents or aluminium powder, which increases matrix
porosity and decreases the unit weight of concrete. No-fines concrete is mostly produced by
using a uniform size of coarse aggregate and eliminating the fine aggregate completely from
the concrete matrix. Substituting totally or partially natural lightweight aggregate with
lightweight aggregate such as pumice [30-38], diatomic, volcanic cinder, perlite [71], clay
[59], sintered fly ash [17-19], oil palm shell, vermiculite and expanded polystyrene is another
method to produce lightweight concrete. Generally, the addition of lightweight aggregates
results in lower slump value, workability and compacting factor due to a higher water
absorption ratio and lower density of lightweight aggregate compared with normal

aggregates.

These characteristics of lightweight aggregates cause matrix segregation when higher
workability is needed. ACI 302 [72] suggested that the slump value of lightweight aggregate
should be limited to ranges of 75-100 mm to avoid segregation of the matrix. However, this
problem can be solved by the addition of a water reducer admixture such as superplasticizer.
Factors like mix design, water absorption value, specific gravity, and moisture content of
lightweight aggregates significantly affect the unit weight of fresh concrete [73]. However,
the fresh density of lightweight concrete is due to a higher water absorption value of
lightweight aggregates about 100 to 200 kg/m3 higher than its air dry density after 28 days.
Inherent strength of aggregates is a factor, which significantly affects the mechanical
properties of lightweight concrete. The mechanical properties such as compressive strength,
tensile strength, elastic modulus and density of lightweight concrete are much lower than
normal concrete (e.g. the elastic modulus is decreased by about 25-50%) and are mainly
affected by strength and specification of aggregates. The method of curing is another vital



factor which substantially affects the long term strengths of lightweight concrete [74, 75].
However, lightweight concrete is less sensitive to early curing as a result of the fact that water
within porous lightweight aggregate transfers to the mortar to maintain the hydration process

at the early stage of curing.

The water-cement ratio considerably affects the mechanical and physical properties of
concrete as the water content and its volume directly affects the distance between cement

particles and the relative volume of capillarity pores [73, 76, 77].

The design procedure of lightweight concrete is very different to normal concrete. Normal
concrete design is based on strength of cement and the water-cement ratio, whereas the design
of lightweight concrete is more complex and relies on water absorption value, specific
gravity, moisture content, strength, surface texture, porosity and type of lightweight
aggregates. Structural lightweight and ultra-lightweight (non-structural) concrete are two

forms of lightweight concrete.

According to ACI 213 [78] lightweight concrete in terms of unit weight and compressive
strength is categorized in three batches of low density concretes, moderate strength
lightweight concretes and structural lightweight concretes. The low density concrete (ultra-
lightweight concrete) is mostly used for insulation purposes, while moderate and structural
lightweight concretes are used for load bearing walls and structural purposes, respectively.
However, these definitions are varied in different codes of practice such as ACI 318 [79], BS
3797 [80], AS 3600 [81] and China standard (JGJ 51) [82]. ACI 318 [79] categorized the
concrete with densities lower that 1840 kg/m3 as lightweight concrete, while BS 3797 [80]
defines concrete with air dry densities lower than 2000 kg/m? as lightweight concrete. The
lightweight concrete with density ranges of 1880-2100 kg/m? and lower than 1950 kg/m3 are
classified as low density concrete in AS 3600 [81] and JGJ 51 [82], respectively.

2.3.1  Perlite lightweight concrete

Perlite is a siliceous volcanic glass, contains 2-5% water and can be expanded about 4-20
times by transforming chemically bound water to vapour when subjected to heat within its

softening range (above 870 °C). The process of expansion leads to a significant reduction in



unit weight of perlite by the formation of numerous pores within an amorphous sintered mass
[39].

Expanded perlite (EP) is a high porosity aggregate with low density, low thermal
conductivity value and high sound absorption. Expanded perlite is also classified as an
artificial pozzolanic material due to its glassy structure along with a high silicon dioxide
(SiO2) and aluminium oxide (Al203) content [39]. Turkey (43%), Greece (24%), United
States (16%) and Japan (7%) are the leaders in producing perlite in the world. Perlite particles
are mostly used as bricks, plasters, filling materials, and pipes, as well as for agricultural,
medical and chemical purposes. However, perlite is not technically used in concrete yet [83,
84].

A number of experimental and analytical studies have been conducted on the influence of
perlite on physical and mechanical properties of fresh and hardened concrete. It has been
reported (Figure 2. 1) that expanded perlite is a proper artificial aggregate with potential uses
as coarse aggregate to produce lightweight concrete with a density of lower that 800 kg/m?®
[85, 86].

Lightweight and High-density Concretes
| I

Insulating Concrete | Moderate Strength | Structural Concrete

: Concrete |
Sinter - Strand Expanded Clay
or Shale, Pulverized Fuel Ash,
and Expanded Slag
Rotary kiln Expanded
Clay, Shale, and Slate
Scoria —_—
S —
Pumice
p—
Perilite
_—

Vermiculite
—_—

400 600 800 1000 1200 1400 1500 1800 kg/m?

Figure 2. 1. Aggregates to produce insulating concrete [100]

Ozakan et al. [83] have concluded that thermal conductivity (Figure 2. 2a) and unit weight

(Figure 2. 2b) of perlite concrete significantly decreased as expanded perlite replaces natural
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aggregate. In addition, the same trend was observed in terms of compressive strength (Figure
2. 2¢) and elastic modulus (Figure 2. 2d) as the content of expanded perlite is enhanced.
However, the loss of elastic modulus was considerable higher than the loss of compressive
strength [83]. Moreover, increasing the amount of expanded perlite significantly increased
the water absorption (Figure 2. 2e) and sorptivity (Figure 2. 2f).
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Figure 2. 2 Effect of expanded perlite aggregate on; (a) thermal conductivity, (b) unit
weight, (c) compressive strength, (d) modulus of elasticity, (e) water absorption, (f)
capillary coefficient [83].

Gurhan et al. [58] have concluded that expanded perlite is capable of being used as a
lightweight construction material. Additionally, the effect of expanded perlite and

hydroxypropyl methylcellulose (HPMC) on the hydration heat of concrete has been

11



investigated by Su et al. [40]. They have found that expanded perlite causes a significantly

delayed hydration induction period and an acceleration period of cement pastes (Figure 2. 3).
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Figure 2. 3 (a) Hydration exothermic rate and (b) hydration heat amount of expanded
perlite (EXP) modified cement paste [40].

Demirboga and Gl [87] have found that thermal conductivity of concrete is a factor of
porosity and increasing the expanded perlite percentage results in a lower thermal
conductivity value due to the porous structure of perlite (Figure 2. 4). This trend is observed
in another study about the influence of perlite on thermal conductivity [88]. They have found
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that perlite brings down the density and thermal conductivity value of the matrix. In addition,
they concluded that the thermal conductivity of concrete is a factor of lightweight aggregate

content and characteristics of the binder (Figure 2. 5).
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Figure 2. 4 The effect of expanded perlite ratio on thermal conductivity of concrete [87]
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Figure 2. 5 The influence of pumice (PA), perlite (EPA), silica fume (SF) and fly ash (FA)
content on thermal conductivity of concrete; (a) 100% PA, (b) 80% PA+ 20% EPA, (c)
60% PA+ 40% EPA, (d) 40% PA+ 60% EPA [88].

Yu et al. [89] found that the addition of perlite powder significantly improved the high-
freeze-thaw resistance and fire resistance as well as causes an increase in the alkali silica
reaction of the matrix due to the microcrystalline quartz content of perlite, which is mostly
chalcedony. Bekir et al. [84] have reported, that the mechanical properties such as dynamic
elasticity modulus, compressive strength and tensile strength of concrete increased as the
ratio of perlite decreased. Turkmen et al. [90] have found that slump flow is a factor of

viscosity and the addition of silica fume increases the cohesiveness of the matrix due to an
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increase in the number of solid to solid contact points. The addition of expanded perlite
aggregate (EPA) remarkably decreased the unit weight of the matrix mainly due to the fact
that EPA has a lower specific gravity compared with normal aggregate. Moreover, they have
concluded that the capillarity coefficient of concrete depends on curing time, curing
conditions and EPA ratio (Table 2. 1).

Table 2. 1 Effect of expanded perlite aggregate (EPA) and curing conditions on capillarity
coefficient of concrete [90].

Capillarity coefficient
Curing conditions Mixtures Curing time (days)
(%) 28 days | 56days | 90days | 120days | 150 days
(x107%) | (x107%) | (x107%) | (x107%) | (x1079)
CC1 (water) EPAO 0.45 0.79 0.65 0.40 0.15
EPA5 0.51 0.76 0.68 0.63 0.20
EPA10 0.59 0.87 0.64 0.63 0.20
EPA15 0.64 1.13 0.72 0.66 0.21
CC2 (air) EPAO 8.94 7.11 4.26 2.07 0.52
EPAS5 9.25 7.17 2.46 151 0.35
EPA10 10.13 7.38 2.62 1.80 0.42
EPA15 11.71 7.38 2.67 1.96 0.54
CC3 (wet-14 days) EPAO 0.85 0.92 0.84 0.63 0.20
EPAS5 0.90 0.97 0.97 0.65 0.20
EPA10 1.06 1.14 1.33 0.72 0.20
EPA15 1.27 1.20 1.60 0.80 0.20
CC4 (wet sack) EPAO 0.57 0.63 0.90 0.66 0.20
EPA5 0.66 0.62 1.05 0.68 0.19
EPA10 0.71 0.82 111 0.71 0.20
EPA15 0.93 0.88 1.44 0.77 0.20
CC5 (100% RH) EPAO 0.48 0.59 0.72 0.45 0.22
EPA5 0.55 0.78 0.88 0.79 0.23
EPA10 0.56 0.82 1.62 1.04 0.31
EPA15 0.63 1.46 1.74 1.19 0.31
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Kotwica et al. [39] have reported that waste expanded perlite (WEP) significantly decreased
the calcium hydroxide (CH) content and increased the amount of hydration products within

hardened pastes (Figure 2. 6).
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Figure 2. 6 The relationship between calcium hydroxide (CH) content and curing time for
pastes containing 0, 10 and 20 % of ground WEP [39].

2.3.2  Vermiculite lightweight concrete

Vermiculite is widely found in South Africa, United States and China. Vermiculite has a
platy structure, almost similar to mica and can be expanded 8 to 30 times of its original size
when heated rapidly. Temperature and processing time significantly affect the expansion
ratio of vermiculite [21-25, 27, 29]. Vermiculite with its advantages, i.e. very low density
and thermal conductivity, is known as an appropriate material for different applications in
the fields of construction, industry and agriculture. They are insulation concrete, thermal
insulation filler, potting soils, soil conditioners, carrier for fertilizer, insecticides and
herbicides, different livestock applications, seed germination, ammonia filtering in
aquaculture, high-temperature insulation, refractory materials, acoustic panels, fireproofing
of steel structures, fireproofing of pipes, roof screeds and floor screeds [23]. The application
of vermiculite as lightweight aggregate has been studied by several researchers [21-25, 27,
29].
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Fuat et al. [23] have reported that increasing SAE latex-cement (W, /W) and vermiculite-
cement (V, /V.) ratio decreases the water absorption along with fresh and dry bulk density
of mortar. In addition, they have found that the percentage of expanded vermiculite plays a
significant role in flexural and compressive strength of the mixture. A lower compressive
(Figure 2. 7) and flexural (Figure 2. 8) strength is observed with a higher vermiculite volume.
In contrast, the addition of polymer latex improved the flexural strength rather than the
compressive strength. In addition, there is a direct relation between the vermiculite-cement
(V,/V,) ratio, porosity and thermal conductivity as an increase in V,, /V.. ratio results in higher
porosity and lower thermal conductivity due to the porous structure of vermiculite (Figure

2.9).
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Figure 2. 7 Compressive strength of vermiculite concrete with different vermiculite to
cement ratios [23].
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Figure 2. 8 Flexural performance of vermiculite concrete with different vermiculite to
cement ratios [23].
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Figure 2. 9 Thermal conductivity of vermiculite concrete with different vermiculite to
cement ratios [23].

The test results of Silva et al. [91] demonstrated that the pore size and pore distribution is
reasonably different in perlite and vermiculite. They have stated that mortar porosity has a
considerable effect on water absorption and mechanical properties of mortar. This
phenomenon strongly affects the capillary water absorption of mortar as the coarser voids in

the microstructure of perlite mortar cause higher capillarity action while the small pores in
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vermiculite mortars do not assure a continuous capillary network (Figure 2. 10). Moreover,
vermiculite mortar with its smaller pore size needs less water content and exhibited higher
compressive strength along with lower loss of density compared with perlite. In contrast,

perlite mortar showed better shrinkage behaviour.
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Figure 2. 10 Pore size distribution of the hardened mortars with different perlite (P) and
vermiculite (V) content [91].

Koksal et al. [24] have found that increases in the vermiculite-cement ratio of mortar causes
higher flow-ability. However, the addition of silica fume imposes an inverse effect on flow-
ability of mortar due to the high specific surface area of silica fume. In addition, a higher
density is observed when the ratio of silica fume is enhanced at each v/c ratio. Also, it was
observed that there is a relation between vermiculite volume, density and compressive
strength (Figure 2. 11). Mortar with lower vermiculite content presents a higher density and
compressive strength, mainly due to lower porosity. The impact of vermiculite volume and
silica fume on porosity and water absorption shows that vermiculite enhanced the porosity

and in contrast silica fume decreased this value.
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Figure 2. 11 Relations between engineering properties of vermiculite concrete [24].

Schackow et al. [26] have reported that a lower amount of vermiculite, EPS and air-entraining
agent exhibited higher compressive strength and density (Table 2. 2). However, EPS
lightweight concrete shows a higher strength and lower density compared with vermiculite
concrete (Table 2. 3). In addition, they have confirmed that a lower thermal conductivity was
observed in vermiculite lightweight concrete than in EPS concrete and suggested that EPS
and vermiculite lightweight aggregate can be used up to 55% of the matrix volume.
Moreover, data from a study conducted by Adidi et al. [21] show that the impact of perlite
and vermiculite volume on thermal conductivity of a plaster composite material directly
depends on the components ratio. A better thermal insulation is observed in perlite than

vermiculite concrete, mainly because perlite particles have greater porosity (Figure 2. 12).
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Table 2. 2 Mechanical properties of vermiculite lightweight concretes [26].

Factors and levels

Design W/C ratio Slump (S28 days Density Voids index Water absorption
H : 3 o
mixture Volume of vermiculite Air-entraining agent (weight) (mm) (MPa) (gfem?) i) (%)
(% of volume of concrete) (% weight)
Vi1 55 0.5 0.50 110 13.74 £ 0.64 1.29£0.01 4149+1,19 3351+1.69
V2 65 0.5 0.50 33 9.49+1.13 1.18 £0.03 45.02 £4.95 3828 £5.10
V3 55 1.0 0.60 123 14.80+0.32 125£0.02 42.65£2.20 32.03+1.10
V4 65 1.0 0.60 45 6.31£0.35 1.13£0.03 46.21+£1.97 41.12+2.84
Table 2. 3 Mechanical properties of EPS lightweight concretes [26].
Design Factors and levels W/C ratio Slump CS28 days Density Voids index Water
mixture Volume of EPS Air-entraining agent (weight) (mm) (MPa) (g/cm?) (%) absorption (%)
(% of volume of concrete) (% weight)
El 55 0.5 0.76 125 15.55 +0.99 1.25£0.05 36.82+6.8 35.99 £ 4.46
E2 65 05 0.76 108 843+0.74 1.11£0.03 3489+5.8 31.73£3.77
B 55 1.0 1.10 160 11.85+0.77 1.14 £ 0.06 42.04+74 39.10+1.48
E4 65 1.0 1.10 110 7.74+0.78 1.07 £0.05 42514240 39.81£044
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Figure 2. 12 The relationship between thermal conductivity and the rate of lightweight
aggregate added to the matrix; (a) perlite aggregate, (b) vermiculite aggregate [21].

2.3.3  Expanded polystyrene lightweight concrete

A wide range of lightweight concrete densities can be produced by substituting of a certain
ratio of natural aggregate with EPS beads. Research on EPS concrete and EPS aggregate
traces back to 1973 [46-48]. The extremely low density and hydrophobic nature of EPS beads
constrains the application of EPS concrete. In fact, beads tend to float, because of their low
specific weight of 10 — 20kg/m3, when used as lightweight aggregate and cause serious
segregation and poor mix distribution in the matrix. Bonding additives such as epoxy resin
(aqueous dispersions of polyvinyl propionate) [75, 78, 79], water-emulsified epoxies [8], and
chemically treated EPS [7] particles like BST (commercially available in Australia) used to
increase the interfacial bonding strength between beads and matrix. It was reported that
mineral admixtures such as silica fume [44], fly ash [92] and ground granulated blast furnace
slag were used as bonding additives to increase the interfacial bonding strength between
beads and matrix and assisted the dispersion of EPS beads in the cement matrix [93]. A
significant improvement is observed in terms of chemical attack and corrosion characteristics

of concrete when EPS aggregate replaces normal aggregates [92].

Babu et al. [92] reported that the chloride permeability of polystyrene concrete is a factor of
EPS volume as increasing the volume of polystyrene causes lower chloride permeability

values of about 50-65% less (Figure 2. 13). In addition, EPS concrete has a better stability
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against chemical attack which is due to the inert behaviour of EPS aggregate [92]. It has been
confirmed and reported that the compressive strength of expanded polystyrene concrete is
reduced as a certain amount of EPS beads replaces natural aggregates [7, 14, 26, 44, 67, 92,
94-101].
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Figure 2. 13 Chloride permeability of EPS concretes with variation on EPS ratio where NC,
E76, E95, E124, E153, E182 and E220 have the density of 2578, 779, 984, 1304, 1484,
1723 and 2215 kg /m3 [92]

The mechanical properties of chemically treated EPS lightweight concrete have been
investigated by Ravindrarjah et al. [7]. They have concluded that the water-cement ratio of
EPS concrete should be retained as low as possible to obtain the highest compressive
strength. Moreover, EPS concrete exhibited acceptable resistance to chemical attack such as
calcium hydroxide, sodium sulphate and ammonium sulphate solution, and its resistance to
5% hydrochloric acid enhanced as the water-cement ratio decreased. Also, they have found
that a higher compressive strength and tensile strength is obtained with a lower water-cement
ratio. In addition, a higher shrinkage value observed by inclusion of EPS aggregate is mainly
due to the lower resistance of EPS particles, because of their smooth surface and spherical
shape (Figure 2. 14).
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Figure 2. 14 The relationship between drying shrinkage and drying time [7]

Schachow et al. [29] have investigated the differences between mechanical properties of EPS
and vermiculite concrete and concluded that air-entraining agent and lightweight aggregate
volume directly affect the compressive strength and density of concrete. Lower compressive
strength and density is obtained as the volume of EPS and foam is enhanced. This can be
explained by lightweight aggregate having a lower specific unit weight along with close to
zero strength and the air-entraining agent increases the porosity of concrete, which causes a
considerable reduction in the compressive strength of the matrix. Furthermore, vermiculite
concrete shows a lower thermal conductivity value than EPS concrete due to higher porosity
of vermiculite (Table 2. 4). However, EPS concrete has advantages in terms of its water

absorption ratio, which is almost zero, and unit weight, i.e. being lighter than vermiculite.

Table 2. 4 Thermal conductivity of the lightweight concretes containing EPS and
vermiculite concrete [29].

Mixture Volume of lightweight Air-entraining Thermal
aggregate agent conductivity
(% of volume of concrete) (% weight) (W/mK)

V3 55 1.0 0.50

V4 65 1.0 0.34

E3 55 1.0 0.56

E4 65 1.0 0.50
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Chen et al. [102] have indicated that the inclusion of foam substantially enhances the slump
value of EPS concrete because foam reduces the bulk density of the matrix and increases the
volume of the cement paste. In addition, the introduction of foam with its small spherical
bubbles acts as ball bearings in the matrix and reduces the internal friction between particles.
They have also found that an increase in the volume of foam causes a decrease in compressive
strength of concrete (Figure 2. 16). Moreover, they have concluded that thermal and
mechanical properties of EPS foamed concrete are a factor of foam content and EPS volume
(Figure 2. 15).
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Figure 2. 15 The relationship between foam content and thermal conductivity [102]
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Figure 2. 16 Compressive strength of EPS foamed concrete for different densities;
(a) 400kg/m3, (b) 800kg/m?3 [102].
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Madandoust et al. [65] have found that the slump flow enhanced, when the volume of
expanded polystyrene is increased. The slump flow increased as a result of lower internal
friction between cement paste and particles due to the spherical shape, smooth surface and
hydrophobic nature of EPS. The addition of nano-SiO2 decreased the slump flow because
nano-SiOz2 has a higher surface area and promotes the packing of particles. This trend causes
higher internal friction between the particles of the matrix resultant in a lower slump flow

(Figure 2. 17). The influence of nano-SiO2 is reduced as the volume of EPS particles

increased.
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Figure 2. 17 The relationship between slump flow and EPS volume with variation on water-
binder ratio (W/B), nano-SiO,ratio (NS) and Polycarboxylic ether based high range water
reducer (HRWR) [65].
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Kan et al. [14] have concluded that the density of lightweight concrete is more sensitive to
the slump flow value than the water-cement ratio. A higher compressive strength and density
is observed as the cement-EPS ratio is increased. Xu et al. [103] have found that mechanical
properties of EPS lightweight concrete are a factor of EPS volume, water-cement ratio,
cement content and sand content. However, EPS volume and cement/sand content are the
most and least important factor in design of EPS concrete, respectively. The lower degree of
compaction and workability obtained with an increase in EPS volume is mainly due to the
compressible nature and low unit weight of EPS. Compared with normal concrete, the failure
mode of EPS concrete was more gradual. The stress-strain diagram of EPS concrete was
almost the same as normal concrete. However, the length of the elastic segment and the slope

of the stress-stain curve increased as the volume of EPS decreased.

2.3.3.1 Influence of EPS particles on creep and shrinkages of concrete

Ben Sabaa et al. [64] have reported that the inclusion of EPS aggregate results in a
considerable reduction in density, compressive strength, tensile strength and modulus of
elasticity of concrete and significantly increased the drying shrinkage and creep of concrete.
They have concluded that increases in the volume of EPS results in a higher creep value due
to the inability of the low modulus EPS beads to restrain the creep of the cement paste matrix.
Another study on creep and shrinkages of EPS concrete [104] shows that the EPS concrete
has higher shrinkage values in contrast with normal concrete. They have found that increases
in the shrinkage values induce cracking on the surface of concrete, which reduces the life
expectancy of concrete. A reduced water absorption was observed for EPS aggregate due to
its closed cellular structure and hydrophobic nature [105]. The workability of EPS concrete
enhanced as the volume of air content increased. This phenomenon can be attributed to the
fact that air bubbles probably act as a fine aggregate with very low surface friction. Whereas,
increasing the volume of air results in more voids in the concrete mixture and lower strength
[106]. The experimental results from calorimetric tests indicated that the peak temperature
increased with a greater volume of EPS particles. Moreover, they have found that EPS
concrete shows a greater shrinkage than normal concrete due to the negligible elastic module

and the smooth surface of aggregates which results in less resistance to the shrinkage process.
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The differences in shrinkage values at the later age were negligible between normal and EPS

concrete.

Demirboga et al. [70] have found that cement content, cement quality and the degree of
restraint by aggregate is significantly affiliated with the shrinkage value of concrete. The
normal concrete with its hard, dense aggregate exhibits a lower shrinkage as a result of the
cement being restrained by the rigidity of aggregate, while low density aggregate like
modified expanded polystyrene (MEPS) offers lower hindrance to shrinkage of the cement
paste due to the less restraint force. It is worth to note that the ratio of MEPS aggregate
remarkably affects the shrinkage value. They have found that the sample with 100% MEPS
(aggregate volume) exhibits almost 2.35 times greater shrinkage than the sample with 25%
MEPS (Figure 2. 18).
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Mix type  MEPS/NA® (%) (F + CA)/(F+CA®)  Cement (kg)  MEPS (kg) NA* (kg) SPC (kg)  w/c
F CA F CA
c1 50% + 50%/0% 500 108 77 ~ - 25 0.38
c2 25% + 50%/25% + 0% 500 53 75 402 - 25 0.39
c3 0% + 50%/50% + 0% 500 - 74 786 - 25 0.42
ca 50% + 0%/0% + 50% 500 104 - 804 2.5 0.42
cs 25% + 25%/25% + 25% 500 52 37 393 402 25 0.42

c6 25% + 0%/25% + 50% 500 52 - 390 797 25 0.43

2 NA: natural aggregate.
® F + CA: fine and coarse aggregates.
© SP: super plasticizer.

Figure 2. 18 The shrinkage of modified expanded polystyrene (MEPS) aggregate concrete
[70].

Chen et al. [96] have reported the volume and properties of EPS particles significantly affect
the value of shrinkage and an increase in the volume of polystyrene results in a higher
shrinkage value. Compared with normal concrete, concrete containing polystyrene offers
higher shrinkage at the initial stage, while this value was minimal at the later stage. They
have found that an increase in the volume fraction of EPS causes higher strain shrinkage due
to the lower hindrance of EPS beads to the shrinkage of the paste. The degree of restraint by
the aggregate and the volumetric proportion of paste in the mix are considerable factors

affecting the shrinkage of concrete. The higher drying shrinkage strain of EPS concrete of up
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to 1.125¢* indicates a disadvantage of this material compared with normal concrete with a

shrinkage strain of 6.32¢™.

2.3.3.2 Influence of modified EPS (MEPS) on mechanical properties of concrete

In order to increase the mechanical properties of EPS concrete and to eliminate the
segregation problem contributed to the inclusion of EPS particles a modification method was
proposed by researchers [70, 94, 102, 107]. A significant improvement in terms of
mechanical properties was obtained as waste EPS particles were exposed to a temperature of
130°C for 15min [107]. They have indicated that the surface of modified expanded
polystyrene was harder than unmodified particles. The water absorption value of MEPS was
much lower than available lightweight aggregate such as perlite and vermiculite. Kan et al.
[108] have reported that strength of concrete considerably depends on the strength of
aggregate. The near zero strength of EPS particles leads to the lower strength of EPS concrete
contrary to the natural aggregate with higher compressive strength. The workability of
concrete decreased as the MEPS particles replaced natural aggregate because coarse MEPS
introduced a larger number of pores and a lower compaction value. With an identical concrete
density, MEPS concrete shows a 40% higher compressive strength compared with
vermiculite or perlite aggregate concrete and exhibits better freeze-thaw resistance and
thermal insulation (Figure 2. 19 and Figure 2. 20). A higher ultrasonic pulse velocity (UPV)
value is observed for MEPS concrete as the volume of modified polystyrene aggregate is

reduced.
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Figure 2. 19 The relationship between ratio of the dynamic modulus of elasticity (RMDE)
and freezing and thawing [108].

Figure 2. 20 Effect of freezing-thawing on MEPS concrete, C1: 50% fine MEPS + 50%
coarse MEPS aggregate, C2: 25% fine MEPS + 50% coarse MEPS + 25% natural sand, C3:
50% coarse MEPS aggregate + 50% natural sand, C4: 50% fine MEPS and 50% coarse
natural aggregate, C5: 25% fine MEPS + 25% coarse MEPS and 25% natural sand + 25%
coarse natural aggregate, C6: 5% fine MEPS aggregate + 25% natural sand + 50% coarse
natural aggregate [108] .
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Demirboga et al. [70] have investigated the influence of a modification method on thermal
and shrinkage properties of expanded polystyrene concrete. They have found that increasing
the volume of EPS particles leads to a reduction of workability and a harsh matrix was
obtained mainly due to the shape of modified crushed EPS through the melting process and

the lower density of EPS particles (

Table 2. 5).

Table 2. 5 Slump and fresh density of MEPS aggregate concrete [70].

Mix type  MEPS/NA?® (%) (F+CA)/(F+CAP)  Cement (kg)  MEPS (kg) NA? (kg) SPe(kg)  wjc Fresh density (kg/m®)  Slump values (mm)
F CA F CA
Cl 50% + 50%/0% 500 108 77 - - 2.5 038 876 25
Q 25% +50%[25% + 0% 500 53 75 402 - 25 039 1229 30
a 0% + 50%/50% + 0% 500 - 74 786 - 25 042 1572 30
4 50% + 0%/0% + 50% 500 104 - - 804 25 042 1621 30
c5 25% +25%[25% + 25% 500 52 37 393 402 25 042 1596 40
C6 25% + 0%[25% + 50% 500 52 - 390 797 25 043 1956 50

¢ NA: natural aggregate.
b F+CA: fine and coarse aggregates.
© SP: super plasticizer.

2.3.3.3  Influence of polymer additives on mechanical behaviour of EPS concrete

Chen et al. [109] have investigated an addition of styrene-butadiene rubber (SBR) latex
resulting in higher interfacial bonding between EPS beads and cement paste due to a
formation of SBR films in the cement matrix. A higher compressive strength of polymer
modified EPS concrete was achieved with a 5-10% polymer-cement ratio. Whereas, a lower
strength was observed as a higher cement-polymer ratio of 15% was added to the matrix. A
significant improvement in compressive strength was observed with seven days water curing
and twenty-four days dry curing. They have found that the water curing at the initial period
enables the complete hydration of the cement matrix while the solidification of SBR latex
takes place during dry curing in the later stage, as SBR latex is an aqueous polymer dispersion
preferring dehydration and solidification under a dry condition. The dry curing condition
reveals a low compressive strength as a result of insufficient strength development of the
cement matrix. Dry treatment, i.e. the specimens were put into an oven for 24h at 80°C before
testing, significantly increased the compressive and flexural strength of the polymer-

modified EPS concrete as a results of the fact that dry treatment is the proper method for the
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solidification of SBR latex. They have also found that increasing the amount of SBR latex

was an effective way for an improvement in the strength of EPS concrete (Figure 2. 21).
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Figure 2. 21 The relationship between compressive strength and polymer-cement ratio; (a)
effect of drying treatment, (b) effect of curing conditions (7W21D (7 days water cured + 21
days air dried), 1D3W24D (1 day air cured + 3 days water cured + 24 days air cured),
14W14D (14 days water cured + 14 air cured day)) [109].

2.3.3.4 Influence of EPS aggregate size on mechanical properties of concrete

Researchers agreed that the compressive strength of concrete was increased with a smaller
size EPS aggregate and concluded that the stress distribution within the matrix significantly
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relies on the aggregate’s elastic modulus and EPS particle size [98, 100]. Le Roy et al. [110]
reported that the use of a larger EPS size contributed to decreased compressive strength of
concrete (Figure 2. 22). They have confirmed that the rupture mechanism of EPS concrete is
different from normal aggregate and this was attributed to the low modulus of elasticity of
EPS beads and the fact that a stress concentration occurs in the vicinity of the aggregate.
Daneti et al. [111] have investigated the relationship between aggregate size, compressive
strength and moisture migration characteristics of concrete containing un-expanded
polystyrene (UEPS). The compressive strength of concrete was decreased with an increase
in UEPS particle size. It was also observed that the inclusion of UEPS aggregate results in a
sudden and brittle failure. Compared with UEPS concrete, it is interesting to note that EPS
concrete was more capable of retaining the load after failure without full fragmentation.
Furthermore, the interfacial bonding strength between the polystyrene particles and the
matrix was much higher in EPS particles than UEPS particles. It is worth to note that most
of EPS aggregates sheared off along the failure plan while no damage was observed in UEPS
aggregates. Miled et al. [99, 100] have concluded that the impact of aggregate size on the

elastic modulus of concrete was minimal.
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Figure 2. 22 Effect of EPS aggregate size on compressive strength of concrete [110]

2.3.3.5 Influence of fibrous additives on mechanical properties of EPS concrete

Chen et al. [93] found significant improvements in the mechanical properties of EPS concrete

when steel fibres were used as an additive in the matrix. The drying shrinkage and
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compressive strength of EPS concrete was reduced in the presence of steel fibres. Chen et al.
[96] have reported that a considerable improvement in terms of interfacial bond, workability
and ductility was obtained by replacing a certain amount of steel with polypropylene (PP)
fibres. This phenomenon can be attributed to the formation of a network structure within the
matrix which eliminates the sedimentation of EPS particles [112]. In addition, the fibres
strangely affect the slump flow rather than the slump because of a holding effect of fibres
and a reduction of surface bleeding of concrete. A higher compressive strength was obtained
when a combination of steel and PP fibres was introduced to the matrix. The benefits of waste
carpet polypropylene (WCPP) have been studied by Sadrmomtazi et al. [44]. The influence
of WCPP fibres was more apparent in the tensile strength rather than the compressive
strength and a minor development of greater toughness of concrete was observed with the

inclusion of PP fibres (Figure 2. 23).
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Figure 2. 23 Load-displacement behaviour of EPS concrete containing WCPP fibre [44].

Bing et al. [112] carried out an investigation of the influence of PP fibres on the drying
shrinkage of EPS concrete. It was found that the inclusion of steel fibres, silica fumes (SF)
and fly ash caused an improvement in mechanical properties of EPS concrete [8, 66, 93].
Ferrandiz-Mas et al. [113] have explored the influence of paper sludge ash and polystyrene
aggregate on mechanical and thermal properties of lightweight mortar. The thermal
conductivity (TC) of lightweight mortar was significantly decreased as paper sludge ash
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(PSA) and EPS was used (Figure 2. 24). Furthermore, the application of ground EPS leads
to a higher reduction of compressive strength rather than EPS powder and control mortars
(Figure 2. 25).

Control
mortars

EPS powdered
1.0 4

EPS ground
0.8

0.6

Thermal conductivity (W/m-K)

0.4 1

0.2 4
0.0 - .
C P PA 0 10 20 30 40 50 60 70 80 0 10 20 30 40 50
% PSA
Sample ID  Cement (wjw%) Paper sludge ash EPS sand (v/v%) Binder/sand ratio  Water/binder ratio
cement (w/w)

Control mortar (0% EPS, 0% PSA) C 100 0 0 033 0.60

Control mortar (0% EPS, 20% PSA) P 80 20 0 033 060

Control mortar (0% EPS, 20% PSA, 0.8A/0.1R/0.85/6V)  PA 80 20 0 033 060

EPS ground (0.4A/0.1R/0.55/6 V) 80PSA 100 0 60 033 0.60
gI0PSA 90 10 60 033 060
S20PSA 80 20 60 033 060
230PSA 70 30 60 033 075
240PSA 60 40 60 033 1.00
850PSA 50 50 60 033 120
g60PSA 40 60 60 033 120
870PSA 30 70 60 033 120
g80PSA 20 80 60 033 130

EPS powdered (0.8A/0.1R/0.85/6 V) POPSA 100 0 60 033 060
pIOPSA 20 10 60 033 0.60
P20PSA 80 20 60 033 060
p3OPSA 70 30 60 033 075
PAOPSA 60 40 60 033 1.00
PSOPSA 50 50 60 033 120

Note: EPS in addition of sand.

A= air-entraining agent (BASF Rheomix 934).

R = water retaining additive (Hydroxypropyl methylcellulose TER CELL HPMC 15 MS PF).
S = superplastizicer (BASF Rheomix GT 205 MA).

V = dispersible polymer (VINNAPAS 5028E).

Figure 2. 24 The influence of paper sludge ash (PSA) addition on thermal conductivity of
concrete [113].
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Figure 2. 25 The influence of paper sludge ash (PSA) addition on compressive strength of
concrete [113].

2.3.3.6  Influence of fly ash on mechanical behaviour of EPS concrete

Compressive strength of lightweight concrete is a factor of aggregate strength. Partial
replacement of natural aggregate with polystyrene aggregate causes a considerable reduction
of compressive strength, unit weight and E-modulus of concrete. Moreover, the drying
shrinkage and creep value of concrete was enhanced in the presence of EPS aggregate [66,
106, 114]. The inclusion of fly ash (FA) causes a continuing gain in compressive strength up
to 90 days. However, a lower early compressive strength was obtained through the presence
of FA, due to the slow pozzolanic reactivity of fly ash. Several studies have indicated that
the inclusion of FA causes a higher workability and eliminates the segregation of fresh EPS
concrete. However, Herki et al. [115] have concluded and reported that an increase in FA
volume results in lower workability due to the higher amount of carbon content in fly ash,
which demands for more mixing water. They have reported that the addition of FA as a partial
replacement of Portland cement resulted in a lower absorption value, better chemical
resistance and lower corrosion rate. A significant improvement in binding capacity, pore
structure and impermeability of concrete was obtained as fly ash replaced 50% of cement
content. A decrease in compressive strength was observed (Figure 2. 26) with a higher
amount of EPS and fly ash due to the surface area of very fine particles leading to weakening
of the interfacial zone between the aggregate and the cement paste. A similar study on
mechanical properties of EPS concrete containing fly ash has been done by Badu et al. [66].
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They have found that the hydrophobic nature of EPS can be compensated by using fly ash as

a bonding additive.
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Figure 2. 26 Effect of EPS volume on compressive strength of concrete containing 50% FA
- 50% cement [115].

2.3.3.7 Influence of silica fume and rice husk ash on mechanical behaviour of EPS
concrete

Several researchers have studied the effectiveness of silica fume (SF) on mechanical
properties of expanded polystyrene concrete [8, 44, 112]. The findings revealed that the
inclusion of SF resulted in an improved absorption value and reduced flow value [112]. The
strength of concrete appears to decrease with an increase in the volume of EPS. Sadrmomtazi
et al. [44] also carried out a study on partially replacing Portland cement with SF in EPS
concrete. It was reported that the increase in replacement ratio results in an improvement in
terms of strength increment rate at the initial ages of concrete. The interfacial bond strength
between EPS aggregate and cement paste and compressive strength increase with the
inclusion of SF. The inclusion of silica fume imposes the inverse effect on compressive
strength as the volume of EPS reached up to the 60%. Furthermore, a higher electrical
resistivity level was observed in samples containing larger EPS volumes. This trend was
much stronger in samples made by silica fume and rice husk ash compared to normal concrete
(Figure 2. 27).
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Figure 2. 27 Effects of EPS beads ratio and binder on electrical resistivity of concrete [44].

Sadrmomtazi et al. [44] have found that the water absorption value of polystyrene concrete
was increased as a higher volume of EPS replaced normal aggregate (Table 2. 6). They have
concluded that the higher amount of micro-cracks between the elements of the matrix and
hydrophobicity of EPS spheres resulted in higher porosity and water absorption. In addition,
a significant increment rate in terms of water absorption and porosity of concrete was

obtained when PP fibres are used (Figure 2. 28).

Table 2. 6 Effect of fibre, EPS percentage and binder on water absorption ratio of concrete

[44].
Description Fiber percentage EPS percentage
0 10 25 40 55
Ordinary portland cement-EPS concrete 0 4.87 5.64 6.79 87 11.05
0.1 4.92 5.65 6.77 8.78 11.14
03 5.03 5.68 6.83 8.83 11.16
05 5.21 5.78 6.92 8.85 1131
1 532 5.86 6.96 8.89 1145
Average 5.07 5.722 6.854 8.81 11222
Silica fume contained-EPS concrete 0 427 6.14 6.14 8.55 1043
0.1 431 6.15 6.2 8.59 10.59
03 435 6 6.25 8.67 1051
05 442 6.6 6.38 8.7 10.68
1 4.49 6.83 6.49 873 1081
Average 4368 6.344 6.292 8.648 10.604
Rice husk ash contained-EPS concrete 0 6.95 7.98 87 11.76 116
0.1 7.16 8.21 8.81 11.68 11.81
03 7.35 8.29 8.79 11.81 118
05 7.62 8.39 8.92 11.92 1191
1 7.64 8.46 921 11.92 1212
Average 7.344 8.266 8.886 11.818 11.848
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Figure 2. 28 Effect of EPS percentage on water absorption ratio of concrete; PC: Portland
cement contained EPS concrete, SF: Silica fume contained EPS concrete, and RHA: Rice
husk ash contained [44].

Sadrmomtazi et al. [44] have used rice husk ash (RHA) as partial cement replacement in EPS
concrete and reported a considerable reduction of compressive strength due to the slow
pozzolanic activity of RHA. However, this variation was minimal at the later stage of
hardening as the differences between compressive strength of EPS and RHA EPS concrete
were minor. The flexural strength of polystyrene concrete is decreased with an increase in
EPS and rice husk ash (RHA) volume. The mechanical, durability and porosity characteristic
of polystyrene concrete was improved by the incorporation of silica fume, while RHA
imposes an inverse effect. In addition, the electrical resistivity of concrete was increased in
the presence of SF and RHA.

2.3.4 Foamed concrete

Foamed concrete can be produced by a pre-foaming method or mixed foaming method [116].
Mortar or cement paste foamed concrete (air-entraining concrete) is categorised as
lightweight concrete due to the existence of larger amounts of homogeneous air-voids inside
the matrix through a suitable foaming agent. This method causes high flow-ability, lower
unit weight, minimal consumption of aggregate and reduced thermal conductivity. The
factors such as foam agent specification, foam preparation method, material characteristics,

mix design method, foam concrete production and its performance in fresh and hardened

38



state are significantly important for the design of foamed concrete [117]. Increasing the early
strength of foamed concrete along with a reduction in setting time is obtained by using
calcium sulfoaluminate cement [118], high alumina cement [118], and rapid hardening
Portland cement [119]. Substitution of fly ash (30-70%) [119, 120] with ground granulated
blast furnace slag (10-50%) [121] significantly reduces the hydration heat, cost and increases
the consistency of the mixture, whereas silica fume of up to 10% substantially improves the
strength of foamed concrete [122]. The density and unit weight of foamed concrete was
reduced by the addition of lime [123], oil palm shell [120], fly ash [124, 125], chalk [126],
crushed concrete [126], silica fume [127], expanded polystyrene [67, 102], Lytag fines,
foundry sand [128] and quarry finer [128] as fine aggregate.

Proportioning and preparation of foamed concrete needs special consideration as a lower
water content causes the bubbles to break along with a stiff mixture, while segregation of
bubbles occurs with a higher water content [129]. ASTM C 796-97 [130] and ACI 523-1975
[131] provide a method for calculation of foamed volume with known water-cement ratio
and density, while Kearsely and Mostert [124] proposed an equation based on mixture
composition for estimating the foam volume and cement content. The mechanical properties
of foamed concrete and its behaviour are directly influenced by the water-cement ratio, sand-
cement ratio, type of foaming agent, water content, cement content, foam volume, ingredients
characteristics, mixing method, curing method, pore formation method and void diameter
[117, 129, 132-137]. The compressive strength of foamed concrete enhances with an increase
in density of the concrete and is decreased with increasing the diameter of voids. Thus, the
strength of foamed concrete mainly depends on (a) water-cement ratio and (b) air-cement

ratio.

Kearsley and Mostert [138] proposed a mix deign method for foamed concrete containing
high volumes of fly ash. They have concluded that the required water content can be obtained
by using a flow table test (Figure 2. 29) and found that the compressive strength of foamed
concrete is a factor of concrete density, while the influence of cement and fly ash content on
strength development of foamed concrete was minimal. Furthermore, the effect of void
content appears to counteract the influence of the water-cement ratio on compressive strength
of concrete (Eq. 2.1 and Eq. 2.2).
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Figure 2. 29 The required water content for cement and fly ash [138].

Hilal et al. [132] investigated the influence of different additives on the strength development

and microstructure of foamed concrete by a variation of air-void size and shape parameters.

They have found that the additives lead to an increase in void numbers and foam strength as

a result of the formation of smaller void sizes and the prevention of air-voids merging. In

addition, the application of superplasticizer improves the air structure when combined with

additives. Chen and Liu [102] investigated the influence of foam content on mechanical and

thermal properties of EPS concrete. They have found that an adequate amount of foam

content leads to a significant improvement on workability and reduces the floating problem

of EPS aggregate (Figure 2. 30). Furthermore, the replacement of EPS beads with foam
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causes an increase in mechanical properties of foamed concrete. They have suggested that
the optimum foam content is about 10-15% of total volume. Also, the EPS foam concrete
exhibited a ductile behaviour and higher energy absorption capacity compared to normal
concrete. Regarding thermal properties, a significant reduction in thermal conductivity of

concrete was observed with the incorporation of foam and EPS aggregate (Figure 2. 31).
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Figure 2. 30 The effect of foam content on workability of foamed concrete [102].
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Figure 2. 31 The effect of foam content on thermal conductivity of foamed concrete [102].

Zhihua et al. [137] studied the preparation and characterisation of ultra-lightweight foamed
concrete at the density ranges of 150-300 kg/m3. They have found that a significant
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improvement in mechanical properties of concrete was obtained using the appropriate
amount of polycarboxylate superplasticiser and ultrafine blast furnace slag powder (Table 2.
7). The surface dusting phenomenon of ultra-lightweight foamed concrete was controlled by
using polypropylene (PP) fibres and styrene-acrylate emulsion. The application of organic
silicone waterproofing agent and styrene-acrylate emulsion leads to a noticeable

improvement in water resistance of foamed concrete.

Table 2. 7 The mechanical and thermal properties of ultra-lightweight foamed concrete
[137].

No. Target density kg/m> Compressive strength (MPa) Thermal conductivity (W/mK), at 28 d age Water absorption (%), at 28 d age

3d 7d 28d

300 0.66 091 1.10 0071 6.6
250 0.57 078 095 0.062 70
200 045 0.63 0.78 0057 16
150 033 0.46 0.57 0050 8.3

Bow o —

The effect of a high volume fly ash content on mechanical properties of foamed concrete was
studied by Kearsley and Wainwright [119]. They have concluded that the density of concrete
is a critical factor that affects the compressive strength of foamed concrete after 28 days and
1 year, and the influence of fly ash content and its replacement ratio with cement was
minimal. Also, it was found that the replacement of cement with a high percentages of fly
ash has a minor effect on the long-term compressive strength of foamed concrete. In another
study, Kearsley and Wainwright [133] investigated the relationship between foamed concrete
porosity and compressive strength (Figure 2. 32). They also developed mathematical models
to describe the correlation between porosity and strength development of foamed concrete.
It was found that the compressive strength of foamed concrete is a factor of concrete porosity
and its ages. Kearsley and Wainwright [120] have also reported that the porosity of foamed
concrete mainly depends on dry density and the influence of the fly ash type and the content
was insignificant. The water absorption of foamed concrete is about twice that of cement
paste concrete with the same water-cement ratio (Figure 2. 33), and the impact of an air
entraining agent was minimal. They found that the water absorption ratio of concrete was
increased with an increase in concrete porosity and foam content. In addition, they have

found that the water vapour permeability enhanced with an increase in concrete porosity and
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the same trend was observed as the ash/cement ratio increased. However, the significance of

the ash/cement ratio and concrete porosity on vapour permeability of foamed concrete was

more notable in low density foamed concrete (Figure 2. 34).
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Figure 2. 32 The relationship between compressive strength and dry density [133].
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2.4

24.1

Application of lightweight concrete (LWC)

LWC as filler of composite structural assemblies (CSAS)

Composites structural assemblies (CSAs) consist of a settable filler such as lightweight

concrete embedded in light gauge steel components which are mostly used as roof and wall

panels [139, 140]. The performance of CSA panels significantly depends on the thickness of

components and mechanical properties of infill materials [140]. A higher tensile capacity was

observed in embedded elements with a larger thickness due to the bearing and interlocking

action of components [139]. Moreover, it was found that the parameters such as elastic and

inelastic length of embedded elements, the locking area in the elastic and inelastic zone,

locking patterns of integrated components and compressive strength of infill materials

directly affect the bond properties of embedded strips (Figure 2. 35) [139, 140].
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Figure 2. 35 Load-displacement behaviour of concrete with densities of (a) 800kg/m3, (b)
1000kg/m3, (c) 1200 kg/m3 [139, 140].

The interaction between the components of a matrix significantly relies on their bond
strength. The degree of bond strength between the components of a composite matrix is
attributed to a wide range of factors [141]. The literature contains many investigations about
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rebars embedded into concrete. The bond mechanisms of a composite matrix and its strength
depend on the magnitude of shear stress generated by chemical adhesion, friction and
mechanical interlocking between the embedded rebar and the matrix [142, 143]. The resisting
force associated with chemical adhesion breaks down at very small displacements between
the embedded bar and the surrounding concrete of 0.48-1.03 MPa compressive strength
[144]. The surface friction, which is up to 35% of the resisting force [145, 146], and
mechanical interlocking between ribs and adjacent concrete keys are the main factors
contributing to the resisting force [146]. Thus, the bond strength of a composite matrix is
initially caused by the mechanical interlocking between the ribs and the concrete keys. At
the ultimate stage, slippage occurs as shear cracks propagate at the interface zone of concrete
and ribs as a result of a large bearing stress around the ribs [147]. It has been confirmed that
the concrete strength [185-189], steel strength, concrete cover thickness [148, 149],
transverse reinforcement, bar spacing [150], bar size [142], bar features (Figure 2. 36) [150-
152], yield strength of embedded bar [141], bar casting position [153], confinement [154]
and elastic and inelastic segment length [142, 143] substantially affect the magnitude of the

bond strength.
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Figure 2. 36 Load - slip curves for test bars with (a) rib height of 0.05 in, (b) rib height of
0.10 in [152].

The mechanical characteristics of concrete affect the magnitude of bond stress as the
development of micro cracks and transferring the shear force between the components of the
matrix are attributed to the tensile stresses of concrete [148]. Moreover, increasing the
compressive strength of concrete results in higher bond stress developed over the length of a
spliced bar and affects the modes of bond failure [149]. Several equations are proposed by
researchers to estimate bond stress at yield and ultimate stage [145, 155]. The bond stress
over the length of an embedded bar for concrete with a compressive strength lower than 55

MPa is the square root of its compressive strength (f‘i/ 2) [145], whereas the bond stress for

1/4
C

unconfined and confined concrete with a compressive strength higher than 55 MPa is
and f‘i/ * respectively [155, 156]. The thickness of concrete significantly affects the bond
stress due to the fact that a higher thickness is resulting in a higher confinement pressure

[142].

The effects of embedded bar geometry [150], rib bearing area [157, 158], and rib face angle
[156] have been studied by several researchers [150, 159]. The features of an embedded bar
rib and its interlocking mechanism considerably affect the bond strength as a result of the
significance of the mechanical interlocking on the bond strength [152, 158]. Test results show

that a reduction in rib face angle results in lower bond strength along with less concrete

47



crushing at the interface of the steel bar and surrounding concrete [150]. Confinement is a
significant technique to enhance the bond strength of an embedded bar [143]. Other
researchers show that increasing confinement pressure and controlling the spread of splitting
cracks by transvers reinforcement [8], spiral reinforcement [155, 160], shear bolts [143],
aluminium tube [161], steel pipe [143, 155, 160, 162], square hollow section, and fibre
reinforced polymer (FRP) [142] significantly enhance the bond strength of an embedded bar

and change the modes of failure.

Splitting and pull-out failure are two modes of bond failure [145]. The mode of failure
changes from pull-out to splitting failure when the concrete cover and bar spacing is
inadequate, i.e. insufficient confinement. In this case, cracks tend to propagate under the
radial component of the rib bearing forces parallel to the embedded bar resulting in early
bond failure [145]. The load-slip relation of concrete is an important factor in the design of
concrete structures and the understanding of the mechanism of bond and its parameters are
significant. Pull-out, beam-end, beam anchorage and splice test are four types of standard
tests for estimating the bond behaviour between the components of a composite matrix. The
pull-out test is useful in assessing the load-slip relationship of reinforcing bars, however this
method only applies a tensile load and does not reflect the state of stress in a composite matrix
in use. In a recent study, Sayadi et al. [139, 140] proposed a bond stress-slip model for
embedded galvanised strips in foamed concrete and concluded that the compressive strength
of foamed concrete, pattern configuration of embedded strip and strips thickness are the main

factors that affect the failure modes and tensile capacity.

2.4.2  LWC as bracing components of cold formed members

The demand for lightweight and cost-effective structures is increasing rapidly. Cold-formed
steel (CFS) elements are one form of fast and efficient construction methods. The research
of cold-formed structures tracks back to the middle of the 20th century [163]. Up to now, a
number of experiments have been done to assess the stability behaviour of cold-formed
members under different load conditions and to support standardized formulae [163-168].
The AISI S100-07 [169], AS/NZS 4600 [170] and EC-EN 1993-1-3 [171] are design codes
for CFS elements in the USA, Australia/New Zealand, and Europe, respectively. The cold-

formed steel members are used as main load-bearing structures in residential and commercial
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construction [168]. Self-drilling screws join the sheathing and CSF members at connection
points. The research of the influence of braced cold-formed members shows that failure
modes changed from global to local deformation (Figure 2. 37) and led to a significant

increase in load carrying capacity of CFS members (Table 2. 8) [164, 165].

(a) (b)
Figure 2. 37 Failure modes of cold formed column; (a) unbraced sample, (b) braced sample
(filled with EPS concrete)

Table 2. 8 Effect of polystyrene aggregate concrete (PAC) bracing on ultimate load
capacity of a cold formed column.

specimen type Number of specimens Ultimate load [kN] Increment [%)

Unbraced - 0 Braced - A Braced - X Braced - A Braced - X
(90-10-300 3312 2734 3893 4026 2 47
(90-10-600 323 2734 37.80 3744 38 37
(90-10-2000 333 17.76 3444 33.57 94 89

# Numbers correspond to specimens without PAC mixture, with mixture A, and mixture X, respectively.

Hegyi and Dunai [164] have reported that filling the steel core of CFS members with
polystyrene aggregate concrete (PAC) increases the load carrying capacity and changes their
failure mode (Figure 2. 38). They also showed that the primary beneficial influence of the
infill material was its bracing action. The research on U-section CFS members reveals that
local phenomena were the main failure modes and found that the influence of sheathing on
the local buckling of the web was insignificant but causes an increase of 80% in load capacity

49



as a result of its impact on overall buckling [172]. In addition, they have found the increment

rate is a factor of the specimens' properties.
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Figure 2. 38 Effect of PAC bracing on load carrying capacity of a cold-formed beam where
1200-15-2300-0-001 and 1200-15-2300-WM-001 are the control and sample with bracing
component [164].

The shear performance of enclosed panels was studied by Pan and Shan [173]. They have
reported that the influence of the infill material on the structural behaviour of the panel was
notable and affects the structural stiffness. In addition, they observed a 46% greater stiffness

in samples filled with orientated strand board (OSB) compared to gypsum board.

2.5  Application of Poly-lactic Acid

In recent years, the research on improvements of PLA has progressed considerably, while no
literature has been published on application of poly-lactic acid as lightweight aggregate.
Poly-lactic acid (PLA) is categorized as a biodegradable polymer and known as the most
popular bio-degradable polymer among the other polymers. PLA was discovered in the 1800s
when Pelouze condensed lactic acid through a distillation process of water to form low-
molecular-weight PLA. However, the purification cost of the proposed method to produce a

high purity PLA was not viable at a larger scale. Many efforts have been done to form a cost
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effective PLA. Generally, PLA can be obtained from the fermentation of dextrose by

bacteria, where dextrose is derived from plant starch.

Various types of renewable bio-polymers such as Polycaprolactone (PCL), Polyglycolic acid
(PGA), Polyhydroxylvalerate (PHBV), Polydioxanone (PDO) and cellulose acetate are
commercially available. Petroleum-derived poly vinyl alcohol or PVOH and microorganism-
derived poly-lactic acid (PLA) are two types of biodegradable polymers. However, the
petroleum-derived polymers are categorized as non-environmental friendly polymers
because of the emission of greenhouse gases associated with the production and degradation
process. The production cost of a petroleum-derived polymer mainly depends on the
fluctuation of crude oil prices. The production process of microorganism-derived polymers
Is based on bio-activity of bacteria to transfer agricultural sources into starting products for
polymerization [49, 50]. From all the available bio-polymers, poly-lactic acid (PLA) is one
of the widely available and more cost-competitive bio-plastics which is progressively
preferred as an alternative for current petrochemical polymers like polyethylene,
polypropylene and polystyrene. Preliminary tests by Forest Research Scion, an expanded
poly-lactic acid (EPLA) manufacturer in New Zealand, proved that the thermal and
mechanical properties of EPLA are comparable with EPS and it can be considered as a good

substitution for a petroleum polymer [51-53].

2.6 Research questions

For the past several decades, the incorporation of expanded polystyrene as a lightweight
aggregate has been extensively studied due to its interesting mechanical and thermal
properties, while no information is available on the performance of concrete containing a
bio-polymer. In this work, expanded poly-lactic acid is applied as a substitution for a
petrochemical polymer and as a basis for a comprehensive study on the perfromance of EPLA
concrete. From the description of the state of the art of lightweight concretes in the literature

review the following research questions are created:
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Is it possible to replace EPS with a more environmentally friendly aggregate in
lightweight concrete?

What are the properties and characteristics of a lightweight concrete containing a
biopolymer aggregate?

What is the optimum mixture of materials for a stable and reproducible ultra-
lightweight concrete with the inclusion of EPLA beads and a target density of 200 to
300 kg/m3?

What are quantifiable potential advantages of the developed material in terms of
mechanical and thermal behaviour such as fire and thermal insulation compared with
existing ultra-lightweight concretes?

What kind of modifications are required to increase the stability of EPLA beads in
the alkaline environment of cement? What are the optimum process conditions for
such a material?

What kind of modifications at the interface of sandwich panels are required to
increase the bond strength between embedded components and ultra-lightweight

concrete?

52



CHAPTER 3
EXPERIMENTAL PROGRAM

3.1 Introduction

This chapter presents the raw materials used to produce concrete at different stages of
experiments along with test preparations and experimental methods. In addition, a new
method is proposed for the mix design of ultra-lightweight aggregate concrete. The detailed
mix design compositions will be described as experimental procedures of each chapter. The
combination of materials such as Portland cement, magnesium oxide (MgO), calcium oxide
(Ca0), and ammonium dihydrogen phosphate are used as binder in this study. Also, five
types of lightweight aggregate, i.e. expanded perlite (EP), expanded vermiculite (EV),
expanded polystyrene (EPS), expanded poly-lactic acid (EPLA) and coated expanded poly-
lactic acid (CEPLA) are used as aggregates. The concrete samples are prepared in seven
groups of foamed concrete, EPLA-vermiculite concrete, EPLA-perlite concrete, EPS-perlite
concrete, EPLA-perlite magnesium phosphate concrete and CEPLA-perlite concrete. The
chapter also describes the common test methodologies and equipment employed in the
experimental program to investigate mechanical properties, thermal properties, electrical

properties, fire resistance, bond properties, flexural performance and phase analysis.

3.2 Raw Materials

3.2.1  Binder materials

3.2.1.1  Ordinary Portland cement (OPC)
The ordinary Portland cement used throughout this study was EverSure type GP complying
with the requirement of the New Zealand standard NZS3122:2009 [174] and having 3, 7 and
28-days compressive strengths of 34.1, 45.0 and 62.8 MPa, respectively. The relative density

and specific surface area of cement were 3.11 and 340 m? /kg. The atomic concentration and

chemical composition of Portland cement are presented in Figure 3. 1 and Table 3. 2.
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Figure 3. 1 The atomic concentration of ordinary Portland cement (OPC).

3.2.1.2  Calcium oxide (CaO)

A fine calcium oxide powder with specific gravity and loose bulk density of 3.25 g/ml and
920 kg/m?3 supplied by Omya UK is used as activator for ground granulated blast-furnace

slag in this study. The fineness of calcium oxide and chemical composition are presented in

Table 3. 1 and Table 3. 2.

Table 3. 1 The fineness of calcium oxide (CaO)

Fineness (%)

Calcium oxide
(Ca0)

> 250um

> 180um

> 125um

> 45um

95.5

0.5

0.5

0.8
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3.2.1.3

Magnesium oxide

A commercial magnesium oxide with a purity of 95% is used as activator for GGBS and

ammonium dihydrogen phosphate. The magnesium oxide had a specific gravity of

3.65 kg /m3. The chemical composition of magnesium oxide is presented in Table 3. 2.

Table 3. 2 Chemical composition of OPC, MgO and CaO

Chemical Composition (%)

OPC MgO CaO

Sio, 22.8 1.73 0.5
Al, 05 4.2 0.16 -

Fe,03 2.3 0.81 0.5

Cao 64.8 1.63 95.5

MgO 1.0 95.5 0.8
Na,0 0.19 - -
K,0 0.49 - -
SO; 0.42 - -
P,0, - 0.17 -
LOI 3.1 - -

3.2.14

Ground granulated blast-furnace slag (GGBS)

Ground Granulated Blast Furnace Slag (Slag Powder) with a specific gravity and fineness
specific surface of 2.90 and 453 m? /kg is used in this study. The GGBS had an initial and
final setting time of 312 and 385 min. The GGBS was supplied from EnGro Co. of South

Korea. The chemical composition of GGBS is presented in Table 3. 3.

Table 3. 3 Chemical composition of GGBS

Chemical composition (%0)

Ca0O

Si0,

Al,0,

F8203

S

Mgo

MnO

GGBS

30-50

30-40

7-17

0.1-1.8

0-2.0

2-14

0-1.0
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3.2.1.5  Ammonium dihydrogen phosphate

Ammonium dihydrogen phosphate (NH,H,PO,) with a specific gravity of 1.87 kg/m3 is
used to react with magnesium oxide (MgO) and to provide an acid-based reaction.

3.2.1.6 Borax

Sodium tetraborate decahydrate with the commercial name of Glitz Green Borax is used as

retarder for magnesium phosphate cement.

3.2.2  Aggregates

3.2.2.1  Expanded poly-lactic acid

An expanded poly-lactic acid (EPLA) beads with a bulk density of 19 kg/m3 and an average
diameter of 5.5 mm was used as coarse aggregate (Figure 3. 2). The EPLA beads were

obtained from Forest Research Scion, a crown research institute in New Zealand.

3.2.2.2  Expanded polystyrene

As shown in Figure 3. 2, a commercially available polystyrene beads with an average
diameter and bulk density of 6.5 mm and 10.0 kg/m3 were used as lightweight aggregate for

foamed concrete and perlite/vermiculite concrete, respectively.

Figure 3. 2 Polymer aggregate; (a) Expanded polystyrene (EPS) with relative density of
10 kg/m3; (b) Expanded poly-lactic acid (EPLA) with relative density of 19 kg/m3.
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3.2.2.3  Expanded perlite (EP)

A commercially available expanded perlite C400 with a nominal size, relative density, and

water absorption ratio of 0 - 4 mm, 121 kg/m?3, and 2.23, supplied by INPRO, New Zealand

was used as fine aggregate throughout this study. An ultrafine expanded perlite with the
commercial name of F100 with a nominal size of 0-1mm is used as a coating material for

EPLA. The atomic concentration and chemical composition of expanded perlite (C400) are

presented in Figure 3. 3 and Table 3. 4, respectively.

kim - 11 - Na

144 Counts

Atom %
C @] Na Al Si K Ca Fe
Expanded perlite 198 | 49.78 | 2.20 | 6.03 | 36.54 | 2.68 0.10 0.68

Figure 3. 3 EDS analysis of expanded perlite (EP).

3.2.2.4  Expanded vermiculite (EV)

Expanded vermiculite (Grade 2) with nominal size, specific gravity and water absorption
ratio of 1- 4mm, 94.5 kg/m3 and 3.64 is used as a fine aggregate. The expanded vermiculite
was supplied by INPRO, New Zealand. The atomic concentration and chemical composition

of expanded vermiculite is presented in Table 3. 4 and Figure 3. 4. Table 3.4 also contains

the atomic concentration of the expanded perlite.
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Table 3. 4 Chemical composition of expanded perlite and expanded vermiculite

Chemical Composite (%0)

Sio0,

Al,0;

Fe203

CaO

MgO

Nazo

TiO,

Expanded Perlite

74.0

14.0

1.0

1.3

0.3

3.0

0.1

Expanded Vermiculite

42.3

11.9

10.2

6.6

23.4

0.2

0.8

Atom %

Mg

Na

Al

Si

K

Ca

Fe

Ti

Expanded Vermiculite

56.54

16.67

0.13

4.68

17.69

0.0

0.0

1.84

0.42

Figure 3. 4 EDS analysis of expanded vermiculite (EV)

3.2.2.5 Coated EPLA

Coated EPLA (CEPLA) is manually produced by coating of EPLA with a combination of X-

200 paint and Limelock paint from Resene, New Zealand, as well as expanded perlite (F100).

The specific gravity of coated EPLA was in the range of 210-220 kg/m3 (Figure 3. 5).
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3.2.3  Chemical agents

3.2.3.1  Superplasticizer

Superplasticizer (Sikament HE200) with a dosage of 5 ml per kg of binder was used to

increase the workability of concrete.

3.2.3.2  Air-entraining agent

An air-entraining agent (water-soluble liquid based on a synthetic chemical blend) with a
specific gravity of 1.01 kg/L was used to secure good compaction, prevent the segregation,
eliminate the shrinkage of vermiculite and perlite aggregate and increase the workability of
concrete. The air-entraining agent (AE) was supplied by Sika NZ with a commercial name
of Sika Air Mix.

3.2.3.3 Foam agent

In order to provide stable foam for lightweight foamed concrete, a high performance foaming
agent (Quick-Foam) along with a specific viscosifier (QUICK-GEL) from Baroid IDP were
used as the main components of the foam. The mix proportion of water, foaming agent and

viscosifier is shown in Table 3. 5.

Table 3. 5 Mix proportion of preformed aqueous foam.

Water QUICK-GEL QUICK-FOAM Foaming
(Litres) Viscosifier (kg) agent (% by volume)
Mud-Mist Foam 1000 30 0.3-1.0

3.2.3.4 Limelock

A limelock paint with the commercial name of Resene Limelock from Resene New Zealand
is used to eliminate the chemical reactivity of EPLA beads with free lime in the cementitious
substance. The Limelock paint was used as the first coating layer of CEPLA aggregate. The

physical properties of Limelock is presented in Table 3. 6.
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3.2.3.5 Resene X-200

Acrylic weathertight membrane paint is used as an anti-carbonate paint in this study. The X-
200 paint is applied as second layers of coating materials for CEPLA aggregate. The X-200

is supplied by Resene New Zealand. The physical properties of X-200 paint is presented in
Table 3. 6.

Table 3. 6 Physical properties of Limelock and X-200

Physical properties
Limelock X-200
Vehicle type 100% acrylic Pure acrylic
Pigmentation Titanium dioxide T;;znilijt:? edri;)r(]i]%?{::ri::;?l
Solvent water water
Dry time 30 min at 18°C 1 hour at 18°C
Absorption resistance Very good Very good
Chemical resistance Good Very good
Heat resistance Thermoplastic Thermoplastic
Solvent resistance Good Good
Durability Excellent Excellent
3.2.4  Steel

3.24.1 Galvanized steel

Hot-dip galvanized strips (G250) with a thickness of 0.75mm were prepared from
GALVSTEEL produced by New Zealand Steel with a yield, fy and ultimate, fu strength of
250 MPa and 320 MPa, respectively.
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3.2.4.2  Cold-formed profile

A hot-dip zinc-coated steel (G550) rolled into C-sections was used with a thickness of
0.75mm and a yield and tensile strength of 577 MPa and 642 MPa, respectively. Framecad

Ltd., New Zealand, supplied the steel profiles.

3.3  Experimental test methods

3.3.1  Workability

The characteristics and consistency of fresh concrete is determined by the slump test as per
ASTM C143/C143M [175]. This test utilises a frustum shaped mould with the base diameter,
top diameter and height of 100 mm, 200 mm and 305 mm, respectively. The mould is filled
with fresh concrete and compacted at three layers of equal volume with a tamping rod. Based
on ASTM C143, it is called true slump when concrete remains intact and holds a symmetric
shape (Figure 3. 6). Although, a slump value of 50-75 mm is suggested for lightweight
concrete, a slump range of 200-220 mm is adopted for this study based on visual observations

and trial tests to obtain acceptable compaction and workability. In addition, no segregation

was observed at this range of slump values for the proposed concretes.
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Figure 3. 6 Slump test, (a) true, (b) zero, (c) collapse, (d) shear
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3.3.2  Density

The density of concrete is determined as per ASTM C567 [176] with a 100x200 mm
(diameter x height) standard cylinders. The densities of samples are measured in fresh and
air-dried conditions.

3.3.3  Compressive strength

The compressive strength tests were carried out on 100x200 mm (diameter x height) standard
cylinders as per ASTM C495 [177]. The Instron® with 100 kN capacity is used. The
compressive strength of concrete samples were measured in displacement control mode with
a constant crosshead speed of 0.05 mm/min. The cylinders were demoulded and then cured
with designated curing methods and ages. Also, the strain-stress curved is used to determine

the elastic modulus of concrete.

3.3.4  Tensile strength

Splitting tensile strength tests were done as per ASTM C496 [178] on 100x200 mm (diameter
X height) standard cylinders. The splitting tensile strength test includes applying load to
induce transverse tension. Two stiff parallel plates are positioned and distribute the
compressive stress perpendicular to the cylinder diameter. The applied stress causes tensile
stress along the vertical plane. It worth to note that the same crosshead speed is used (1.0
mm/min) to evaluate the tensile capacity of concrete. The splitting tensile stress is calculated
using the following equations (Eq. 3.1).

f, =22 (3.1)

Where, P is the applied load (N), D is the sample diameter (mm), L is the length of sample

(mm).
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3.3.5  Thermal conductivity

Prisms of 200 x 200 x 40 mm were cast for thermal conductivity tests and an Anacon TCA-
8 thermal conductivity analyser was used for k-factor measurements. The specimens were
contacted by a cold and a hot plate with a diameter of 10 cm, which are kept at temperatures
of 37 °C and 10 °C, respectively. The TCA-8 automatically measures the thickness of the
sample and combines the reading with the heat-flow measurement to yield a direct digital
readout of thermal conductivity [179]. Further samples were prepared with a prism size of
70x20x20 mm for studying the thermal conductivity with a Mathis Instruments TC-30 tester.

3.3.6  Electrical resistivity

The electrical resistivity of concrete was measured using a compact wireless device, Giatec
SmartBox as per AASHTO TP 95-11 [180] (Figure 3. 7). The parameters such as electrical
resistivity and exothermic reaction were measured. The following procedure was followed

to determine the shape factor (K) and electrical resistivity.

1) A standard cylinder of 100x200 mm is filled with a standard solution of known
electrical conductivity (o)

2) The standard cylinder is then inserted into the SmartBox and the resistance is
measured (Ry).

3) The shape factor can be calculated by the following equation (Eq. 3.2).

_Rs

Os

K (3.2)

Where, o, is the electrical conductivity of the standard solution, Ry is measured resistance
by SmartBox.

4) At the second stage, the standard cylinder was filled with the investigated concrete
and the resistance of concrete was measured (R¢).

5) The electrical resistivity can be determined by dividing the investigated concrete
resistance (R¢) by the obtained shape factor (K) as described in following equation
(Eq. 3.3).

o =2 (3.3)
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Figure 3. 7 Giatec SmartBox

3.3.7  Phase analysis

A powder X-ray Diffraction System (XRD) was used to reveal the crystalline phases of the
hardened cement paste. A powder XRD pattern was collected for each sample using a
PANalytical’s Empyrean Powder X-ray diffractometer equipped with a Cu anode X-ray tube
using mono-chromatid Cu Ka X-rays at operating voltage and current of 45kV/40mA. All
XRD data were collected from 2theta = 10°~80° with a step size of 0.0131° [181]. A Hitachi
SU-70 Scanning Electron Microscope (SEM) was used to study the microstructure of the
hydrated cement-paste materials. In order to stop the hydration process of concrete at
different stages of curing, the samples were immersed in acetone for 3 days followed by a

vacuum oven for 1 day at a temperature of 35° C [182].

3.3.8  Fire resistance test

Cone calorimeter tests were performed to assess the fire reaction properties of the proposed
concretes as per ASTM E1354 [183]. A square (100 x 100 mm) concrete sample with a
thickness of 10 mm was exposed to a 50 kW/m? heat flux using a cone calorimeter from
FTT, East Grinstead, UK.
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3.3.9  Pull-out test

Galvanized steel strips are positioned in the middle of specimens and embedded 50 mm into
concrete. Due to the narrow thickness of steel strips and eccentricity of loads that cause a
bending of the galvanized strips, the conventional pull-out test method is not suitable for
testing these steel strips [179]. Thus, a testing mechanism was designed that would eliminate
the influence of undesirable effects of either bending and/or twisting the steel strips during
tests. The test were therefore conducted with a universal testing machine equipped with a
testing rig and a freely adjustable ball-joint. Moreover, four M10 bolts were embedded and
fixed to a plate at the bottom of the foamed concrete sample to hold the specimens and to
avoid any eccentricity through loading. The applied load and displacements were measured
and recorded until the extraction of the steel strip. The configuration of the test setup is shown

in Figure 3. 8.
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Figure 3. 8 Pull-out test configuration

3.3.10 Beam test

A quasi-static bending tests was conducted to evaluate the flexural performance of the
proposed concretes. An Instron machine with 100 KN capacity is used at a load ratio of
0.05 mm/min. The total length of the beams was 1000 mm for all samples with a constant
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moment region length of 300 mm. The schematic test setup of the quasi-static bending is
shown in Figure 3. 9. The two load transferring points were placed at a distance of 300 mm
and 600 mm from the support to provide a constant moment region between the applied point
loads. The side surface of the beams at the middle span was equipped with two strain gauges.
The strain gauges were mounted longitudinally (S.G.x) and tangentially (S.G.y). A linear
variable differential transformer (LVDT) was used to assess the beam deflection at mid-span.
The load was applied at a displacement rate of 0.1 mm/s until it reached the maximum load
carrying capacity and experienced the unloading stage where excessive deformation took

place (Figure 3. 9).
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Figure 3. 9 Beam test setup

3.3.11 Beam test

The samples were dried and ground into powder form for pH measurements and then 2 g of
powdered samples were dissolved in 10 g of distilled water. After an hour of mixing, the
solids were filtered through vacuum and the pH was measured by using a Horiba pH meter

with an accuracy of £0.01.
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3.4  Proposed mix design method

3.4.1  Mix design and mix proportion

Mix design of ultra-lightweight concrete is more complicated than normal concrete as it
mostly depends on characteristics of lightweight aggregate and its absorption value. The
variation of the degree of water absorption is the most significant difficulty of a lightweight
concrete mix design due to the complexity of measuring saturated and surface-dry bulk
specific gravity of lightweight aggregate [184]. There exists no specific mix design for the
mix proportions of ultra-lightweight concrete. However, ACI 211.2 [185] provides design
charts and tables for lightweight concrete based on the volumetric and weight method, but
the provided guideline is limited to a compressive strength of 20.7 MPa which is much higher
than mechanical properties of ultra-lightweight concrete. The factors such as density, cement
content and water-cement ratio substantially affect the mechanical properties of ultra-
lightweight concrete. For this reasons, a mix design procedure and set of equations are
proposed to estimate the proper water-cement ratio and cement content by knowing the
required density of concrete [22]. It is worth to note that the provided equations are only valid
for perlite and vermiculite concrete and have not been applied to other lightweight concretes.
The following equations are dirived based on a mathematical model by considering relevant
parameters [22, 186].

3.4.2  Selection of approximate water-cement ratio (w/c)

The water-cement ratio is the most important factor of concrete in both fresh and hardened
states. Also, this ratio directly affects the rheology, mechanical properties, permeability and
durability of concrete. This mix design equation for a required water-cement ratio is designed

based on the target density of lightweight concrete (Eq. 3.4 and Eq. 3.5).

Perlite Concrete:

=a

o=

0.76 0.0001y
=" (3.4)
0.0001y.y%-5

Vermiculite concrete:
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_ 0.77y0-0001y

=a=
0.0001y.y%5

% + 0.25WA, (3.5)
Where y is density of concrete (kg/m3), a is water-cement ratio, WA, is water absorption

ratio of vermiculite aggregate.

3.4.3 Required cement content

The cement content of lightweight concrete directly affects the density and mechanical
properties of concrete. The following equation (Eg. 3.6) has been developed to estimate the
required cement content by knowing the target density and water-cement ratio (Eq. 3.4 and
Eqg. 3.5). It is worth to note that K is a constant value of 117 and 211 for perlite and

vermiculite concree, respectively.

Yy0.5 Ka(?)05
@) a(

1000 = C+

RD..RDy RDy

C + 10aVy 36)

1
y = y1oa C + aC + RD, Vx

Where vy is density of concrete (kg/m3), a is water-cement ratio, C is cement content
(kg/m3), RD is relative density of cement, RDy is relative density of perlite / vermiculite

aggregate , V,, is perlite / vermiculite aggregate volume (m?).

The accuracy of the proposed equations and guideline is compared with a provided mix
design proportion of a local company in New Zealand, INPRO. The proposed equations are
designed based on the parameters concrete density, cement content, the relative density of

cement and relative density of perlite (Table 3. 7).
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Table 3. 7 Comparing the mix design of INPRO and proposed equation

Provided mix design (INPRO Co.)

Proposed Equation

Density
(kg/m?3) WIC Cenz;e{r;t/ iingr;tent W/C Cenz;e{r;t/ C;Jgr;tent
576 0.79 376 0.79 376
488 0.96 301 0.95 300.5
432 1.07 252 1.10 252
352 1.43 188 1.42 189

3.4.4  Examples of mix design procedure of perlite and vermiculite concrete

Based on mix trial tests of mix compositions of perlite and vermiculite concrete, the optimum
density with relatively adequate cement content was observed in a mix proportion with a
density of 432 kg/m?3 as no segregation with perfect compaction was obtained at this amount
of cement content. The following mix design procedures are examples of mix designs with a

relative density of 432 kg/m3 .

Example 1: Ultra-lightweight perlite concrete is required to have a specific density of
432kg/m3, so to determine the required water-cement ratio, cement content, perlite content

and water content the following steps needs to be done.

Step 1: Determination of water-cement ratio

Target density = 432 kg/m3

From Eqgn. (3.1) wi/c is obtained as:

w 0.76y0:0001y

a

c 0.0001y.y%>

0.76(432)0'0001(432) _

:a:

ols

The obtained water cement ratio is the summation of effective water-cement ratio and

0.0001(432).(432)05

required water content for saturating the perlite aggregate at a slump value of 220 mm.
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Step 2: Determination of cement content

From Eqn. (3.3) cement content is obtained as:
Where,

RD, = 0.135 (Relative density of perlite aggregate)
RD. = 3.11 (Relative density of cement)

a
Ka(® 0.5
al®

Y¥~0.5
Q)
2 C+
RD¢.RDp RDp

1000 = C + 10aV,

1
y =y1a C+ aC+ RD,V,

DO 117(1.1)(;55)°

432
(3.11)%(0.135) o13e — CtT (10*1.1%Vy)

1

432 = 4321011 C+ 1.1C+ 0.135V,,
C=251.86 ~ 252.0

1000 =

Step 3: Determination of water content

Where, %z 1.1 and C = 252.0 kg/m?3

The required water content is w = 277.2 kg/m3

Step 4: Determination of perlite content
The perlite content is equal to the density of the perlite aggregate, 135 kg/m3.
The resulting mix proportions of perlite concrete with a relative density of 423 kg/m3

arepresented in Table 3. 8.

Table 3. 8 Summary of mix design proportions of perlite concrete

Mix proportion (kg/m3)

Target Cement Water Perlite
density content content content
Perlite concrete 432.0 252.0 2775 135.0
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Example 2: Ultra-lightweight vermiculite concrete is also required to have a specific density
of 432 kg/m3. To determine the required water-cement ratio, cement content, vermiculite

content and water content the following steps needs to be done.

Step 1: Determination of water-cement ratio
From Eqn. (3.2) w/c is obtained as:
Target density = 432kg/m3

w 0.77y0-0001y
—=a=_——""—712-+025WA

c a 0.0001y.y%> r

w o _ 0_77(432)0.0001(432) _
<A 0.0001(432).(432)0-5 + 0.25(3.64) = 2.02

The obtained water cement ratio is the summation of effective water-cement ratio and

required water content for saturating the vermiculite aggregate at the slump value of 220 mm.

Step 2: Determination of cement content

From Eqn. (3.3) cement content is obtained as:

Where,

RD, = 0.0945 (Relative density of vermiculite aggregate)
RD, = 3.11 (Relative density of cement)

2y0.5
(%)0.5 Ka(_

Y
morp, C . C + 10aV,

1000 =

1
y = y1a C+ aC + RD,V,

432 2.02
Go"? 211(2.02)(3;)%

432
(311)%(0.0945) o095 T (10%2.02xVy)

1
432 = 43210202 C+ 2.02C + 0.0945V,,
C=252.13~252.0

1000 =

Step 3: Determination of water content of perlite concrete

Where, “—CV: 2.02 and C = 252.0 kg/m?3

The required water content is w = 509.0 kg/m3
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Step 4: Determination of vermiculite content
The vermiculite content is equal to the density of vermiculite aggregate, 94.5 kg/m3.
The resulting mix proportions of vermiculite concrete with relative density of 423 kg/m?3 are

presented in Table 3. 9.

Table 3. 9 Summary of mix design proportions of vermiculite concrete

Mix proportion (kg/m?)

Target Cement Water Perlite
density content content content
Vermiculite concrete 432.0 252.0 509.0 94.5
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CHAPTER 4
VERMICULITE CONCRETE CONTAINING EPLA

4.1 Introduction

This chapter is about the possibility of producing ultra-lightweight concrete by using a bio-
polymer aggregate. Expanded poly-lactic acid and expanded vermiculite are added as
aggregate to produce a biopolymer concrete. In total, five concrete mixtures are designed
with varying EPLA and EV contents. The cement content and effective water-cement ratio
are kept constant. The EV aggregate was replaced with 20%, 40%, 60% and 80% EPLA
aggregate. Three types of curing conditions were used. The mechanical properties, thermal
properties as well as electrical properties of biopolymer concrete were assessed and analysed.
The microstructure of the concrete was assessed after 28-days and one year. It was found
that the properties of EPLA concrete are mainly influenced by the volume of EPLA and the
curing conditions. The chemical reactivity of EPLA significantly changes the hydration
products of concrete and causes concrete carbonation as well as the conversion of hydration
products to more calcium carbonate. However, in the long-term investigation after a year
more calcium silicate hydrate (C-S-H) gel was found. Furthermore, EPLA aggregates shrunk

and lost their strength in the alkaline environment of cement.

4.2  Experimental program

4.2.1  Mix proportions and procedure

Five mixes with varying EV/EPLA ratio were prepared based on the proposed equations 3.5
and 3.6. The mix design was targeted to attain a density of 500 kg/m?3for the sample with
100% vermiculite (V1). The sample with 100% vermiculite is used as a reference for EPLA-
vermiculite concrete, and in other mixtures, vermiculite was partially substituted with EPLA
aggregate at 20% (V2), 40% (V3), 60% (V4) and 80% (V5) by volume. The effective water-
cement ratio is kept at 0.45 (Eq. 3.5) and the cement content is fixed at 323.5 kg/m3 (Eq.

3.6). The EPLA and cement were blended in a rotary mixer for about 1 min. Before adding
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water, an appropriate amount of air entraining agent was mixed with the required amount of
water and then 70% of the mixed water (water + air entraining agent) were added to the
cement-EPLA mixture and mixed for 3 min. The vermiculite aggregate was slowly added to
the mixture followed by the remaining water for 2 min, due to the sensitivity of vermiculite
aggregate to the mixing processes and to avoid the compaction of vermiculite aggregate
during mixing, which causes a higher density. The mix proportions of the proposed concrete
are shown in Table 4. 1.

Table 4. 1 Mix proportions of vermiculite and vermiculite-EPLA concrete.

Mix proportion (kg/m?3)

Mix EV/EPLA EV EPLA
No. | w/c ratio C W EV Vol. EPLA Vol.

(Vol.) (m?) (m?)
V1 | 045 - 3235 | 557.1 113.1 1 0 0
V2 | 045 4 3235 | 474.8 90.5 0.8 8.7 0.2
V3 | 045 15 3235 | 3925 67.8 0.6 17.4 04
V4 | 045 0.67 3235 | 310.2 45.2 0.4 26.2 0.6
V5 | 045 0.25 3235 | 227.8 22.6 0.2 34.9 0.8

C: cement, W: water, w/c: effective water-cement ratio, EV: expanded vermiculite.

4.2.2  Curing regimes

In order to assess the influence of curing conditions on mechanical properties of EPLA-
vermiculite concrete, the samples were cured under three different curing conditions. The

following is a brief explanation of the different curing regimes:

(@) Air drying curing (ADC): The specimens were kept in the laboratory environment with a
temperature of 20 + 2 © C after demoulding for a period of 28 days and 56 days.

(b) Water curing (WC): The specimens were immersed in tap water for the whole curing
period (28 days and 56 days) at a temperature of 20 + 2° C.

(c) Fog curing (FC): the specimens were kept in a fog room for a period of 28 days and 56
days.
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4.2.3  Test method

The density and compressive strength tests were carried out on 100x200 mm (diameter x
height) standard cylinders as per ASTM C567 [176] and ASTM C495 [177], respectively.
The cylinders were demoulded and then cured according to the mentioned curing methods
and times. A Hitachi SU-70 scanning electron microscope (SEM) was used to investigate the
microstructure of raw materials and the hydrated cement-paste materials. A powder X-ray
diffraction system was used to reveal the crystalline structure of the hardened cement paste.
The electrical resistivity of concrete was measured with a compact wireless device, Giatec
SmartBox as per AASHTO TP 95-11 [180]. Prisms of 200x200x40 mm size were used for
studying the thermal conductivity of EPLA-vermiculite concrete. The thermal conductivity
value of concrete was assessed and analyzed with an Anacon TCA-8 thermal conductivity
analyzer. The readings were taken after 24 h, 3 days, 7 days, 14 days and 28 days. The
proposed samples were immersed in water at room temperature for 1 hour, 24 hours and 72
hours. The water absorption was calculated with the following equation (Eq. 4.1). It is worth
to note that the average results of three specimens were considered to evaluate the

engineering properties of proposed concrete.

mg—My

W, = 100 [4.1]

My

Where, W, is the water absorption ratio (%), my is the dry mass (g), m,, is the wet mass (g).

4.3  Results and discussion

4.3.1 Density

Table 4. 2 shows the test results for the fresh, demoulded and air dried densities of all mixes.
The fresh and air dried densities of concrete varied from 808.50 to 532.5 kg/m3 and 512.8
to 414.5 kg/m3, respectively. The highest density was observed in the sample with 100%
vermiculite aggregate. The decrease in air dried density of samples with an EV/EPLA ratio
0f4.0,1.5,0.67 and 0.25 was 3.4, 11.0, 15.8 and 19.7%, respectively. This could be attributed
to the lower relative density of EPLA, which is 43.5 kg/m3 compared to 94.5 kg/m3 for
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EV. However, an increase in EV/EPLA ratio results in a significant reduction in workability
and degree of compaction of concrete due to an increase in surface area caused by the EPLA
aggregate. In addition, the differences between demoulded and air dried density of concrete
decreased as the volume of EPLA increased mainly due to the hydrophobic nature of EPLA
aggregate. These differences were 208.67, 191.0, 124.43, 106.93 and 89.24 kg/m?3 for
samples containing 0, 20, 40, 60 and 80% EPLA, respectively. The dry density of vermiculite
and EPLA vermiculite concrete can be obtained by the following equations 4.2 and 4.3.

e = —1.402Vpya + 521.92 [4.2]

va = —3.5716Vp4 + 795.16 [4.3]

Where, . is fresh density of concrete (kg/m?), 4 is dry density of concrete (kg/m?3), Vp;,

is poly-lactic acid volume (m3).

Table 4. 2 The fresh and air dried density (ADC) of vermiculite and EPLA-vermiculite

concrete.
Mix No Density (kg/m3)
Fresh Demoulded ADC
V1 808.50 721.52 512.85
V2 720.65 689.21 498.22
V3 631.52 583.56 459.13
V4 578.34 541.43 434.50
V5 532.50 503.75 41451

As shown in Figure 4. 1, the density of concrete can be decreased by substituting vermiculite
with EPLA beads. Thus, the application of a polymer aggregate can be a solution to decrease
the absorption ratio of concrete containing a high absorbent aggregate such as vermiculite or
perlite aggregate. Furthermore, the application of a bio-polymer as an eco-friendly aggregate

can be counted as another advantage of using polymer aggregate in the construction industry.
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These types of concrete mostly are used as infill materials for metalcraft insulated panel
systems. Such a reduction in density of concrete causes a considerable decrease in overall

weight of a structure and stresses generated in structural elements during static and seismic

loads.
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Figure 4. 1 The relationship between density and expanded poly-lactic acid content.

4.3.2  Compressive strength and failure modes

Table 4. 3 shows the compressive strength of the proposed vermiculite concrete under
different curing conditions and replacement of EV with EPLA. The curing of concrete plays
a significant role in the performance and strength development of concrete. ACI [187] has
suggested that the concrete should be kept in a moist environment for at least the first seven
days. The experimental results show that the changes of curing conditions caused an inverse
effect on compressive strength of EPLA concrete and a significant reduction in its strength.
This change in strength development can be attributed to the alkaline reactivity of bio-
polymer aggregate with alkaline components of cement.

The air cured samples show a higher compressive strength compared to the corresponding
water and fog cured samples after 28 and 56 days. Compared with air-cured samples (28

days) the compressive strength of samples with an EV/EPLA ratio of 4.0, 1.5, 0.67 and 0.25
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was decreased by 10%, 12%, 22% and 25% along with 16%, 15%, 31% and 34% for sample
cured in fog and water condition, respectively. However, the continued moist curing causes
a gradual increase in strength development of mix V1. The strength increased 4% and 7%
as the fog and water curing is applied. The highest and lowest compressive strength is
observed in samples V1 and V5 with the 28 days (water cure) corresponding strength of
0.92MPa and 0.28MPa, respectively. This phenomenon can be attributed to the fact that the
penetration of fresh cement into the open pores of vermiculite aggregate resulted in a higher
interfacial bond between the components of the matrix. Whereas, the weaker bond interface
between EPLA beads and matrix was observed due to alkaline reactivity and shrinkage of
EPLA beads (Figure 4. 2).

200um

Figure 4. 2 Bond failure at interfacial transition zone (1TZ) of EPLA-vermiculite concrete.

In fact, all EPLA beads shrank and disappeared when water cured and a thick layer of
efflorescence occurred on the surface of concrete due to the formation of calcium carbonate
(Figure 4. 3). In general, the calcium hydroxide (Ca(OH),) formed in the hydration reaction
of cement, transported by water to the surface through capillaries in the concrete and
combines with carbon dioxide of air to produce calcium carbonate and water. The chemical
reactivity of EPLA beads with alkaline components of cement such as Ca, K and Na results

in concrete carbonation.
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Figure 4. 3 Reaction of EPLA particles when subjected to the alkaline environment of
cement; (a) dissolution of EPLA particles, b) carbonation of EPLA concrete
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Thus, for the same EPLA to vermiculite ratio, it can be concluded that factors such as EPLA
degradation in the alkaline environment of cement and a weak interfacial zone of EPLA due
to alkaline reactivity were the main source of sudden reduction in compressive strength. In
other words, the existence of large voids due to shrinkage of EPLA aggregate and conversion
of hydration products to more calcium carbonate results in the concrete crushing at a much

lower stress. The rate of reduction in strength development was a factor of the EPLA ratio.

Table 4. 3 Effect of curing conditions on compressive and tensile strength of proposed

concrete
Compressive strength (MPa) Tensile Strength (MPa)
AC FC wC AC FC | WC

Specimen

28- 56- 28- 56- 28- 56- 28- | 28- 28-
days | days | days | days | days | days | days | days | days
V1 0.86 | 092 | 090 | 1.05 | 0.92 1.11 | 0.28 | 0.29 | 0.29
V2 0.79 | 083 | 0.71 | 0.76 | 0.66 0.69 | 0.24 | 0.17 | 0.15
V3 0.63 | 066 | 0.55 | 0.57 | 0.53 056 | 015 | 0.13 | 0.11
V4 0.61 | 063 | 047 | 046 | 042 045 | 0.14 | 0.11 | 0.10
V5 044 | 045 | 033 | 0.39 | 028 | 0.35 | 0.11 | 0.09 | 0.08
*AC: Air Cured, FC: Fog Cured, WC: Water Cured

The compressive strength of lightweight concrete mostly depends on aggregate
characteristics and interfacial bond strength between aggregate and paste. Also, the
interfacial zone between the aggregate and the paste significantly affects the stress-strain
response of concrete under a uniaxial compression load. The micro-cracks are initially
starting to propagate at the interfacial zone, which causes an increment in strain rate rather
than applied stress. This resulted in a discontinuity of the interconnected network of matrix
and aggregate, and thus a failure of the matrix. However, compared with normal concrete,
the failure modes of lightweight concrete are considerably different due to the porous
structure of lightweight aggregate. In fact, the compressive strength of normal concrete is a
factor of aggregate strength, while lightweight aggregate concrete mostly depends on the
strength of cement and the interfacial zone of the matrix. In the case of polymer aggregate

such as EPLA, the hydrophobic surface of aggregate and higher compressibility of
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biopolymer aggregate causes a lower interfacial bond strength and acceleration of bond
failure at the interfacial transition zone (ITZ) of concrete.

The fracture process of samples containing EPLA aggregate was completely different to the
control specimen (V1). A sudden and brittle behavior was observed in control specimens
(Figure 4. 4a). The cracks generate and propagate along the length of concrete cylinders while
the inclusion of EPLA changed the failure modes of concrete. The cracks had enlarged and
spread on the top of the concrete cylinders due to the absence of resisting components and
de-bonding of EPLA (Figure 4. 4b-e). However, the interfacial bond between EPLA and the
matrix was zero due to the shrinkage and alkali reactivity of EPLA beads during the hydration
process. The debonding of EPLA causes concrete crushing at a much lower stress without
visible failure at the other part of the concrete cylinder. The cracks increased and were
propagated through the width for samples cured in water (Figure 4. 4d). For instance, a
sudden crushing of the top section was observed in the sample with 60% EPLA (V4) and

cured in water (Figure 4. 4e).

() (e)

Figure 4. 4 Failure modes of concrete; (a) V1 (ADC), (b) V2 (ADC), (c) V3 (ADC), (d) V4
(ADC), (e) V4 (WC)
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4.3.3  Splitting tensile strength

The splitting tensile strength of the proposed concrete mixes is presented in Table 4. 3. The
tensile strength is a standard to assess the susceptibility to cracking of concrete. The tensile
strength after 28 days of the proposed concrete under different curing conditions of ADC,
FC and WC varied from 0.28-0.11 MPa, 0.29-0.09 MPa and 0.29-0.08 MPa, respectively.
An improvement in tensile strength of control specimens was observed as the curing method
was changed from air curing to moist curing, while this trend shows an inverse effect for
concrete containing EPLA aggregate. The highest tensile strength was observed in mix V1
(100% vermiculite) when cured in a moist condition. In the case of the air cured sample, a
range of 14-60% reduction in tensile strength was observed for concrete containing EPLA
beads compared with mix V1. Also, the tensile strength decreased about 72% in a sample
with an EV/EPLA ratio of 0.25 cured in water. This change in strength development can be
attributed to the alkaline reactivity of EPLA. In the case of water cured samples and
comparison with mix V1, the reduction in tensile strength of mix V2, V3, V4 and V5 was
48%, 62%, 65% and 72%, respectively. It was observed that the tensile strength of the control
specimen was increased by about 3% as the sample cured in a moist condition. The splitting
tensile strength of the proposed concrete is lower than a structural lightweight concrete grade,
which should be greater than 2.0 MPa, based on ASTM [188] . This type of concrete can be
categorized as ultra-lightweight concrete for a non-structural component and mostly as filler
for an insulating layer. The following equations are showing the relationship between

compressive strength and tensile strength of the proposed concretes (Eq. 4.4 — 4.6).

Fra= —051f . + 0.87 [4.4]
flof = —0.69f s + 0.868 [4.5]
Fow= —0.76f,, + 0.866 [4.6]

Where, ., is compressive strength — ADC (MPa), f";, is tensile strength — ADC (MPa),
f ¢r is compressive strength — FC (MPa), f*,, is tensile strength — FC (MPa), compressive
strength (MPa), f" ., is compressive strength - WC (MPa), f", is tensile strength — WC
(MPa).
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4.3.4  Thermal conductivity

The variation of thermal conductivity (TC) of vermiculite concrete containing a different
ratio of EPLA replacement is shown in Table 4. 4 and Figure 4. 5. The parameters such as
concrete temperature, moisture content, mineralogical characteristics of aggregate and
density are influencing the TC value of concrete [70]. The thermal conductivity of
lightweight concrete is about half the one of normal concrete due to the porous structure of
lightweight aggregate [189]. However, a further reduction can be obtained with an increase
in concrete porosity by using an air-entraining agent [190]. The proposed lightweight
concrete with different EPLA to vermiculite ratios showed about 26 to 30 times smaller TC
values compared with normal concrete containing quartzite aggregate (about 3.5 W/mK).
The highest and lowest value of TC was obtained for samples with 0% (0.1375 W/mK) and
20% (0.1170 W/mK) EPLA, respectively. However, the TC value was increased with an
increase in EPLA replacement ratio. For 20%, 40%, 60% and 80% EPLA replacement, the
declines in TC value were 14.9%, 8.4%, 4.6% and 2.2%, respectively, compared with the
corresponding control sample (V1). The results show that the maximum reduction was
observed at the lowest EPLA replacement (V2).

As shown in the Figure 4. 5a, inclusion of EPLA aggregate imposes an inverse effect on
thermal conductivity (TC) of concrete as the thermal conductivity was increased with an
increase in the ratio of EPLA aggregate. This reduction is relatively high for concrete
containing 20% PLA. For a greater EPLA replacement a significant increase in TC was
observed due to changes in mineralogical characteristics of the matrix. As the thermal
conductivity of vermiculite concrete containing 40% EPLA (V3), 60% EPLA (V4) and 80%
EPLA (V5) was 7.7%, 12% and14% higher than samples containing 20% EPLA (V2). The
TC values of the proposed concretes varied from 0.117 to 0.137 W/mK for specimens with
20% EPLA (V2) and 0% EPLA (V1), respectively. In addition, it was found that the TC
value of vermiculite-EPLA concrete is proportional to EPLA content rather than concrete
density (Figure 4. 5b). These unexpected changes in TC value can be attributed to the alkaline
reactivity of EPLA. Concrete carbonation causes a decrease in concrete porosity, pore
distribution, deterioration and changes in the microstructure of concrete [191]. In fact, the
carbonation products such as calcium carbonate and silica gels occupy a bigger molar volume

compared with calcium hydroxide and calcium silicate hydrate [192].
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Figure 4. 5 Thermal conductivity of EPLA-vermiculite concrete; (a) effect of EPLA ratio,

(b) effect of concrete density.

Various researchers indicate that TC of concrete is a factor of its density [193]. However, the
thermal conductivity of ultra-lightweight concrete containing polymer products is a factor of
lightweight aggregate characteristics and its density along with concrete density. The

following equation (Eq. 4.7) is developed with the parameters concrete density, vermiculite
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density, vermiculite ratio, the relative density of EPLA and EPLA ratio to predict the thermal
conductivity of ultra-lightweight concrete. The results from the experimental investigation

and the proposed equation are compared with the ACI equation (Eg. 4.8).

Table 4. 4 Thermal conductivity of vermiculite concrete containing PLA aggregate

] Thermal Conductivity (W/m.K)
_ Density i
Specimen Experimental Proposed )
(kg/m3) . ACI equation
results Equation
V1 512.85 0.1375 0.1372 0.1632
V2 498.22 0.1170 0.1361 0.1603
V3 459.13 0.1260 0.1299 0.1526
V4 434.50 0.1312 0.1249 0.1480
V5 414.51 0.1345 0.1109 0.1443

K+ :-55R¢LA
A = ( v Yconcrete ) Ryermiculite [47]

(Yvermiculite-Rvermiculite) +(YEPLA-REPLA)

K = 1.40 (for vermiculite concrete)

A = 0.0860:00125Y [4.8]

WHhere, Yeoncrete IS CONcrete density (kg/m3), Yyermiculite 1S VErmiculite density (kg/m3),
Ryermiculite IS VErmiculite ratio (volume %), ygpra is EPLA density (kg/m3), Rgppa is EPLA

ratio (volume %), K is a constant value.

4.3.5 Water absorption

The water absorption test results of all mixes is presented in Table 4. 5 and Figure 4. 6. The
quality and durability of concrete is a factor of the water absorption ratio [194]. The water
absorption ratio is a parameter for porosity and pore structure characteristics of concrete. The
water absorption of lightweight aggregate significantly affects the microstructure of paste

and its interfacial zone because of the amount of pore area in the interfacial transition zone
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is increasing the absorption of aggregates [195]. It was observed that the absorption
characteristic of EPLA samples were much lower than the control sample (V1) due to the
presence of hydrophobic aggregate with a zero absorption ratio, i.e. EPLA. The lowest and
highest water absorption values were obtained for sample V5 with 80% EPLA and 20%
vermiculite and V1 with 100% vermiculite, respectively. Compared with mix V1, a decrease
in absorption ratio of EPLA concrete was 60%, 102%, 187% and 306% after 24 hours and
36%, 53%, 118% and 188% after 72 hours for samples V2, V3, V4 and V5, respectively. A
set of equations is proposed to estimate the water absorption ratio of vermiculite and EPLA
vermiculite concrete (Eq. 4.9). Time (t), relative density (RD,,), absorption ratio (WA, ) of
vermiculite, volume of EPLA and volume of vermiculite are considered as key factors for

developing the following equations.

Table 4. 5 Water absorption results of proposed concretes.

Water absorption ratio (%) Difference

Specimen Experimental Proposed equation | Experimental-Equation

1h |24h |72h | 1h [24h | 72h 1h 24 h 72h
V1 58 69 75 58 70 75 1.0 0.9 1.0
V2 36 | 43 53 | 39 | 47 52 0.9 0.9 1.0
V3 26 34 47 25 33 38 1.0 1.0 1.2
V4 17 24 33 17 23 32 1.0 1.0 1.0
V5 8 17 25 8 17 26 1.0 1.0 1.0
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Figure 4. 6 Time vs. water absorption ratio (%) of vermiculite concrete containing EPLA

(A)O.l BC
WAR = T};> [4.9]

Where,
A = 60t°°

B = RD,WAy

t
C= RR+RRDV

Where, t is time (hour), RD, is relative density of vermiculite(kg/m3), WAy is water

absorption ratio of vermiculite aggregate (%), R is ratio of vermiculite aggregate (\Vol. %).

4.3.6  pH evaluation and concrete carbonation

Table 4. 6 shows the changes of pH levels of concrete at the age of 1day, 3 days, 7 days, 14
days and 28 days. The pH of concrete and its levels significantly affect the hydration process
of concrete [196]. The experiments show that the application of EPLA aggregate results in
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concrete carbonation and significantly changed the microstructure of concrete. In fact, pH
lowering below 12.5 causes a decrease of pore liquids acidity and therefore decreases the
instability of the hydration product. The decrease of pH also causes to decrease the amount
of calcium carbonate and to decrease the reaction rate of the production of C-S-H as a

hardening element in concrete [197].

However, the results show that the level of pH was stable and no significant reduction was
observed of pH levels in concrete containing EPLA aggregate. In fact, the carbonation
process of concrete containing EPLA is significantly different from normal concrete. The
changes in pH level and the penetration of carbon dioxide (C0,) into the hardened concrete
and its reaction with portlandite in the existence of moisture form calcium carbonate
(CaCO0s). Also, the carbonation of concrete can take place by hydroxides and sulfates of
either sodium or potassium. These elements are much more soluble in water than calcium
and cause efflorescence appear more rapidly than calcium hydroxide. The rate of carbonation
in normal concrete is a factor of relative humidity, CO, gas concentration, ambient
temperature and penetration pressure. In contrast, the rate of carbonation in EPLA concrete
depends mostly on the degradation of EPLA and its alkaline reactivity (Figure 4. 7).

Table 4. 6 pH level variation of water and air cured samples with 70% EPLA (V5).

pH level
1 Day 3 Days 7 Days 14 Days 28 Days
ADC | WC | ADC | WC | ADC | WC | ADC | WC | ADC | WC
V5| 129 | 129 | 130 | 129 | 131 | 131 | 13.0 | 13.0| 13.0 | 131
ADC: Air Cured, WC: Water Cured.

B . ‘
EPLA degradation and
Figure 4. 7 The degradation of EPLA aggregate and concrete carbonation

Ve & :
concrete carbonation
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The degradation of EPLA takes place because of an attack by the external elements as EPLA
itself is unable to break down and be consumed [198]. The factors such as stereochemistry,
crystallinity and molecular weight significantly affect the biodegradation behavior of EPLA
[199]. This phenomenon can be described by the fact that the surface of EPLA was in contact
with alkaline components of cement. The EPLA lost its hydrophobicity and started to take
up water. The hydrolysis after the alkaline attack was the main cause of EPLA degradation
and breaking loose. The rate of EPLA degradation and concrete carbonation increased in

samples cured in a moist condition (Figure 4. 8).

Figure 4. 8 Carbonation of EPLA concrete

EDS and XRD analysis are used to assess the efflorescence of EPLA concrete (Figure 4. 9).
The EDS analysis shows that the efflorescence on the surface of concrete and around EPLA
beads mostly contains calcium (Ca), silicon (Si), sodium (Na) and magnesium (Mg). It can
be found that the chemical reaction of lactic acid with calcium hydroxide and sodium
hydroxide was the main cause of EPLA degradation and releasing calcium lactate and sodium
lactate. The consumption of oxygen by calcium lactate [200] and the reaction between
sodium lactate and calcium sulphate were the main causes of calcite and trona crystal
production in the highly alkaline environment of cement [201]. The XRD semi quant (%)

analysis shows that the efflorescence contains 54% calcium carbonate (calcite) and 46%

89



sodium hydrogen carbonate hydrate (trona). The reaction scheme and chemical process of

calcium carbonate formation are described as follows.

The chemical reaction between EPLA and calcium hydroxide:

Ca0 + H,0 = Ca(OH), (Calcium Hydroxide)

2C3H405 (Lactic Acid) + Ca(OH), = CaCgH,,04(Calcium Lactate) + 2H,0
CaC¢H,(04 + 60, = CaCO5(Calcite) + 5C0, + 5H,0

The chemical reaction between EPLA and sodium hydroxide:
Na,0 + H,0 = NaOH (Sodium Hydroxide)
C3HgO05 (Lactic Acid) + NaOH = NaC3Hs05(Sodium Lactate) + H,0

6NaC;H;05 + 9CaS0,
= 9CaC05(Calcite) + 2Na,C0O5.NaHCO5. 2H,0 (Trona) + 9H,S + H,0
+ 5C0,

138 Counts

Figure 4. 9 Analysis of concrete efflorescence
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4.3.7  Electrical resistivity and setting time

The electrical resistivity response is used to determine the setting time of EPLA concrete
with varying EV/EPLA ratios. The parameters such as water-cement ratio, additive,
aggregate, the degree of hydration, porosity, pore size distribution and cement paste
microstructure significantly affect the electrical resistivity values of concrete. This value is a
function of the ion concentration and its mobility in the pore solution [202, 203]. In fact, the
electrical conduction takes place because of ion transport through the pore solution and
mainly depends on ion concentration and concrete porosity [204]. The experimental results
showed a decrease in electrical resistivity with an increase in EPLA ratio. The matrix with a
higher EPLA ratio has higher porosity due to the alkaline reactivity of EPLA and insulate

aggregate (EPLA) which presents a lower resistivity.

The resistivity of concrete containing EPLA was affected by both hydration age and EPLA
ratio. In fact, the alkaline reactivity of EPLA influences the microstructure of the cement
matrix concentration and mobility of the ions in the pore solution. The coarser pore size
distribution and higher ionic concentration cause a lower electrical resistivity in concrete
containing higher EPLA ratio. The electrical resistivity of concrete is primarily associated
with the ion transfer through the porous materials and can be used as an indicator of the
hydration process. The changes in electrical resistivity of concrete are related to the
microstructural changes [205]. Figure 4. 10a, and Figure 4. 10b show the resistivity changes
up to 1440 min (1 day) and 10080 min (7 days), respectively. Two critical points namely P,
and Pr are marked and identified to assess the electrical resistivity and setting time of
concrete. The minimum point (P;) is marked at the point where the resistivity is decreased
and considered as the initial setting time at the early age of curing. Such a reduction in
resistivity can be attributed to the fact that mixing of concrete components with water causes
the potassium (K *), sodium (Na*), calcium (Ca?*), hydroxyl ions (OH ™) and sulfate (S0Z™)

of cement to dissolve into the water and form electrolyte [205].

The electrical resistivity response shows that the minimum point for mix V1, V2, V3, V4 and
V5 occurred after 40 min (0.67 hours), 20 min (0.34 hours), 265 min (4 hours and 25 min),
400 min (6 hours and 40 min) and 500 min (8 hours and 20 min), respectively (Table 4. 7).
As compared with control mix (V1), the addition of EPLA beads leads to a longer time to

reach saturation due to the alkaline reactivity of EPLA beads. At the second stage of
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hydration, the electrical resistivity of concrete steadily increases with time. The increase in
electrical resistivity shows a decrease in porosity and increase in tortuosity. The results show
that the changes in electrical resistivity of mixes containing greater amounts of EPLA were
much lower than that of the control samples and samples with low percentages of EPLA
(Figure 4. 10a,b). A significant delay in setting time, i.e. remaining in a plastic state after 3
days, was observed in the sample V5 containing a higher portion of EPLA. The mixes V1,
V2, V3, V4 and V5 transit from the plastic stage to the hardened stage (Pr) after 155 min,
340 min, 1600 min, 3918 min and 4638 min, respectively.

Factors such as alkaline reactivity of EPLA change the microstructure of concrete and the
porous structure of the matrix leads to a significant delay in setting time. The calcium
sulphate is an important component of cement that controls the setting characteristics and
accelerate hydration of calcium silicate. The changes in sulphate content and sulphate
consumption by sodium lactate affect the hardening process and cause concrete deterioration
and a delay in the setting time of concrete. However, at the later ages (7days) the electrical
resistivity of concrete containing EPLA starts to increase (Figure 4. 10b) mainly due to
carbonation of concrete and an increase of the amount of calcium carbonate. The
incorporation of EPLA causes an increase in CaCO; amount as a result of chemical
conversion of calcium lactate and sodium lactate into calcium carbonate. This process was

more pronounced in samples containing larger amounts of EPLA beads.

Table 4. 7 The initial and final setting time of proposed concretes based on electrical

resistivity response.

) Setting time (min)
Specimen _ i
Initial (Py) Final (Pg)
V1 40 155
V2 20 340
V3 265 1600
V4 400 3918
V5 500 4638
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Figure 4. 10 The electrical resistivity response of concrete; (a) up to 1day, (b) up to 7 days

4.3.8 Exothermic reaction

The changes in exothermic reaction of vermiculite concrete with a variation in EV/EPLA

ratio is shown in Table 4. 8 and Figure 4. 11. The experimental results reveal that the sample
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V3 with an EV/EPLA ratio of 1.5 exhibited the highest exothermic reaction intensity, while
the sample V5 with the highest EPLA volume of 80% showed the lowest exothermic reaction
intensity. It was found that there is a fluctuation in concrete temperature due to the alkaline
reactivity of EPLA. In addition, an increase in EPLA content slightly decreases the concrete
temperature and causes a delay in setting time. The peak temperature of the control sample
was 22 C° which is slightly higher that of sample V5 with a temperature of 20 C°. It is worth
to note that the increase in EPLA volume significantly affects the setting time of concrete,

which is mainly related to changes in the hydration process of concrete and alkaline reactivity
of EPLA.

Table 4. 8 The peak temperature of curing vermiculite concrete.

EV/EPLA Peak Time at peak temperature,
ratio temperature, C° min
V1 - 22 840
V2 4 22 )
V3 15 23 25
V4 0.67 22 500
V5 0.25 20 515
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Figure 4. 11 Exothermic reaction of vermiculite and EPLA-vermiculite concrete, (a) V1,
(b) V2, (c) V3, (d) V4, (e) V5.

4.3.9  Scanning Electron Microscopy and X-ray Diffraction analysis

A microstructural analysis of a control and mixes containing EPLA was carried out to
investigate the effects of using biopolymer materials and reasons for differences in
mechanical and thermal properties of concrete. SEM is used to assess and analyses the
aggregate phase, paste phase and interfacial transition zone (ITZ) of a concrete matrix. The
interfacial zone between aggregate and cement is significantly important as it is the weakest
part of the matrix and significantly affects the mechanical properties of concrete [206]. The
four main hydration products of the cement-aggregate matrix are calcium silicate hydrate (C-
S-H), calcium hydroxide (CH), as well as AFm (Tricalcium aluminate) and AFt (Calcium

aluminium sulfate, ettringite) phases [207]. However, parameters such as shape, distribution
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of particles, the concentration of particles, the composition of phases and orientation of

particles affect the hydration products of the cement-aggregate matrix [206].

The SEM images for the control (V1) and the mix V5 containing 80% EPLA are shown in
Figure 4. 12 and Figure 4. 13, respectively. Figure 4. 12 displays the SEM images of the
control sample at 2.5K magnification. The microstructure indicated the non-uniform
distribution of the hydration products. The phases identified for the control specimen are
mostly calcium-silicate-hydrate (C-S-H), calcium hydroxide (portlandite) and calcium
sulfoaluminate (ettringite). It was found that C-S-H existed in the form of a fibrous portion
(clusters), lapped and joint together by hexagonal plate-like particles (calcium hydroxide)
and long whisker-like particles (ettringite). As it is clear from the SEM image, the bond
between paste and expanded vermiculite aggregate is lost because of the porous structure of
vermiculite and the porous interfacing zone. In addition, the low degree of hydration due to
using a high absorbent aggregate (expanded vermiculite) can be another reason for the loose

structure and a large number of pores.

|}
20.0um

Figure 4. 12 SEM image of mix V1 at 2.5K magnification
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20.0um

Figure 4. 13 SEM image of mix V5 after 28 days

From the EDS analysis of amorphous substances (Figure 4. 14a), it can be found that the
hydration products of vermiculite concrete are mostly comprised of Ca, Si, O as well as Al
and C-S-H gel, portlandite and ettringite are present. The semi-quantitative chemical
analysis of the control sample shows that the matrix contains 30% calcium hydroxide

(portlandite), 28% ettringite and 42% calcium silicate hydrate (Figure 4. 16a).
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Figure 4. 14 EDS analysis of proposed concrete; (a) sample V1, (b) sample V5.

b

Figure 4. 13 and Figure 4. 15 show the SEM images of mix V5 after 28 days and one year.
The addition of EPLA significantly changed the microstructure and hydration products of
concrete due to the degradation of EPLA and its alkaline reactivity. The EDS analysis of mix
V5 shows that the hydration products of concrete containing EPLA are composed of Ca, Si,
Al, Mg, O and Fe (Figure 4. 14b). As it becomes evident from the SEM image, a large amount
of needle crystals appeared in the interfacial zone of paste and aggregate. The semi-
quantitative chemical analysis of concrete (Figure 4. 16b) shows that the cement paste is
mainly composed of calcite (43%), ettringite (40%) and calcium hydroxide (17%). The
presence of a large amount of calcium carbonate may explain the interaction of expanded
poly-lactic acid and calcium hydroxide Ca(OH),. The degradation of EPLA and release of

calcium lactate lead to growing calcium carbonate products.

Figure 4. 15 SEM image of mix V5 after one year
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These SEM images can provide a visual indication of the microstructural characteristics
responsible for the enhancement of the thermal conductivity of the EPLA concrete. The
microstructure of the hardened EPLA concrete appeared noticeably denser and compacter
with considerably less capillary pores compared to the mix V1. The conversion of calcium
silicate hydrate to calcium carbonate was the main microstructural change in concrete
containing EPLA. Compared to mix V1, the amount of portlandite decreased from 30% to
17%, while a significant growth in ettringite was observed from 28% to 40% due to the
consumption of calcium compound by calcium lactate. However, at the later age of one year
the hydration products of EPLA concrete mostly consisted of calcium carbonate (calcite),
calcium silicate hydrate (C-S-H), and ettringite (AFt) with significant changes to its
microstructure (Figure 4.15 and Figure 4. 17).
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Figure 4. 16 XRD analysis of proposed concrete; (a) sample V1, (b) sample V5.
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Figure 4. 17 EDS analysis after one year; (a) point 1, (b) point 2, (c) point 3, (d) point 4
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4.4

Conclusions

This chapter focused on the development of using expanded poly-lactic acid and expanded

vermiculite as aggregates and five different EV to EPLA mix proportions were prepared and

assessed to optimize the mix design without visible mix segregation. The parameters studied

included density, compressive strength, failure modes, splitting tensile strength, thermal

conductivity, water absorption, pH evaluation, evaluation of concrete carbonation, electrical

resistivity, setting time, SEM analysis and XRD analysis. Based on the variables assessed,

the following conclusions were drawn:

1-

The replacement of vermiculite aggregate with EPLA aggregate results in a
significant reduction in concrete density due to the lower relative density of EPLA
compared to EV.

The compressive strength decreased with an increase in the volume of EPLA mostly
due to close to zero strength of EPLA aggregate and bond failure at the interfacial
transition zone of aggregate to paste. A further reduction in strength development of
EPLA concrete was observed as the sample cured in a moist condition.

The failure modes of EPLA concrete were significantly different from the control
sample. The lack of resisting components, since EPLA beads shrunk and lost their
strength in the alkaline environment of cement, and de-bonding of PLA due to
alkaline reactivity were the main reasons for changes in the failure mode.

The inclusion of EPLA beads as lightweight aggregate leads to a lower tensile
strength. Compared to the control sample the splitting tensile strength was decreased
by 72%.

The factors such as EPLA ratio and curing condition accelerate the rate of concrete
carbonation. Larger amounts of carbonation were observed in samples cured in water.
The presence of hydrophobic materials leads to a decrease in the water absorption
ratio of concrete. However, at the later ages, the degradation of EPLA causes a slight
increase in absorption due to water uptake of EPLA beads.

The influence of EPLA degradation and its chemical reaction with alkaline
components of cement on thermal conductivity of concrete was notable. The alkaline
reactivity and changes in the microstructure of concrete cause an increase in thermal

conductivity values.

101



8- The addition of EPLA aggregate causes a delay in setting time of concrete and its
influence on exothermic reaction was almost minimal.

9- The hydration products of EPLA concrete were significantly different from the
control sample. A larger amount of calcium carbonate (calcite) was observed in the
samples containing EPLA aggregate.

10-The XRD analysis shows that the amount of calcium carbonate significantly
increased in the samples containing EPLA. Calcium silicate hydrate was replaced
with calcium carbonate due to the alkaline reactivity of EPLA. However, at the later

ages, more calcium silicate hydrate gel was found in the microstructure of concrete.

Furthermore, a set of equations was developed to estimate the required water-cement ratio,
required cement content, thermal conductivity, water absorption and the relationship between

compressive strength and tensile strength.
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CHAPTER 5
PERLITE CONCRETE CONTAINING EPLA

5.1 Introduction

It was found in the previous chapter that the application of vermiculite aggregate with its
high absorption ratio causes significant changes to engineering properties and setting time of
concrete containing EPLA. The high absorption ratio of vermiculite concrete accelerates the
degredation rate of EPLA due to the fact that the EPLA beads experienced a larger period in
the moist condition. In this chapter the expanded vermiculite was replaced with expanded
perlite which has a lower absorption value and better structural properties compared to
vermiculite aggregate. In this regards, seven mixtures were prepared by partially replacing
expanded perlite (EP) aggregate with EPLA and EPS to 0%, 30%, 40% and 60% by aggregate
volume. The resutls of EPLA concrete were compared to the EPS concrete with identical mix
proprtions to evlauate the performace of the propsed concretes. The mechanical properties,
thermal conductivity, fire resistance, electrical resistivity, setting time, exothermic reaction,
and microstructural properties of the concrete were studied and discussed. The results reveal
that the replacement of EP with EPLA causes a considerable reduction in mechanical strength
of concrete. It was found that the chemical reaction of EPLA in the highly alkaline
environment of cement causes significant changes in the microstructure of concrete. A large
amount of calcium carbonate was found as hydration products of EPLA concrete. The carbon
dioxide production and heat release rate of EPLA concrete in a fire is much lower than that
of concrete containing expanded polystyrene. Contrary, a higher carbon monoxide
production was observed in samples containing EPLA. The electrical resistivity and water

absorption ratio of concrete increased with an increase in EPLA volume.

5.2  Experimental program

5.2.1  Materials

The specification of materials are explained and provided in Chapter 3.
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5.2.2  Mix design and mix proportion

The mix proportions of the proposed lightweight concrete are presented in Table 5. 1. In total
nine types of lightweight concrete mixes with varations in EPLA and EPS ratios were
prepared with a fixed cement content of 301 kg/m3. The water-cement ratio and cement
content are designed based on the proposed equations explained in Chapter 3 (here repeated
as Eq. 5.1 and Eq. 5.2). However, some modifications are applied due to the differences in
water absorpbtion ratio of perlite and vermiculite aggregate. The EPLA and perlite were
mixed with a ratio of 100:100, 40:60, 60:40 and 30:70. The mix design was targeted to attain
a density of 488 kg/m?3 for samples with 100% perlite (P1). It is worth to note that the cement

content is adopted based on the required density.

w_ o _ 0.76y0-0001Y
c_a= 0.0001y.y05 [5.1]
¥yos 215a(%)05
1000 = =2 C+ Y C+ 10aV,
RD(.RD), RD,, [5.2]

1
y =y10a C+aC+ RD,V,
Where, yis density of concrete (kg/m3), a is water-cement ratio, C is cement content

(kg/m?), RDc is relative density of cement, RD,, is relative density of perlite, V, is perlite

volume (m?3).
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Table 5. 1 Mix proportion of perlite and perlite-PLA concrete

Mix proportion (kg/m3)
Mix No. Effcetive

wic ratio C W EP PLA EPS AEA
P1 (100EP) 0.343 301 | 289 135 - - 0.0041
PP2 (60EP40EPLA) 0.343 301 | 276 81 7.6 - 0.0041
PE2 (60EP40EPS) 0.343 301 | 276 81 - 4.0 0.0041
PP3 (40EP60OEPLA) 0.343 301 | 265 54 11.4 - 0.0041
PE3 (40EPGOEPS) 0.343 301 | 265 54 - 6.0 0.0041
PP4 (30EP70EPLA) 0.343 301 | 232 40.5 13.3 - 0.0041
PE4 (30EP70EPS) 0.343 301 | 232 40.5 - 7.0 0.0041
PP5 (20EPS8OEPLA) 0.343 301 | 164 27 15.2 - 0.0041
PE5 (20EP80OEPS) 0.343 301 | 164 27 - 8.0 0.0041

C is Cement, W is water, EP is expanded perlite, EPLA is expanded poly-lactic acid, EPS is
expanded polystyrene, AEA: air-entraining admixture.

5.3  Experimental procedure

Two types of curing regimes, namely moist curing (WC) and air dried curing (ADC) were
chosen to assess the effect of the curing conditions on mechanical properties of the proposed
concretes. In the case of moist curing, the specimens were kept in water at 20 °C for the whole
curing period, while air cured samples were kept in a laboratory environment for 28 days

after demoulding.

The slump, density, compressive strength, thermal conductivity, water absorption, XRD,
EDS, SEM, electrical resistivity, setting time and fire resistance test were carried out. It is
worth to note that the average results of three specimens were considered to evaluate the
engineering properties of proposed concretes. The descriptions of test methods are provided
in Chapter 3.
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5.4  Results and discussion

54.1 Workability

Table 5. 2 presents the slump values of the proposed concretes. Workability of lightweight
concrete is a vital factor and significantly affects the property of concrete. Lightweight
concrete is mostly designed to be cast without vibration due to difficulties of compaction and
mixture segregation during casting [184]. Although, a slump value of 50-75 mm is suggested
for lightweight concrete, but a slump value of 220 mm is adopted for this experiment based
on visual observation and trial tests to obtain acceptable compaction and workability. It can
be seen that all the mixtures had slump values ranging from 235 to 175mm except sample
PP5. The experimental results show that an increase of the fraction replacement of perlite
with EPLA initially slightly decreased the slump of the concrete. However, further
replacement up to 80% of aggregate volume, causes a significant reduction of slump value
and a lower degree of compaction (Figure 5. 1). This phenomenon is mainly attributed to an
increase in specific surface area and consequently increase in water demand. Compared to
the control sample the workability of concrete was decreased by 2.2%, 4.4%, 20% and 77.7%
for samples PP2, PP3, PP4 and PP5, respectively. The same trend of slump reduction was

observed in samples contaning EPS aggregate.
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Figure 5. 1 The workability and slump of proposed concrete, (a) sample PP2, (b) sample
PP5.

5.4.2 Density

The density of the proposed mixtures is presented in Table 5. 2. The density of lightweight
concrete mostly depends on the bulk density of lightweight aggregate and the cement content.
As expected, the density of perlite concrete was reduced with an increase in EPLA and EPS
ratio. This trend is mainly attributed to the fact that the EPLA and EPS beads are about 92.6%
and 88% lighter than the relative density of perlite aggregate (135 kg/m3). In total two
density ranges (fresh and air-dried density) were obtained by replacing perlite aggregate with
certain percentages of EPLA aggregate. The fresh and dry densities of EPLA and EPS
concrete specimens varied from 765 kg/m?3 to 389.0 kg/m3 and 493 kg/m?3 to 302.2 kg/m?3
along with from 765 kg/m3 to 384.0 kg/m?3 and 493 kg/m?3 to 312.6 kg/m3, respectively.
The application of polymer aggregate leads to an increase in total porosity of concrete and a
lower density. The lowest ranges of densities were observed in the sample with larger
amounts of polymer aggregates due to the increase in concrete porosity and void spaces in
the concrete matrix. However, a further increase in concrete porosity was observed in EPLA
concrete due to the chemical interaction of EPLA and alkaline components of cement, which
causes an increase in CO, gas concentration. The lowest density was observed in the sample
with 70% EPLA aggregate.
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The density of the control sample P1 was about 79.5% lighter than normal weight concrete
(2400 kg/m?3). The replacement of perlite aggregate with EPLA and EPS particles in ratios
of 40%, 60% and 70% of aggregate volume causes a further reduction in concrete density.
The concretes containing 40%, 60% and 70% EPLA were 19%, 27% and 39% lighter than
the control sample (P1), respectively. Compared to the EPS concrete, the concrete containing
40% (PP2), 60% (PP3) and 70% (PP4) is about 3.2%, 3.6%, 3.3% heavier than corresponding
EPLA concrete due to alkaline reactivity and an increase in total concrete porosity.

Table 5. 2 Effect of EPLA replacement on workability and density of perlite concrete.

Mix No. Slump (mm) Density (kg/m")
Fresh Air Dried
P1 220 765.0 493.0
PP2 235 568.0 400.2
PE2 220 545.5 4155
PP3 230 440.8 360.2
PE3 215 447.0 3715
PP4 180 389.0 302.2
PE4 175 384.0 312.6
PP5 55 Failed Failed
PP5 50 Failed Failed

5.4.3  Compressive strength

The compressive strength of perlite concrete containing different ratios of polymer in air and
water curing of up to 56 days are presented in Table 5. 3. The curing of concrete plays a
significant role in the performance and strength development of concrete. ACI 318 [79] has
suggested that concrete should be kept in a moist environment for at least the first seven days.
As expected, the compressive strength was found to decrease with an increase in EPLA ratio
mainly due to the almost zero strength of EPLA particles. Air-cured samples show a higher

compressive strength apart from the control specimen compared to the corresponding water
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cured samples after 28 and 56 days. This phenomenon can be attributed to the fact that EPLA
particles lost their strength and de-bonded from the surrounding concrete when subjected to

an alkaline solution (Figure 5. 2 and Figure 5. 3).

Table 5. 3 Compressive strength of perlite and EPLA-perlite concrete

Compressive Strength (MPa)
Mix No. 28 days 56 days
Air Cured | Moist Cured | Air Cured | Moist Cured
P1 4.37 4.62 5.29 5.83
PP2 2.88 2.57 3.11 2.85
PE2 3.02 3.17 3.39 3.73
PP3 2.12 1.11 221 1.73
PE3 2.57 2.86 2.62 2.97
PP4 1.62 0.64 1.69 1.01
PE4 1.82 2.09 1.90 2.33

B B

5.0kV 19.8mm x30 SE(M)

Figure 5. 2 EPLA degradation and bond failure at interfacial transition zone
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ITZ Failure

(a) (b) (c)

Figure 5. 3 Interfacial transition zone; (a) EPS Concrete, (b) EPLA Concrete - Air Cured,
(c) EPLA Concrete — Water Cured

The experimental results show that there is a direct relation between EPLA ratio and
compressive strength of concrete. The compressive strength of the sample containing 40%
EPLA was 2.88 MPa, which was approximately about 33% lower than the control sample
(P1). A further reduction in compressive strength was obtained with an increase in the EPLA
ratio. The compressive strengths of 2.12 MPa and 1.62 MPa were obtained as 60%, and 70%
of perlite aggregate were replaced with EPLA particles. This trend shows a considerable
reduction of 51% and 63% in compressive strength of EPLA concretes. Also, most of the
EPLA beads easily de-bonded from the matrix due to close to zero interfacial bonds at the
interface area of bead and paste due to the EPLA beads degradation (Figure 5. 4). This trend
was much higher for samples cured in water. In the case of water cured samples and
compared to air cured samples, the compressive strength was decreased by 11%, 48% and
61% for samples PP2, PP3 and PP4, respectively. This trend can be attributed to the
dissolution of EPLA particles and zero interfacial bonds between EPLA beads and the matrix.
The existence of large voids due to shrinkage and degradation of EPLA along with the
conversion of hydration products due to alkaline reactivity results in the concrete to fail at

much lower stresses.
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Figure 5. 4 Degradation of EPLA in alkaline environment

The porous structure of perlite aggregate and its high absorption capacity lead to a positive
effect on strength development of perlite concrete and concrete containing EPS. The
penetration of fresh cement paste into the porous structure of perlite and the release of stored
water during the hydration process causes a better strength development [193]. The samples
containing EPLA had a lower compressive strength in both the air and moist curing condition
compared with EPS concrete. Thus, the EPS and EPLA beads are porous materials and its
addition as lightweight aggregate results in a notable reduction in mechanical properties of
concrete. Furthermore, the lightweight polymers act as filler without any contribution to
stress transfer capabilities.

The fracture process of samples containing EPLA and EPS aggregate was completely
different to the control specimen P1. A sudden failure and brittle behavior were observed in
control specimens (Figure 5. 5a). The cracks generate and propagate along the length of
concrete cylinders while the inclusion of EPLA or EPS changed the failure modes of
concrete. The cracks had enlarged and spread on the top or bottom of the concrete cylinders.
The EPLA concrete was crushed and failed in a much more brittle way than EPS concrete
mainly due to the absence of resisting components, de-bonding and degrading of EPLA
(Figure 5. 5b,c). In the case of EPS concrete, the failure mode was more gradual with the

ability to retain the load after failure due to the compressible behavior of EPS beads and
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better interfacial bond strength. It can be noted EPS beads were sheared off along the failure
plane due to proper interfacial bonds between EPS and the matrix (Figure 5. 6a), while all of

the EPLA beads were easily de-bonded from the matrix (Figure 5. 6b).

(@ ®  ©

Figure 5. 5 Failure modes of concrete cured in a moist condition; (a) mix P1, (b) mix PP4,
(c) mix PEA4.

(@) T
Figure 5. 6 Failure modes of polymer aggregates; (a) EPS concrete, (b) EPLA concrete

5.4.4  Tensile Strength
The splitting tensile strength of perlite-EPLA and perlite-EPS concrete mixes is shown in

Table 5. 4. The results demonstrate that the tensile strength of perlite concrete containing

polymer aggregate is a factor of polymer fraction and curing method.
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Table 5. 4 The tensile strength of proposed concretes

Mix No. Tensile strength (MPa)
Air Cured Moist Cured
P1 0.97 1.09
PP2 0.62 0.56
PE2 0.66 0.70
PP3 0.43 0.26
PE3 0.55 0.60
PP4 0.32 0.13
PE4 0.38 0.45

The lowest tensile strength was obtained in samples containing 70% EPLA (PP4) aggregate
volume with 0.13 MPa. This change in strength development can be attributed to the alkaline
reactivity and interfacial bond failure of EPLA beads. Also, moist curing causes an
acceleration of EPLA degradation and changes in failure modes. It was observed that tensile
strength of the control specimen P1 was increased by 11% as the sample was cured in a moist
environment. The same improvement in tensile strength was observed in samples containing
EPS aggregates. The tensile strength of concrete was increased by 6%, 9% and 18% for
specimens containing 40%, 60% and 70% EPS, respectively. While, the inverse trend was
observed in samples contaning EPLA. The tensile strength of concrete decreased by 10%,
39% and 59% for samples PP2, PP3 and PP4 as the samples cured in a moist enviroment. It
can be concluded that the factors such as EPLA degradation in the alkaline environment of
cement and the weak interfacial zone of EPLA were the main sources of the sudden reduction
in splitting tensile strength. In fact, the lack of bond strength of almost zero between EPLA
and the surrounding concrete along with changes in the microstructure of the interfacial zone
can be considered as a major side effect of using EPLA as lightweight aggregate. The
splitting tensile strength of the proposed concrete is lower than that of a structural lightweight
concrete grade, which is usually greater than 2.0 MPa as per ASTM C330. The following
correlation between compressive strength and tensile strength of the proposed concretes was
obtained (Eq. 5.3 — Eg. 5.6).
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f. = 4.2074 f, + 0.2862 (EPLA concrete - ADC) [5.3]

f. =4.2048 f, + 0.0855 (EPLA concrete - WC) [5.4]
f. =4.3135f, +0.1844 (EPS concrete - ADC) [5.5]
f. =4.0981 f, +0.2528 (EPS concrete - WC) [5.6]

Where, f, is compressive strength (MPa) and f; is tensile strength of concrete.

5.4.5  Stress-strain relationship

Figure 5. 7 presents the stress-strain diagram of the proposed lightweight concretes. The
stress-strain diagram represents the strength characteristics and deformations of concrete.
The properties such as maximum stress, the modulus of elasticity, the peak strain and the

ultimate peak strain are important features of a stress-strain diagram [60].

Stress ( MPa)
~

\\
\70% EPLA

0 0.002 0.004 0.006 0.008 001 0012 0014 0.016
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Figure 5. 7 Stress-strain relationship of perlite concrete with different EPLA ratios

Compared with the control specimen (P1), the performance of lightweight concrete with a
high EPLA content is quite different. The samples P1 and PP2 show an almost similar
behaviour regardless of EPLA content. Contrary for samples PP3 and PP4 the maximum
stress was reduced and accompanied by an increase in the strain at the ultimate compressive
stress with no clear descending stage. The strain at peak stress of P1, PP2, PP3 and PP4 was
found to be 0.00613, 0.00542, 0.00941 and 0.0097, respectively. Normal concrete has strain
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ranges of 0.0015-0.002 which is much lower than lightweight concrete. It can be found that
concrete containing 70% EPLA (PP4) showed 385% larger strain capacity at peak stress than
normal concrete. As shown in Figure 5. 7 the stress-strain behaviour of samples P1 and PP2
can be divided into three stages of the elastic platform (A-A), elastic stage (B-B), and
descending stage (C-C), while the stress-strain response of sample PP3 and PP4 was quite
different. In the case of the samples PP3 and PP4, the deformation of concrete can be divided
into four stages of the elastic platform (A-A), elastic stage (B-B), yield and strengthening
stage (C-C) and descending stage (D-D) . The high rate of increment in strain and
corresponding stress normally takes place in the elastic platform due to a breakdown and
compaction of the pore structure of the matrix. The steepness of the elastic region was
increased with compacting of more collapsed pores. The experimental results show that an
increase in EPLA volume causes lower compaction stress due to the higher compressibility
of EPLA beads. A higher compaction stress was observed in samples PP4, while this value
was much lower in the control specimen (P1).

The elastic stage of stiffness is the linear part of the stress-strain response. The results show
that the gradient and yield strength of the elastic segment significantly depends on the EPLA
ratio. However, a lower steepness is observed in specimens with a higher EPLA ratio due to
the compaction behaviour of EPLA beads. A sudden levelling off in stress values was
observed in the control and sample PP2 without shifting to the strengthening stage and
followed by a plateau at the descending stage. The samples PP3 and PP4 show an oscillating
manner in the strengthening stage due to the compression of EPLA beads and post-crushing
of the pore structure. The stress was decreased and levelled off to a plateau at the final stage,
the descending stage. At this stage, the stress remains at an almost constant value, while the
increment of strain is notable. The fluctuation during the descending stage was due to the
compressible behaviour of EPLA beads, crushing and collapsing of remaining pores. The
addition of deformable aggregates such as EPLA and EPS reduces the strength of concrete
but causes a significant improvement in strain capacity and resistance to cracking due to the
length changes. In summary, lightweight concrete with deformable materials can absorb
more energy under applied compression loads along with a gradual failure and ability to
retain the load after failure without full disintegration.
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5.4.6 Elastic Modulus

The elastic modulus of concrete is a vital parameter as this factor is used to evaluate the
deflections and cracking of a concrete member. The elastic modulus of concrete mainly
depends on the elastic modulus of concrete components such as aggregates and mix
proportion of the mixture [60]. The elastic modulus of normal weight concrete and
lightweight concrete is between 14 to 41 GPa and 10 to 24 GPa, respectively. The elastic
modulus of lightweight aggregate is ranging from 5 to 28 GPa which is much lower than that
of normal weight aggregate. The elastic modulus of the proposed concretes was a factor of
the EPLA and EPS ratio. The experimental results show that the elastic moduli of concretes
containing polymers is quite low due to the very low elastic modulus of the polymer
aggregate and an increase in concrete porosity. The moduli of elasticity of P1, PP2, PP3 and
PP4 were 1051, 640, 453 and 326 MPa, respectively (Table 5. 5). The results show that the
replacement of perlite with 40%, 60%, 70% of EPLA aggregate reduced the elastic modulus
of concrete by about 14%, 44% and 60%, respectively. The same trend was observed in
samples contanig EPS beads. The elastic modulus of EPLA concrete was lower than that of
EPS concrete due to the degradation of EPLA beads and an incrase in concrete porosity.
Thus, the elastic modulus of the proposed concrete was much lower than normal lightweight
concrete and can be categorized in the ultra-lightweight concrete range. However, this
concrete with a low elastic modulus is mostly used as an infill material. The following
equation 5.7 is proposed to estimate the elastic modulus of concrete as a function of concrete
density and compressive strength. The results obtained with the equation are compared to the
measured results in Table 5.5.

E =K== (/f) [5.7]

Where K is a constant (18 for this model), v is density of concrete (kg/m°), f. is compressive

strength of concrete (MPa).
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Table 5. 5 The elastic modulus of proposed concretes.

Elastic Modulus (MPa)

Mix No.
Experimental results Proposed equation
P1 1051 1058
PP2 640 611
PE2 670 662
PP3 453 450
PE3 514 518
PP4 326 310
PE4 350 344

5.4.7  Water absorption

The water absorption of all mixes after 1, 24, 72 and 168 hours is shown in Figure 5. 8. The
water absorption ratio is a factor in determining the quality and durability of concrete. This
factor is an indicator of the porosity and characteristics of the pore structures of concrete.
The pore characteristics of concrete directly affect the absorption ratio of concrete and its
quality [208]. Also, the absorption ratio of lightweight aggregate significantly affects the
microstructure of hardened cement and the interfacial zones of concrete [195]. The higher

water absorption ratio of lightweight aggregate is caused by an increase in porosity of the

interfacial transition zone of the matrix [209, 210].
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Figure 5. 8 The water absorption ratio vs time of proposed concretes, (a) EPLA concrete,
(b) EPS concrete.

The results show that the water absorption ratio of concrete containing EPLA was lower than
that of the control specimens at the early ages (1 hour), while the water absorption of the
proposed concretes enhances with an increase in EPLA ratio after 24, 72 and 168 hours.
These changes in water absorption can be attributed to the fact that the EPLA lost its
hydrophobicity, started to take up water and shrunk when subjected to the alkaline
environment of cement (Figure 5. 9). Compared with the control sample, the water absorption
was reduced by 6%, 12% and 23% after 1 hour and increased by 8% and 16% and 48% after
168 hours for samples PP2, PP3 and PP4, respectively. The highest and lowest absorption
value was observed in samples PP4 and P1. Generally, normal concrete should have an
absorption ratio of below 10% by mass to be considered as good concrete [26]. From the
experimental results, it can be found that all the samples show a higher absorption ratio
mainly due to a high absorption ratio of perlite and changes in the hydrophobicity of EPLA.
In contrast, the water absorption of EPS concrete was decreased with an incrase in EPS
volume. This trend mainly is related to hydrophobicity and zero absorbtion ratio of EPS and
the fact that replacement of high absorbent materials with non absorbent materials causes a

significant decrase in absorbtion ratio.
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Figure 5. 9 EPLA shirinkages in alkaine enviroment of cement

5.4.8  Thermal conductivity

Table 5. 6 and Figure 5. 10 present the variation in thermal conductivity with perlite-EPLA
changes. It was found that replacement of normal aggregate with lightweight aggregate
causes a considerable reduction in the thermal conductivity value of concrete mainly due to
the porous structure of lightweight aggregates [67]. In fact, the thermal conductivity of
concrete is a factor of porosity as the thermal capacity of air is much lower than water or
solids. Parameters such as density, moisture content, air content, and the temperature of
concrete along with mineralogical characteristics of lightweight aggregate substantially
affect the thermal conductivity of concrete. There is no information available on thermal
conductivity of concrete containing a bio-polymer aggregate like EPLA, but some
experiments have studied and assessed the thermal conductivity of lightweight aggregates
containing expanded polystyrene aggregate. Referring to previous studies, a thermal
conductivity of 0.206 W/mK and 0.06 W/mK were obtained by inclusion of EPS aggregate
and the combination of foam and EPS by Bouvard et al. [95] and Chen and Liu [102],

respectively.
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Table 5. 6 The thermal conductivity of proposed concretes

Thermal Conductivity (W/m.K)
) ) Proposed
) Density | Experimental Results ) ACI 213R-03
Mix No. (kg /m®) Equation
g/m -
Air Water ) )
Air Cured Air Cured
Cured Cured
P1 493.0 0.1285 0.1265 0.1146 0.1592
PP2 400.2 0.1050 0.0980 0.1017 0.1418
PE2 415.5 0.1230 0.1150 0.1047 0.1445
PP3 360.2 0.1020 0.0920 0.1056 0.1349
PE3 3715 0.1020 0.1010 0.1086 0.1368
PP4 302.2 0.0980 0.0710 0.1008 0.1254
PE4 312.6 0.0950 0.0880 0.1043 0.1271
0.14 -
< 0.13 A
£ 0.12
5; 0.11 A
E 0.1 -
é 0.09 -
§ 0.08 A
E 0.07 A —o— EPLA concrete - Moist cured
E 0.06 1 —o— EPS concrete - Moist cured
= 0.05 A
0.04 T T T )y
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Density (kg/m?3)
(a)
0.17 -
0.16 A
< 0.15 A
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5; 0.13
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2 01 Hem——
8 0.09 4 —a— EPLA concrete - Air cured
ol e EPLA concroto - AGK medel 0!
] 0.07 4 —m— concrete -- ir cu?;o ©
= 0.06 - o Egg concre:e - éroposedd model
0.05 4 —&— EPS concrete - ACI model
0.04 T T T "
300 350 400 450 500
Density (kg/m3)
(b)

Figure 5. 10 The correlation between thermal conductivity and concrete density
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With a similar strength, the thermal conductivity of EPLA concrete is 44% lower and 47%
higher than EPS concrete and foamed EPS concrete, respectively. A thermal conductivity of
0.11 W/mK with a density of 400 kg/m?® was obtained by [102]. In this study, the sample
containing 60% EPLA had a density of 389.0 kg/m?® with a thermal conductivity value of
0.1073 W/mK which is 2.5% lower than EPS concrete. The experimental results show that
the thermal conductivity decreased with an increase in EPLA ratio. This trend was different
for samples cured in water. The water curing imposes an inverse effect on thermal
conductivity of concrete containing EPLA. The thermal conductivity values of mixes PP2,
PP3 and PP4 were 11%, 16% and 25% lower and 13%, 3% and 1% higher than the control
specimen (P1) for specimens cured in air and water, respectively. An increase in thermal
conductivity of the moist samples are mainly attributed to the more densified matrix and
changes in the microstructure of concrete. The microstructure of concrete becomes denser
because of sufficient water is supplied during the hydration process. Thus, the addition of
polymer aggregate increases the total porosity of concrete and lowers thermal conductivity
values. However, the alkaline reactivity of EPLA beads in the highly alkaline environment
of cement also contributed to increasing the porosity of concrete as a result of an increase in
CO, gas concentration. Compared with EPS concrete, the EPLA concrete shows slightly
lower thermal conductivuty values.

The thermal conductivity of the proposed concretes is affected by factors such as concrete
density, EPLA ratio, EPS ratio, perlite ratio and curing method. The ACI Committee [78]
has proposed an equation to estimate the thermal conductivity of lightweight concrete (Eq.
5.8). However, the proposed equation relies on the density of concrete without concerning
other relevant factors. To estimate the thermal conductivity of the proposed concretes,
equation 5.9 with five variables of concrete density, perlite density, EPLA density, perlite
ratio and EPLA ratio was developed and its results compared with the proposed equation by

ACI and experimental results in Table 5. 6 and Figure 5. 10b.

A = 0.086e0-00125Y [5.8]

0.65REp1A/EPS
v Yconcrete K RO.5
}\ = Perlite [59]

(Yperlite-Rpertite)+(YEPLA/EPS-REPLA/EPS)

K = 1.2 (for perlite concrete)
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Where, Yconcrete IS the concrete density (kg/m?), Rperiite is the ratio of perlite, Rgppa/gps i

the ratio of EPLA and EPS, K is a constant (1.20 for perlite aggregate).

5.4.9  Setting time and degradation mechanisms of EPLA

The electrical resistivity response is used to analyse the initial and final setting time of
concrete. The electrical resistivity is the measure of the resistance offered to the movement
of ions through the concrete matrix. The water-cement ratio, additives, aggregates, the
degree of hydration, porosity, pore size distribution and cement paste microstructure
significantly influence the electrical resistivity value [203]. As shown in Figure 5. 1, the
electrical resistivity of samples are marked at the initial (P;) and final (Pg) setting time [204].
The initial and final parts are the periods of slow reaction and acceleration period [204]. The
experimental results show a significant delay in setting time of the control sample due to the
absorption of water from the perlite aggregate during the hydration process [84].

However, at the later stages, the difference in the pressure of water between the voids of
expanded perlite and cement paste leads to the release of stored water to contribute to the
hydration process. As presented in Table 5. 7, the initial setting time of concrete decreased
from 1080 min to 190 and 195 min for samples PP3 and PP4 in comparison to the control
sample (P1). These changes in setting times are attributed to the alkaline reactivity of EPLA.
The alkalis present are sulfates, in the form of K,S0,, Na,S0,, Na,S0,3K,0 (aphthitalite)
and 2CaS0,K,S0, (calcium langbeinite). Immediately after mixing cement with water, the
liquid phase is saturated with calcium and SO;? ions, which leads to an incrase in pH level
of close to 12.5 [207, 211]. The alkaline components sodium (Na) and potassium (K) ions
are released to produce an alkaline sulphate-rich solution [207]. The alkalis released during
the initial cement hydration, which are small amounts of Na+ and K+ ions, start the surface
deterioration of EPLA through a base-catalysed hydrolysis that then continues in the highly
alkaline environment of cement. The degradation of EPLA in the alkaline environment of

cement causes a slow release of lactic acid into a hydrating cementitious system.
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Figure 5. 11 The electrical resistivity response of concrete; (a) up to 1day, (b) up to 5 days

In order to have a better understanding of the degradation mechanisms of EPLA and its
degradation rate, sodium hydroxide and calcium hydroxide solutions were prepared. The
EPLA beads were placed in a 1.3M, 1.0M, 0.5M, 0.25M and 0.1M NaOH solution and its
degradation rate was recorded. In addition to this, the 0.25M NaOH solution with an
approximate pH of 13 was used as a reference having thesame alkalinity level as cement. A
rapid chemical reaction was observed in 1.3M NaOH solution with a pH of 14.1. The EPLA
beads were completely dissolved after 14 hours. While no reaction was observed in 0.1M
solution with a pH level of 13. In the case of the reference solution (0.25M NaOH) the EPLA
beads start to degrade after 24 hours and a complete degradation was observed after 10 days

(Figure 5. 12).The same trend at a lower rate was observed in a saturated calcium hydroxide
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solution with a pH value of 11.8 (dissovled after 21 days). Thus, it can be concluded that the
chemical reaction of sodium and calcium was the main cause of EPLA degradation at the

early age of hydration.

6.3X

Figure 5. 12 EPLA degradation in sodium hydroxide solution (NaOH)

The initial setting time of concrete mainly depends on alkalis present as impurities in the
cement phases with sodium especially in the aluminate (3CaO. Al,05) phase and potasium in
calcium and aluminate phases. In fact, the changes in the liquid phase composition and
changes in Ca?*, SO%~ and AI(OH); concentrations significantly influence the hydration
process and setting time of concrete. The sodium (Na) and calcium Ca?* ions react with the
released lactic acid to form sodium lactate and calcium lactate. Thus, the alkaline reactivity
and degradataion of the EPLA along with a decrease in the amount of perlite aggregate causes
significant changes in the liquid phase composition and setting time of concrete. The reaction

scheme and chemical process of EPLA degradation are described as follows (Eq. 5.10 - 5.13).

Na,0 + H,0 = NaOH (Sodium Hydroxide) [5.10]
C3HgO05 (Lactic Acid) + NaOH = NaC3Hs05(Sodium Lactate) + H,0 [5.11]
Ca0 + H,0 = Ca(OH), (Calcium Hydroxide) [5.12]

2C3H¢05 (Lactic Acid) + Ca(OH), = CaCgH;,04(Calcium Lactate) + 2H,0 [5.13]
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The experimental results showed an improvement in final setting time with the inclusion of
EPLA. Compared with the control sample (P1), the final setting time was decreased from
6553 min to 6005 and 5645 min for samples PP3 and PP4, respectively (Table 5. 7 and Figure
5. 11). The changes in electrical resistivity of concrete are related to microstructural changes
[204, 205]. At the second stage of hydration, the alite and belite of cement start to react to
form calcium silicate hydrate and calcium hydroxide. The calcium hydroxide (Ca(OH),) and
sodium hydroxide (NaOH) of cement reactes with lactic acid to form calcium lactate
(CaCgH1(0¢) and sodium lactate (CaCgH,,0¢). After the chemical attack of alkaline
components, the sodium lactate and calcium lactate reacts with calcium sulfate and oxygen
to form calcium carbonate (calcite) and trisodium hydrogendicarbonate dihydrate (trona),
respectively. The reaction scheme of sodium lactate and calcium lactate are described as
follows (Eg. 5.14 - 5.16).

The chemical reaction of poly-lactic acid and calcium hydroxide:

CaC6H1006 + 602 = CaCO3(CalCite) + SCOZ + 5H20 [514]

The chemical reaction of polylactic acid and sodium hydroxide:
6NaC;Hs;05 + 9CaS0, = 9CaCO5(Calcite) + 2Na,CO5.NaHCO;.2H,0 (Trona) +

9H,S + H,0 + 5CO, [5.16]

The chemical reaction of lactate products and the transformation of calcium hydroxide
(Ca(OH),) and calcium silicate hydrate (C-S-H) to calcium carbonate (CaCO;) were the
main causes for changes of the final setting time. This process causes a significant conversion
of hydration products. The maximum resistivity was observed in sample P4 (60% EPLA)
due to the lower porosity compared with the control sample. Thus, the propagation and
growth of calcium carbonate decreased the porosity of concrete and caused a higher electrical

resistivity in the samples containing EPLA.
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Table 5. 7 The initial and final setting time of the control sample and samples contaning

higher amnouts of EPLA based on electrical resistivity response.

] Setting time (min)
Specimen _ i
Initial (P)) Final (Pg)
P1 1080 6553
PP3 190 6005
PP4 193 5645

5.4.10 Fire resistance test

The heat release rate of materials is a significant factor in a fire hazard evaluation [212]. Cone
calorimeter tests were done to evaluate the fire reaction of concretes containing bio-polymers
as a substutution for petrochemical polymers. The heat relase rate (HRR), total heat released
(THR), carbon monoxide production (COP), and carbon dioxide production (CO2P) of
EPLA concrete are evaluated and compared with perlite and EPS concrete. The failure modes
of samples subjected to high temperature are shown in Figure 5. 13. All the samples failed
with some minor thermal cracks without losing integrity. In addition a slight change in

surface coloring of sample PP4 and PP5 were observed due to the physical and chemical

changes of the samples along with burning of EPLA and EPS aggregate.

@ O N

Figure 5. 13 Fire resistance of concrete and its failure modes; (a) Perlite concrete (P1), (b)
EPLA concrete (PP4), (c) EPS concrete (PE4).

126



The heat release rate (HRR) and total heat released (THR) curves of the proposed concretes
under 50 kW/m? heat flux are presented in Figure 5. 14 and Figure 5. 15, respectively. The
experimental results reveal that the sample P1 can be graded as noncombustable material as
the maxium HRR and THR was below 200 kW/m? and 8 MJ/m?. Althougth, the maxiumum
HRR of sample PP4 and PE4 was below 200 kW/m? but both samples exceeded the
maximum THR and can be graded as quasi-noncombustable with a relative maximum THR
of 15.70 and 16.52 M]/m?, respectively. The ignition and flameout points of proposed
concretes are presented in Table 5. 8. The mix P1 did not contribute to fire growth and no
ignition point was observed. The EPS concrete burned and reached a peak of 36.40 kW/m?
after 810 seconds. The heat release rate of concrete was decreased to the amount of 15.54
kW /m? (about 57%) as the EPS was replaced with EPLA mainly due to the application of a
non petroleum product. The EPLA and EPS concrete start to ignite after 555 s and 711 s with
a heat release rate of 13.04 kW/m? and 10.54 kW /m?, respectively. It is worth to note that
the addition of EPLA caused a delay in the ignition point but extended the flameout point

due to the higher rate of carbon monoxide production of EPLA compared to EPS.
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Figure 5. 14 Heat release rate (HRR) response of proposed concretes under 50 kW /m?
external heat flux.
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Figure 5. 15 Total heat released (HTR) of proposed concretes.

Table 5. 8 The time to ignition and flameout of proposed concretes.

Mix No. Time to ignition (s) Time to flameout (s)
P1 0 0

PP4 555 1162

PE4 711 1311

The carbon dioxide (CO,) production of the proposed concretes is presented in Figure 5. 16a.
A sharp growth in the concentration of CO, was observed after ignition in the sample
containing EPS. The increase in the amount of released CO, gas is associated with the
combustion of petroleum polymer. The released CO, gas reached its maxiumum value of
0.002 g/s, 0.008 g/s and 0.0156 g/s after 915 s, 625 s and 810 s for mix P1, PP4 and PE4,
respectively. In the case of the sample PP4, the amount of CO, gas decreased by 48%
compared to PE4. The level of CO, gas remains low and almost constant throughout the test
for mix P1.

The concentration levels of carbon monoxide (CO) are presented in Figure 5. 16b. The CO
gas production of sample P1 was lower than that of sample PP4 and PE4. The highest and
fastest growth in CO gas production were observed in EPLA concrete. In fact, the CO is a
volatile and flammable gas which is associated with retaining the flame over the surface of
the samples. Compared to the PP4 and PE4 samples, there was a delay in time (870 s) where

the CO gas production reached its highest amount in sample P1. In addition, there was a
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certain fluctuation in CO production which causes an increase and decrease in CO, gas

production mainly due to the incomplete combustion.
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Figure 5. 16 (a) Carbon dioxide and (b) carbone monoxide production curves of proposed
concretes during combustion.

54.11 XRD analysis

X-ray diffraction analysis was used to identify and compare the mineralogical compositions
of concrete mixtures using PANalytical’s HighScore Plus software by fitting each powder
diffraction profile [181]. The hydration products of the EPS and EPLA concrete are
presented in Figure 5. 17. Based on the XRD results, portlandite, CH [Ca(OH),], calcium
silicate hydrate [C-S-H], ettringite, AFt [CagzAl,(S0,)5(0H),,.26H,0], calcite [CaCO4],
and magnesium silicate hydrate [M-S-H] were identified in the EPS and EPLA concrete,

respectively. As expected, the major hydration phase of the PE4 was portlandite, calcium
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silicate hydrate and ettringite. The presence of EPLA caused significant changes to the
hydration products of concrete.

The quantitative Rietveld analysis reveals that the matrix mostly contains portlandite
(17.2%), calcite (43.4%), ettringite (33.3%) and magnesium silicate hydrate (6.1%). The
presence of a large amount of calcite (CaCO3) shows the interaction between the EPLA and
portlandite (Ca(OH),). The degradation of poly-lactic acid and the release of calcium lactate
(CaCgH;,0¢) due to alikaine recativity led to the growth of calcite products. Compared with
PE4, the amount of portlandite and C-S-H content decreased from 31% to 17.2% and 41%
to 0%, respectively. The absence of C-S-H gel in sample PP4 was possibly due to the
consumption of portlandite by lactic acid (C3H¢03) to form calcium lactate and consequetly
calcite during hydration. In addition to this, the decrease of the amount of portlandite
indicates more calcite was formed during hydration and its reaction with carbon dioxide
(CO,). The chemical reaction of calcium lactate and oxygen (0,) led to an increase in the
amount of carbone dioxide in the matrix and a transformation of more portlandite to calcite.
This process leads to a significant reduction in concrete porosity and results in a more

compact matrix.
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Figure 5. 17 XRD Profiles (a) PE4, (b) PP4

54.12 SEM-EDS analysis

Figure 5. 18 and Figure 5. 19 show the elemental composition of the sample PE4 and PP4,
respectively. The elements Ca, Si, Al, Na, Mg, S, K and Fe along with Ca, Si, Al, Mg, S, Cl,
K and Fe were detected in the matrix of sample PE4 and sample PP4, respectively. The EDS
analysis shows that the addition of EPLA significantly changed the elemental composition
of concrete. A considerable change in the atomic concentration of the Ca, Na, S, Cl, K, Fe
was observed. For instance, the atomic concentration of Ca, Cl, Na and S changed from
29.33%, 0%, 0.53% and 0.33% to 42.76%, 0.62%, 0% and 1.03% for samples PE4 and PP4,
respectively.These changes can mainly be attributed to the concrete carbonation and EPLA
degradation in the alkaline environment of cement. The EDS analysis of the selected zone
shows that the ratios Ca0/SiO,, Ca0O/(Si0, + Al,03) and SiO,/(Ca0O + Al,03) were
changed from 0.734, 0.303 and 0.463 to 1.105, 0.467 and 0.405 for PE4 and PP4,
respectively. Based on the EDS analysis of the selected zone and the detected elements, the
presence of calcium silicate hydrate (C-S-H), calcium hydroxide (CH) and calcium
aluminium sulphate (AFt) for the sample PE4 and calcium hydroxide (CH), calcium
carbonate (CaCOs), calcium aluminium sulfate (AFt) and magnesium silicate hydrate (M-S-
H) for sample PP4 can be seen as hydration products of concrete. The hydration products
were observed during the microstructure analysis of the concretes. The SEM images show
the formation of fibrous type products (C-S-H), elongated and needle-like shapes (AFt) and
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CH plates in the microstructure of the PE4 (Figure 5. 20). Contrary a large amount of needle
crystals appeared in the interfacial zone of the paste and aggregate of the sample containing
EPLA (Figure 5. 21). The formation of large amounts of calcium carbonate (CaCO;) and
calcium aluminium sulfate (AFt) shows that the degradation of EPLA leads to a chemical
conversion of hydration products as no calcium silicate hydrate was found in the
microstructure of sample PP4. Regarding strength, the conversion of C-S-H gel to calcium

carbonate causes a reduction in engineering properties of concrete.
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Figure 5. 18 EDS analysis of sample containing 60% EPS (PE4)
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Figure 5. 19 EDS analysis of sample containing 60% EPLA (PP4)
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Figure 5. 21 SEM image of mix PP4; (a) at 2.5k magnification, (b) at 5.0k magnification.

5.5

Conclusions

Based on the experimental study carried out of utilising EPLA as a bio-plastic aggregate the

following conclusions can be drawn:

1-

The replacement of expanded perlite with expanded poly-lactic acid shows an inverse
effect on the workability of concrete due to an increase in specific surface area. The
reduction in the workability with the replacement of 20%, 40% and 60% aggregate
volume in EP by EPLA shows 7%, 17% and 74% lower values than the control
sample. The same trend of slump reduction was observed with an increase in EPS
proportion.

The density ranges of EPLA and EPS concrete was found to be between 493.0 and
302.2 kg/m3 and 493.0 and 312.2 kg/m3, respectively. An incrase in polymer
volume significantly decreased the denisty of concrete. The EPLA concrete shows a
slighly lower density manily due to the alkaline reactivity of EPLA and an incrase in
CO2 concentraion and consequent incrase in concrete porosity.

An increase in EPLA and EPS content led to a significant reduction in compressive
strength and elastic modulus of concrete. The highest and lowest compressive

strengths of 4.62 MPa and 0.62 MPa were observed in a sample containing 0% and
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60% EPLA, respectively. Also, the curing condition directly affects the strength
development of concrete. In the case of the high EPLA content sample, the
compressive strength was decreased by 60% as the curing condition was changed
from air cured to moist cured. With the identical polymer content, the compressive
strength of EPS concrete was higher than that of EPLA concrete. The degradtion of
EPLA aggregate, interficial bond failure due to the EPLA shrinkages and changes in
hydration products of EPLA concrete are the main causes of strength reduction.

The addition of EPLA shows an inverse effect on water absorption ratio of concrete.
The highest and lowest water absorption ratio was found in a sample containing 60%
and 0% EPLA because EPLA lost its hydrophobicity and shrunk in the alkaline
environment of cement. Contrary, an increase in EPS content results in a lower
absorption ratio.

The inclusion of EPLA was found to be beneficial in terms of lowering thermal
conductivity. This trend was reversed in samples cured in a moist condition. The
degradation of EPLA in the alkaline environment of cement and concrete carbonation
caused a decrease in concrete porosity and a higher thermal conductivity value.
Compared to a control sample, the thermal conductivity decreased by 10%, 16% and
25% and increased by 14%, 4% and 2% for samples containing 20%, 40% and 60%
EPLA which were cured in air and moist conditions, respectively. The thermal
conductivity of EPS concrete was slightly higher than that of EPS concrete.

The alkaline reactivity of EPLA decreased the initial and final setting time of concrete
mainly due to changes in the liquid phase composition. Sodium and calcium were
found to be the main causes of EPLA degradation at the initial cement hydration
stage.

The inclusion of EPLA led to a lower heat release rate (HRR) and carbon dioxide
production (CO2P). Compared to EPS concrete, the HRR and CO2P were decreased
by 57% and 48% as EPLA replaced EPS. The inclusion of EPLA aggregate causes
an increase in carbon monoxide production and extended the flameout point.

The addition of EPLA significantly changed the microstructure and hydration
products of concrete due to the degradation of EPLA and its alkaline reactivity. The
phases identified in the EPS concrete are mostly calcium-silicate-hydrate (C-S-H),
calcium hydroxide (portlandite) and calcium sulfoaluminate (ettringite). The

hydration products of EPLA concrete were mainly composed of calcite, ettringite and
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calcium hydroxide. The presence of a large amount of calcium carbonate (calcite)

explains the interaction of EPLA with calcium and sodium.

Furthermore, a set of equations was developed to estimate the required water-cement ratio,

required cement content, elastic modulus and thermal conductivity of the proposed concretes.
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CHAPTER 6
GGBS CONCRETE CONTAINING EPLA

6.1 Introduction

It was found in chapter 4 and chapter 5 that the alkaine components of cement cause EPLA
degrading which causes significant changes in engineering properties of concrete. This
chapter presents the experimental results of GGBS concrete containing EPLA and perlite
aggregate which has a lower alkalinity level compared to cement. The main idea of
investigating GGBS was to reduce the alkalinity of the matrix as a solution to keep the EPLA
beads alive. However, after a primary test, the same trend of degradation at a lower rate was
observed. Therefore, only a limited number of parameters such as density, compressive
strength, thermal conductivity, fire resistance and exothermic reaction were studied. In total,
ten mixtures with a varation of activator content and polymeer types are prepared. Calcium
oxide (CaO) and magnesium oxide (MgO) are used as activators of GGBS concrete and
replaced with 30% of GGBS weight at a CaO/MgO ratio of 30/60, 60/30, 45/45, 90/0 and
0/90. The results of GGBS concrete containng EPLA were compared to the EPS samples as
a refrence. The experimental results show that calcium carbonate even in small amounts
causes EPLA degradation. The alkaine reactivity of EPLA leads to a considerable reduction
of strength of GGBS concrete. Moreover, the influenec of calcium oxide on thermal

conductivity and exothermic reaction of concrete was noteable.

6.2 Experimental procedure

6.2.1  Materials

The specification of materials are explained and provided in Chapter 3.

6.2.2  Specimen preparation and test methods

The content of magnesium oxide (MgO) and calcium oxide (CaO) as an activator of GGBS
concrete was kept constant at 30% of binder weight. As shown in Table 6. 1, ten samples

with a variation in MgO, CaO and aggregate types EPLA and EPS were prepared at a constant
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water-binder ratio of 0.5. The materials are fully mixed in a dry condition. The EPLA
aggregate, MgO, CaO and GGBS were mixed in a rotary mixer for about 1 min. Before
adding the pre-determined amount of water, an appropriate amount of air entraining agent
was mixed with the required amount of water, and then 70% of the mixed water (water + air
entraining agent) were added to the mixture and mixed for 3 min. Expanded perlite aggregate
was slowly added to the mixture followed by the remaining water for 2 min, to avoid the
compaction of expanded perlite during the mixing process. To have a better understanding
on the influence of curing conditions on properties of GGBS concrete containing EPLA
aggregate, the samples were exposed to two different curing conditions of air curing (AC)
and water curing (WC). In the case of air curing, the samples were kept in the laboratory at
the relative temperature of 20+2 °C, whereas the water cured samples were immersed in a
water curing tank at a temperature of 16x2 °C. It worth to note that the average results of
three specimens were considered to evaluate the engineering properties of proposed

concretes.

Table 6. 1 Mix proportion of magnesium phosphate concrete containing EP and EPLA.

Specimen Effective | CaO/ Mix proportion (kg/m?)
w/b MgO G M| C w EP | EPLA | EPS AE

PGMC 1 0.5 30/60 | 210 | 60 | 30 | 2395 | 405 | 13.3 - 0.0041
PGMC 2 0.5 60/30 | 210 | 30 | 60 | 2395 | 405 | 13.3 - 0.0041
PGMC 3 0.5 45/45 | 210 | 45 | 45 | 2395 | 405 | 133 - 0.0041
PGMC 4 0.5 0/90 210 | 90 | 0 | 2395 | 405 | 133 - 0.0041
PGMC 5 0.5 90/0 210 | O | 90 | 2395 | 405 | 133 - 0.0041
EGMC 1 0.5 30/60 | 210 | 60 | 30 | 239.5 | 40.5 - 7.0 | 0.0041
EGMC 2 0.5 60/30 | 210 | 30 | 60 | 239.5 | 40.5 - 7.0 | 0.0041
EGMC 3 0.5 45/45 | 210 | 45 | 45 | 2395 | 405 - 7.0 | 0.0041
EGMC 4 0.5 0/90 210 | 90 | O | 2395 | 405 - 7.0 | 0.0041
EGMC 5 0.5 90/0 210 | 0 | 90 | 239.5 | 40.5 - 7.0 | 0.0041

w/b: water / binder ratio, G: Ground granulated blast-furnace slag (GGBS); M: Magnesium
oxide (MgO); C: Calcium oxide (CaO); w: water; EP: expanded perlite, EPLA: Expanded

poly-lactic acid; EPS: Expanded polystyrene; AE: Air entraining agent.
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6.3 Results and discussion

6.3.1

Density and compressive strength

Table 6. 2 presents the density and strength development of GGBS concrete after 7 and 28

days with a variation of magnesium oxide (MgO) content, calcium oxide content (CaO) and

curing conditions. The experimental results show that regardless of the MgO/CaO ratio, the

dry density of samples containing EPLA was much lower than that of EPS concrete. The

decline of unit weight in the dried density of GGBS concrete containing EPLA is an

indication of a higher amount of open pores in the matrix structure due to the chemical

reactivity of EPLA and its degradation.

Table 6. 2 Density and compressive strength of GGBS concrete containing EPLA and EPS

aggregate.
Compressive strength (kg/m3)
Specimen Density (kg/m3) Air Cured Moist Cured
= A dried 7days | 28days | 7days |28 days

PGMC 1 546.5 220.2 0.214 0.434 0.259 0.382
PGMC 2 569.7 217.6 0.312 0.421 0.286 0.360
PGMC 3 533.6 214.4 0.163 0.302 0.070 0.252
PGMC 4 540.0 218.0 0.208 0.308 0.161 0.341
PGMC 5 590.1 203.2 0.294 0.444 0.168 0.196
EGMC 1 600.0 259.6 0.482 0.681 0.803 1.255
EGMC 2 623.0 242.2 0.531 0.881 0.721 1.792
EGMC 3 577.5 230.4 0.430 0.663 0.834 1.381
EGMC 4 570.0 216.8 0.327 0.396 0.558 1.027
EGMC 5 628.3 212.4 0.819 0.868 0.763 1.310

PP4 389.0 302.2 - 1.620 - 0.640

PE4 384.0 312.6 - 1.820 - 2.090
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As shown in Figure 6. 1, the addition of calcium oxide accelerates the degradation of EPLA,
while the application of magnesium oxide as GGBS activator reduced the rate of degradation.
The sample PGMC5 shows a lower density compared to the other samples containing EPLA.
In fact, an increase in CaO content accelerates the degradation of EPLA beads as a result of
chemical reactivity of lactic acid and calcium hydroxide. Also, an increase in CO:2
concentration as a result of chemical reactivity of lactic acid and calcium hydroxide causes
an increase in porosity and consequently lower density.

(d) (€)

Figure 6. 1 The influence of GGBS activator on rate of EPLA degradation; (a) PGMCL, (b)
PGMC2, (c) PGMC3, (d) PGMC4, (e) PGMC5
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According to the experimental results in Table 6. 2, it was found that the strength
development of samples containing EPLA aggregate, which cured in water was smaller than
those cured in the ambient environment. This trend was inverse in GGBS concrete containing
EPS aggregate. Regardless of the MgO/CaO ratio, the average compressive strength obtained
for samples cured in water at the age of 7 days and 28 days were about 29% and 22% lower
than the samples cured in air, respectively. The rate of strength reduction was much higher
in a sample containing a larger amount of calcium oxide (PGMC5) due to the alkaline
reactivity of EPLA, which results in significant changes in hydration products of concrete
and conversion of hydration products to more calcium carbonate. The highest compressive
strength was observed in sample PGMC1 with a relative MgO/CaO content of 60/30. It was
found that the amount of calcium oxide significantly affects the strength development of
GGBS concrete containing EPLA. The average 28 days compressive strength of GGBS
concrete containing EPS aggregate was about 65.5% and 314.77% higher than that of the

EPLA sample when cured in air and water, respectively.

6.3.2  Thermal conductivity

The variation of thermal conductivity (TC) of GGBS concrete containing EPLA and EPS is
presented in Table 6. 3. The thermal conductivity of the proposed concretes was found to be
26 to 30 times smaller compared with normal concrete containing quartzite aggregate (about
3.5 W/mK). The experimental results show that the factors such as aggregate types (EPLA
and EPS), calcium oxide content and magnesium oxide content significantly affect the TC
value of GGBS concrete. In the case of EPLA samples, the thermal conductivity decreased
with an increase in calcium oxide content. This trend was mainly attributed to the increase in
concrete porosity due to the EPLA degradation in the alkaline environment of the matrix and
an increase in CO2 gas concentration. The lowest and highest TC value were observed in
samples PGMC5 and PGMC4 with relative TC values of 0.0923 W/mK and 0.1251 W/mK.
A thermal conductivity of 0.1046, 0.0976 and 0.1146 W/mK was obtained for samples
PGMC1, PGMC2 and PGMC3, respectively. It was established that any changes in calcium
oxide content affect the TC values, which is directly related to the alkaline reactivity of
EPLA. In contrast, the influence of the activator content on thermal conductivity of EPS

samples was minimal.
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Table 6. 3 Thermal conductivity of proposed concrete

Specimen Density (kg/m?) Thermal conductivity
(W/m.K)
PGMC 1 220.2 0.1046
PGMC 2 217.6 0.0976
PGMC 3 214.4 0.1146
PGMC 4 218.0 0.1251
PGMC 5 203.2 0.0923
EGMC 1 259.6 0.1013
EGMC 2 242.2 0.1051
EGMC 3 230.4 0.0993
EGMC 4 216.8 0.1016
EGMC 5 212.4 0.0979
PP4 302.2 0.0710
PE4 312.6 0.0880

6.3.3 Exothermic reaction

The influence of activators on the exothermic reaction of GGBS concrete is shown in Figure
6. 2. A higher exothermic reaction intensity was found in samples containing larger amounts
of calcium oxide. This trend mostly related to the highly reactive properties of calcium oxide
when mixed with water to form calcium hydroxide. The addition of magnesium oxide causes
an extension of the peak time temperature and consequently lower concrete temperature. The
peak temperature of samples PGMC5 and PGMC3 was 45 °C and 22 °C, which occurred
after 5 and 15min of mixing time, respectively. Compared with normal concrete containing
EPLA (PP4), both samples PGMC5 and PGMC3 showed an immediate increase in concrete

temperature, which was followed by a sudden drop in exothermic reaction, while the

temperature changes of sample PP4 was minimal.
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Figure 6. 2 The exothermic reaction of GGBS concrete.

6.3.4  Fire resistance

The fire properties of GGBS concrete were evaluated through a cone calorimeter test according to
ASTM E1354. In order to have a better understating of the performance of GGBS concrete,
its results are compared with samples of EPLA concrete (PP4) and EPS concrete (PE4). The
parameters such as heat release rate (HRR), total heat released (THR), carbon monoxide
production (COP), carbon dioxide production (CO2P), mass reduction and failure modes
during fire test were evaluated and assessed.

As shown in Figure 6. 3, no visible thermal cracks and matrix degradation was observed in
samples PGMC3 and EGMC3, while some minor thermal cracks were observed in samples
PP4 and PE4. The slight changes in surface colouring were visible in all samples except
GGBS concrete containing EPLA aggregate. The surface changes of GGBS concrete
containing EPLA could be related to the burning of polymer aggregate for a much longer
time as a result of producing larger amounts of CO gas which is associated with retaining the

flame over the surface of samples.
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Figure 6. 3 Fire test results; (a) EPLA concrete, (b) EPS concrete, (c) PGMC 3, (d) EGMC3
3.

Based on the experimental results of the fire tests, the PGMC3 and EGMC3 samples are
categorized as quasi non-combustible with a relative HRR and THR of 14.566 kW/m? and
11.379 MJ/m? along with 53.83 kW/m? and 17.401M]/m?, respectively. The heat release
rate of the proposed concretes was much higher than the standard limit of 200 kW/m? and
the total heat released of the samples exceeded the limit of the standard of 8M]/m?. It was
found that the heat release rate of GGBS concrete containing EPLA was much higher than
that of the sample containing EPS aggregate. Compared to cement-based samples PP4 and
PE4, the HRR and THR of GGBS concrete containing EPLA were much higher (Figure 6.
4). The GGBS concretes containing EPLA and EPS ignited after 394s and 763s and flame
out took place after 698s and 1012s (Table 6. 4). It was found the addition of EPLA causes
an increase in ignition time of GGBS concrete, while a considerable delay was observed in
the sample containing EPS aggregate. In the case of EPS concrete, the application of GGBS

causes also a slight delay in ignition time compared to sample PP4 and PE4.
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Table 6. 4 The time to ignition and flameout of proposed concretes.

Mix No. Time to ignition (s) Time to flameout (s)
PGMC3 394 698
EGMC3 763 1012
PP4 555 1162
PE4 711 1311
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Figure 6. 4 Cone calorimeter test results; (a) Heat release rate (HRR), (b) Total heat
released (THR).

As it is shown in Figure 6. 5a, a sharp increase in CO2 gas production was observed after
ignition which mainly related to the combustion process of EPS aggregate generating a
considerable amount of CO2 gas. Although a significant delay in COz gas production was
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observed, the rate of gas production was much higher than that of a sample containing EPS.
In contrast, the level of CO2 gas production has remained low and almost constant throughout
the test with no considerable sharp point. Compared to sample PGMC3, the amount of gas
production was about 65% higher than that of sample PP4. It was found that the combination
of GGBS and EPLA causes an increase in CO2 gas production, which can be counted as the
negative impact of using EPLA in GGBS concrete.

The concentration levels of carbon monoxide (CO) are presented in Figure 6. 5b. The CO
gas production of sample PGMC3 was significantly higher than that of EPLA and EPS
concrete. The highest and fastest growth in CO gas production was observed in sample
PGMCa3. It was found that the difference between the ignition and flash point of EPLA
concrete was greater than that of EPS concrete due to the production of larger amounts of
CO gas. The same trend of a lower amount of gas was observed in sample PP4. It can be
found that the addition of EPLA leads to an increase in CO gas production, which retains the

flame over the surface of samples and increases HRR and THR.
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Figure 6. 5 Cone Calorimeter test results; (a) Carbon dioxide production (CO2P), (b)
Carbon monoxide production (COP).

Conclusions

Based on the assessment and evaluation of mechanichal and thermal properties of GGBS

concrete the following conclusions are drawn:

1-

2-

The addition of calcium oxide accelerates the rate of EPLA degradation, while the
degradation was lower when magnesium oxide is used as an activator of GGBS.

The density of GGBS concrete ranged from 203.2 kg/m3 to 220.2 kg/m?3 and from 212.4
kg/m3 to 259.6 kg/m3 for samples containing EPLA and EPS, respectively. A
significant decrease in density of concrete was observed with samples containing larger
amounts of calcium oxide mainly due to the alkaline reactivity of EPLA and calcium
hydroxide. This causes an increase in CO2 gas concentration and concrete porosity.

The strength development of GGBS concrete is influenced by curing regimes and
activator content. The compressive strength of GGBS concrete containing EPLA
decreased with an increase in calcium oxide content. However, the moist curing condition
accelerates the rate of strength reduction in samples containing EPLA, while this trend
was inverse in EPS samples. The strength reduction is mainly attributed to the changes
in hydration products of concrete as the alkaline reactivity of EPLA with alkaline
components of GGBS leads to the formation of calcium carbonate as a hydration product.
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4-

The alkaline reactivity of EPLA significantly affects the thermal conductivity value of
GGBS concrete. A lower TC value was observed in samples containing larger amounts
of calcium oxide. The chemical reactivity of lactic acid and calcium hydroxide causes an
increase in concrete porosity. The influence of the activator on thermal conductivity of
EPS concrete was minimal.

The exothermic reaction of GGBS concrete was a factor of activator content. A rapid
increase in concrete temperature occurred in samples containing larger amounts of
calcium oxide due to the rapid reaction of calcium oxide and water to form calcium
hydroxide.

No visible cracks were found in samples containing EPLA and EPS and they were
categorized as a quasi-non-combustible. The heat realise rate of samples containing
EPLA was much higher than that of EPS samples. The same trend was observed in terms
of carbon monoxide production and carbon dioxide production. Compared to EPS
samples, the addition of EPLA causes an increase in COP, which leads to the flame being

retained over the surface of samples for a longer period.
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CHAPTER 7
MAGNESIUM PHOSPHATE CONCRETE CONTAINING EPLA

7.1 Introduction

The degradation of expanded poly-lactic acid (EPLA) in the high alkaline environment of
cement basically eliminates the use of a bio-polymer aggregate as a substitution for
lightweight petroleum derived aggregate such as EPS. The chemical reaction of EPLA beads
and alkaline components of cement causes a significant change in properties of concrete. It
was found in previous chapters that the replacement of cement with GGBS as a lower alkaline
binder slightly decreased the degradation rate of EPLA. In addition, it was concluded that the

rate of degradation depends on the volume percentages of calcium oxide.

This chapter aims to evaluate the performance of EPLA beads in the acid-based environment
of magnesium phosphate cement. The magnesium phosphate concrete is prepared by mixing
magnesium oxide (MgO), ammonium dihydrogen phosphate (NH,H,PO,), expanded perlite
(EP), expanded poly-lactic acid and Borax as a retarder at a certain ratio and proportions.
The mechanical properties of the proposed concrete were assessed at the period of 1 hour to
90 days. Also, the thermal conductivity, electrical resistivity, setting time, fire resistance, pH,
exothermic reaction and microstructure of the concrete were investigated. The phosphate to
magnesium ratio (P/M), water to cement ratio (w/c) and retarder content were the variables
of this study. The experimental results show that the EPLA beads are stable in the acid-based
reaction of magnesium phosphate cement and no degradation was observed. Moreover, the
P/M ratio and retarder content affect the setting time and exothermic reaction of concrete.
The electrical resistivity decreased with an increase in phosphate content. The magnesium
phosphate concrete lost its strength when subjected to higher temperatures. The XRD
analysis reveals that the reduction in concrete strength after 7 days is mainly attributed to the

formation of calcium chloride.
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7.2  Experimental procedure

7.2.1 Materials

The specification of materials are explained and provided in Chapter 3.

7.2.2  Specimen preparation and test methods

As presented in Table 7. 1, a total of 18 magnesium phosphate concrete samples were
prepared. The phosphate-magnesium ratio was varied at the mix ratio of 1/6, 1/5 and 1/3. At
each P/M ratio, the water-cement ratio ranged from 0.9 to 1.1 in increments of 0.1. In
addition, the retarder content was considered as another variable in this study. Borax was
added to the matrix at a ratio of 5 and 10% of the cementitious weight. For instance, the
sample PM15-1.0-05 is prepared with a P/M ratio of 1.5, water-cement ratio of 1.0 and borax
content of 5%. The ratio of expanded perlite to expanded poly-lactic acid was kept fixed at
0.428 by aggregate volume. All the materials are fully mixed in a dry condition and blended
in a small rotary mixer for about 1 min. Before adding water, an appropriate amount of air
entraining agent was mixed with the required water. The required water was added to dry
materials and mixed only for 1 min due to the immediate hardening of magnesium phosphate

cement.

The samples were cast into standard steel moulds of 50x50x50 mm cube size and demoulded
after 1 hour. The compressive strength tests were done by an Instron 100 kN tester at a rate
of 50 mm/min after 1 hour, 3 hours, 1 day, 3 days, 7 days, 28 days, 56 days and 90days.
Prisms of 70x20x20 mm sizes were used for studying the thermal conductivity. The thermal
conductivity, XRD analysis, EDS analysis, SEM imaging, electrical resistivity and fire
resistance tests were carried out to investigate the various properties. The descriptions of the
test methods are contained in more detail in Chapter 3. It is worth to note the hydration
process of samples was stopped by immersion of the samples in acetone for 3 days followed
by a vacuum oven for 3 days and oven drying for 1 day at 35°C [182]. The average results of

three specimens were considered to evaluate the engineering properties of proposed concrete.
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Table 7. 1 Mix proportions of magnesium phosphate concrete containing EP and EPLA.

Specimen P:M | *w/b Mix proportion (kg/m")
w C P M EP B | EPLA | EPS
EPLA Concrete

(PPA) - 0.624 | 193.5 | 310 - - 40.5 - 13.3 -

EPS Concrete
(PE4, reference) - 0.624 | 193.5 | 310 - - 40.5 - - 7.0

PM16-0.9-10 1:6 0.9 360.5 - 43 | 257 40.5 30 13.3 -
PM16-0.9-05 1:6 09 | 3605 | - 43 | 257 | 405 | 15| 133 -
PM16-1.0-10 1:6 1.0 390.5 - 43 | 257 40.5 30 13.3 -
PM16-1.0-05 1:6 1.0 390.5 - 43 | 257 40.5 15 13.3 -
PM16-1.1-10 1:6 11 420.5 - 43 257 40.5 30 13.3 -
PM16-1.1-05 1:6 1.1 420.5 - 43 | 257 40.5 15 13.3 -
PM15-0.9-10 1:5 0.9 360.5 - 50 | 250 40.5 30 13.3 -
PM15-0.9-05 1:5 0.9 360.5 - 50 | 250 40.5 15 13.3 -
PM15-1.0-10 1:5 1.0 390.5 - 50 | 250 40.5 30 13.3 -
PM15-1.0-05 1:5 1.0 390.5 - 50 | 250 40.5 15 13.3 -
PM15-1.1-10 1:5 11 420.5 - 50 250 40.5 30 13.3 -
PM15-1.1-05 1:5 1.1 420.5 - 50 | 250 40.5 15 13.3 -
PM13-0.9-10 1:3 0.9 360.5 - 75 | 225 40.5 30 13.3 -
PM13-0.9-05 1:3 09 | 3605 | - 75 | 225 | 405 | 15| 133 -
PM13-1.0-10 1:3 1.0 390.5 - 75 | 225 40.5 30 13.3 -
PM13-1.0-05 1:3 1.0 390.5 - 75 | 225 40.5 15 13.3 -
PM13-1.1-10 1:3 11 420.5 - 75 225 40.5 30 13.3 -
PM13-1.1-05 1:3 1.1 420.5 - 75 | 225 40.5 15 13.3 -

*wi/b: (effective w/b ratio + required water for saturating of expanded perlite), C: Cement
content, P: Ammonium dihydrogen phosphate; M: Magnesium oxide; EP: Expanded
perlite; B: Borax; EPLA: Expanded poly-lactic acid; AE: air entraining agent; w: water.
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7.3  Results and discussion

7.3.1  Density

Table 7. 2 presents the dry density of magnesium phosphate concrete (MP) with a variation
in phosphate content, magnesium content, borax content and water-cement ratio. The density
of concrete decreased slightly with an increase in water-binder ratio. In the case of identical
phosphate-magnesium ratios (P/M = 1/6), the density decreased from 462.2 kg/m? to 383.2
kg/m?3 as the water-cement ratio increased from 0.9 to 1.1. This trend is mainly related to
the increase in concrete flowability and sufficient water being available for the activation of
the air mix agent, which causes an increase in concrete porosity. The influence of the P/M
ratio on the dry density of concrete was minimal. Compared with P/M = 1/5 the average
density of all samples of each group was about 8.21% and 4.18% lower that of P/M = 1/6
and P/M = 1/3, respectively.

The highest and lowest dry density were observed in the samples PM16-0.9-10 and PM15-
1.1-05 with relative densities of 467.7 and 367.0 kg/m3. Compared with the reference
sample prepared with cement, the lowest density obtained by magnesium phosphate concrete
was about 18% of that of EPLA concrete. The changes in density can be attributed to the
relative density of magnesium phosphate and alkaline reactivity of EPLA. In fact, the
chemical reactivity of EPLA in the alkaline environment of cement leads to an increase in
CO, gas concentration and consequently decreases in concrete porosity. No alkaline
reactivity was observed in magnesium phosphate cement containing EPLA aggregate due to

the acid-based environment of magnesium phosphate cement.

7.3.2  Compressive strength

As shown in Table 7. 2, the compressive strength of the proposed concrete improved with an
increase in MgO content. The chemical reaction of magnesium phosphate cement occurs with
the dissolution of MgO and NH,H,PO, in an acid-based environment. The strength
development of magnesium phosphate cement mainly depends on the hydration of MgO as

the strength of hydrated MgO is much higher than that of phosphate hydrates [P1]. It was

152



found that the optimum ratio of phosphate and magnesium is the ratio with which the
phosphate hydrates can surround the grains of MgO thoroughly.

The experimental results show that the strength development of concrete at different curing
ages increased rapidly up to 7 days and decreased slightly at later ages (up to 90days). For
instance, the compressive strengths of sample PM15-1.1-10 at 3 days, 7 days, 28 days, 56
days and 90 days were 0.47, 0.49, 0.37, 0.31 and 0.28MPa, which shows the strength
reduction during the curing time. It is worth to note that the 1 hour and 3 hours and 1-day
compressive strength of sample PM15-1.1-10 were 46% increased, 10% decreased and
13.52% decreased from the 28day compressive strength. It is very likely, that the addition of
perlite aggregate with its relatively high absorption ratio initially hinders the hydration
process and later hydration of unreacted magnesium oxide and phosphate causes a significant
reduction in strength development of concrete. The same trend of strength reduction was
observed in other samples with different P/M ratios. In comparison with a reference sample,
the compressive strength of magnesium phosphate concrete was about 78% higher than that
of EPLA concrete. The main causes of strength reduction can be attributed to the alkaline
reactivity of EPLA aggregate and changes in hydration products, which causes more calcium
carbonate to appear as hydration products of concrete containing EPLA particles. In addition,
the interfacial bond between EPLA and the matrix breaks down due to shrinkages and
degradation of EPLA particles. In fact, the degradation process, changes in hydration
products, the existence of large void sizes due to shrinkages of EPLA and increases in
concrete porosity lead to a considerable reduction in concrete strength compared with
magnesium phosphate concrete.

As shown in Figure 7. 1, all the samples reveal a parabolic strength development up to 7 days
with a relatively high strength development at early stages. However, this trend starts to
decrease after that. The effectiveness of retarder content increases with its amount. The
increase in borax content causes a decrease in compressive strength while this trend was
inversed in the sample with a P/M ratio of 1/3. It was found there is a direct relationship
between phosphate content and borax content as the retarder materials show a better
performance in a sample containing a larger amount of phosphate. However, the addition of
retarder caused an increase in 28-days compressive strength of samples with a P/M ratio of
1/5 and 1/6 but decreased at the later ages.

The experimental results show that the 28-day and 56-day compressive strengths of sample
PM13-1.0 were increased from 0.37 MPa to 0.48 MPa and 0.42 MPa to 0.49 MPa as the
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borax content increased from 5% to 10%, respectively. Compared to the strength
development of magnesium phosphate concrete at 90-day strength, the ranges were 48-61%
lower after 1 hour, 25-30% lower after 3 hours, 18-25% lower after 1 day, 12-15% higher
after 3 days and 8-10% higher after 7 days, while the rate of strength development was varied
at the time of 28-day and 56-day. The application of perlite as a lightweight aggregate causes
a significant reduction in long-term strength development of magnesium phosphate concrete
and this trend was much higher at the sample containing a larger amount of phosphate. Also,
it can be concluded that the high absorbent characteristics of perlite aggregate and high
concrete temperatures at the initial stage of mixing causes a significant reduction in concrete

flow-ability and consequently lower concrete strength.
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Table 7. 2 The density and compressive strength of magnesium phosphate concrete.

) Density Compressive strength (MPa)
Specimen P/M 3
(kg/m>) | 1 Hour | 3Hours | 1Day | 3Days | 7Days | 28 Days | 56 Days | 90 Days
EPLA Concrete

(PP4) - 302.2 - - - - - 0.11 0.13 0.15
PM16-0.9-10 1/6 467.7 0.26 0.41 0.55 0.57 0.59 0.54 0.49 0.51
PM16-0.9-05 1/6 462.2 0.32 0.36 0.40 0.54 0.55 0.44 0.38 0.42
PM16-1.0-10 1/6 443.7 0.17 0.33 0.36 0.51 0.48 0.44 0.43 0.44
PM16-1.0-05 1/6 417.9 0.25 0.34 0.36 0.54 0.53 0.38 0.39 0.48
PM16-1.1-10 1/6 426.1 0.20 041 0.42 0.47 0.49 0.53 0.41 0.45
PM16-1.1-05 1/6 383.2 0.24 0.30 0.31 0.41 0.44 0.39 0.33 0.36
PM15-0.9-10 1/5 429.8 0.26 0.41 0.55 0.57 0.59 0.55 0.35 0.32
PM15-0.9-05 1/5 406.3 0.32 0.36 0.40 0.54 0.55 0.45 0.41 0.49
PM15-1.0-10 1/5 412.2 0.17 0.33 0.36 0.51 0.40 0.33 0.32 0.29
PM15-1.0-05 1/5 397.3 0.25 0.34 0.36 0.54 0.53 0.38 0.40 0.42
PM15-1.1-10 1/5 390.9 0.20 0.41 0.42 0.47 0.49 0.37 0.31 0.28
PM15-1.1-05 1/5 367.0 0.24 0.30 0.31 0.40 0.43 0.38 0.33 0.30
PM13-0.9-10 1/3 448.8 0.27 0.30 0.53 0.61 0.67 0.63 0.65 0.58
PM13-0.9-05 1/3 406.4 0.31 0.32 0.34 0.41 0.42 0.40 0.38 0.37
PM13-1.0-10 1/3 417.6 0.25 0.40 0.44 0.47 0.51 0.49 0.47 0.48
PM13-1.0-05 1/3 412.0 0.30 0.35 0.37 0.38 0.44 0.42 0.40 0.37
PM13-1.1-10 1/3 415.2 0.15 0.31 0.35 0.36 0.43 0.51 0.48 0.49
PM13-1.1-05 1/3 404.0 0.24 0.31 0.34 0.39 0.41 0.35 0.37 0.35
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Figure 7. 1 The strength development of magnesium phosphate concrete; (a) PM16-1.0,
(b) PM15-1.0, (c) PM13-1.0.

7.3.3  pH assessment

Figure 7. 2 shows the pH variation of magnesium phosphate concrete at different curing
ages. A slight increase in pH values of concrete was observed at the early stages of curing
of up to 7 days and remained almost stable at the later stages of up to 90 days. The increase
in pH level at the early stage of curing is mainly related to the gradual dissolution of MgO
[213, 214]. In fact, the hydration process and hardening of magnesium phosphate concrete
in the acid-based environment depends on the dissolution of magnesium oxide in
ammonium dihydrogen phosphate [213]. The dissolution of ammonium dihydrogen
phosphate and the released hydrogen ions form an acid-based solution, which accelerates
the dissolution of magnesium and the release of hydroxide ions. As the pH of the solution
climbs above 7, the struvite analogue (MgKPO,.6H,0) started to form, accompanied
with its amorphous counterpart [215]. The matrix starts to set and hardens with an

increase in the amount of struvite of potassium and amorphous substances.

157



MgO + KH,PO, + 5H,0 = MgKPO,.6H,0
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Figure 7. 2 The comparison between pH variation of magnesium phosphate concrete
and cement-based concrete.

The pH values of concrete increased with an increase in magnesium content (M). The
sample PM13-1.0 with a P/M ratio of 1/3 shows a lower pH value throughout curing
compared to PM15-1.0 and PM16-1.0 with a relative P/M ratio of 1/5 and 1/6,
respectively. The pH level of samples with a P/M ratio of 1/6 and 1/5 was about 14-19%
after 1 day, 16-21% after 3 days, 13-18% after 7 days, 13-15% after 28 days, 14-16%
after 56 days and 13-16% after 90 days higher than that of sample PM15-1.0. Compared
with the cement-based concrete the pH level of magnesium phosphate concrete was much
lower due to its acid-based environment. The most likely reason is that the cement-based
concrete has a higher alkalinity due to the chemical reactivity of alkaline components and
the formation of calcium hydroxide. The highest and lowest pH levels of 9.9 and 8.6 were
observed in samples PM16-1.0 and PM13-1.0. The EPLA beads were stable in the acid-

based environment of magnesium phosphate concrete with no degradation (Figure 7. 3).

EPLA degradation Carbonation

Cement-based Concrete
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No alkaline reactivity

Magnesium phosphate Concrete

(b)
Figure 7. 3 Effect of alkaline-based and acid based environment on degradation of
EPLA beads, (a) cement based concrete, (b) magnesium phosphate concrete

7.3.4  Thermal conductivity

Table 7. 3 reveals the variation in thermal conductivity of magnesium phosphate cement
with a variation in P/M ratio, w/c ratio and borax content. The increase in concrete
porosity using lightweight aggregate and an air entraining agent is the common method
to decrease the thermal conductivity value of concrete [5]. The researchers found that the
thermal conductivity of concrete is influenced by concrete density, moisture content, air
content, concrete temperature and mineralogical characteristics of lightweight aggregate.
The thermal conductivity of magnesium phosphate concrete ranged from 0.096 to 0.116
W/mK.

Referring to previous studies, a thermal conductivity of 0.206 W/mK and 0.06 W/mK
were obtained by inclusion of EPS aggregate and the combination of foam and EPS by
Bouvard [95] and Chen [102], respectively. Also, the thermal conductivity of magnesium
phosphate concrete is about 32 times lower than that of normal concrete with a relative
thermal conductivity of 3.5 W/mK for normal concrete containing quartzite aggregate. It
can be found that an increase in Borax content results in a slightly higher thermal
conductivity in the sample with a P/M ratio of 1/5 and 1/6 and lower thermal values in
sample PM13-1.0. The thermal conductivity values of PM16-1.0, PM15-1.0 and PM13-
1.0 were 0.110, 0.105 and 0.105 W/m.K, In addition, the thermal conductivity of
magnesium phosphate concrete was about 35% higher than that of the EPLA concrete
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(PP4). The reason is the alkaline reactivity of EPLA and the increase in concrete porosity

as a result of an increase in CO, concentration.

Table 7. 3 The comparison between thermal conductivity of magnesium phosphate

concrete and EPLA concrete.

) Thermal conductivity (W/m.K)
] Density
Specimen Experimental Proposed
(kg/m3) ACI model
results model
EPLA Concrete
302.2 0.071 0.070 0.125
(PP4)

PM16-1.0-05 417.9 0.105 0.105 0.145
PM16-1.0-10 443.7 0.116 0.114 0.149
PM15-1.0-05 397.3 0.096 0.098 0.141
PM15-1.0-10 412.2 0.114 0.103 0.144
PM13-1.0-05 412.0 0.110 0.103 0.144
PM13-1.0-10 417.6 0.101 0.105 0.145

Several researchers concluded that there is a direct relationship between concrete density
and thermal conductivity values [38]. In the case of ultra-lightweight concrete, the factors
such as aggregate volume and lightweight aggregate density significantly affect the
thermal properties of concrete. The AClI Committee [78] has proposed an equation to
estimate the thermal conductivity of lightweight concrete (Eg. 7.1). However, the
proposed equation relies on the density of concrete without concerning the other effective
factors. To estimate the thermal conductivity of the proposed concrete, equation Eq. 7.2
with five variables of concrete density, perlite density, EPLA density, perlite ratio and
EPLA ratio was developed and its results compared with the proposed equation by ACI
and experimental results. The newly developed equation provides a better fit with

experimental data than the ACI equation as can be seen from Table 7.3.

A = 0.0860:00125Y [7.1]
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K+ 0.5REpPLA
A= v Yconcrete ) 5 [72]

R%S .
= Perlite
(Yperlite-Rperlite) + (YEPLA-REPLA)

K = 1.9 (for Perlite concrete)

WHhere, Yeoncrete 1S the concrete density (kg/m?3); Rperiite is the ratio of perlite; Rgp4 is

the ratio of EPLA. K is a constant value of 1.9.

7.3.5 Exothermic reaction

The effect of P/M ratio and retarder content on the exothermic reaction of magnesium
phosphate concrete containing EPLA are displayed in Table 7. 4 and Figure 7. 4. The
experimental results show that the sample PM13-1.0-05 with a P/M ratio and retarder
content of 1/3 and 5% (binder weight) exhibited the highest exothermic reaction intensity,
while the sample PM15-1.0-10 showed the lowest exothermic reaction intensity. It was
found that an increase in phosphate content leads to a significant increase in the peak
temperature and setting time. The application of retarder materials causes an extension of
the peak time temperature and consequently lower concrete temperature. The peak
temperature of sample PM13-1.0-05 and PM13-1.0-10 was 50 °C and 47 °C, which
occurred after 10 and 15min of mixing time, respectively. The effectiveness of retarder
materials on controlling the fast hardening of magnesium phosphate concrete was more
significant in a sample containing higher magnesium content (1/5). In consideration of all
samples, the retarder content and P/M ratio plays a significant role in the exothermic
reaction intensity and setting time of concrete. The decrease in P/M ratio slowed down
the heat development of magnesium phosphate concrete, and its exothermic peak
decreased with the addition of more retarder materials. The reaction and hardening
process of magnesium phosphate concrete can be summarized as (1) dissolution of
magnesium oxide and phosphate, (2) exothermic reaction between magnesium oxide and
phosphate ion leading to an increase in matrix temperature, and (3) formation of gel and
condensation into MPC [214].
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Table 7. 4 The peak temperature of magnesium phosphate concrete.

Peak temperature (C°) | Time at peak temperature (min)
PM 13-1.0-05 50 10
PM13-1.0-10 47 15
PM15-1.0-05 33 5
PM15-1.0-10 29 20
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Figure 7. 4 Exothermic reaction of magnesium phosphate concrete, (a) PM13-1.0-05,
(b) PM13-1.0-10, (c) PM15-1.0-05, (d) PM15-1.0-10.

7.3.6  Electrical resistivity

The setting time of magnesium phosphate concrete is measured by the electrical

resistivity response. Several researchers concluded that factors such as connectivity of

pores, porosity and conductivity of pore solution, moisture content and temperature affect

the electrical resistivity of a matrix. The electrical resistivity is a function of ion
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concentration and the mobility of the ions in the pore solution. The changes in electrical
resistivity of concrete are also related to microstructural changes [205].

The electrical resistivity response of magnesium phosphate concrete was completely
different from normal concrete. As shown in Figure 7. 5, a sudden increment in electrical
resistivity at the initial stage of curing reflects the immediate changes in the
microstructure of magnesium phosphate concrete. It was found that an increase in
concrete temperature leads to a decrease in electrical resistivity of concrete due to the
increase in ionic movements. In fact, the more ionic movement the higher the electrical
conductivity and the lower the resistivity values will be. However, in the case of
magnesium phosphate concrete the immediate exothermic reaction and fast changes in
the microstructure of concrete result in a sudden increase in electrical resistivity. There is
a direct relationship between exothermic reaction and electrical resistivity as a higher
electrical resistivity was observed in the sample with higher internal matrix temperature.
The highest electrical resistivity occurred in the samples PM13-1.0-10 and PM13-1.0-05
with resistivity of 418.40 and 406.74 ohm.cm, respectively. It was found that the addition
of a larger amount of Borax as retarder results in a slight decrease in matrix temperature

but increases the resistivity of concrete.
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Figure 7. 5 The electrical resistivity response of magnesium phosphate concrete and
EPLA concrete.

The electrical resistivity response shows that the maximum resistivity of 152.19 and
172.15 ohm.cm for samples PM15-1.0-10 and PM15-1.0-05 after 345 min (5 hours and
45 min) and 235 min (3 hours and 55 min), respectively. The results demonstrate that the

influence of P/M ratio on setting time of magnesium phosphate concrete was minimal and
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the setting time mostly depends on the retarder content. All the samples experienced a
sudden decrease in electrical resistivity due to the shifting to the hardening stage and
formation of hydration products such as magnesium phosphate hydrate. An increase in
Borax content from 5% to 10% causes a significant delay of six and two hours in setting
time of the samples PM13-1.0 and PM15-1.0. It was found that the effectiveness of the
retarder was more significant in samples containing larger amounts of phosphate.

Compared with EPLA concrete as a cement-based concrete, the electrical resistivity of
magnesium phosphate concrete at the initial stage of curing of up to 12 hours was much
higher. The changes in electrical resistivity are mainly related to the fast hydration
reaction of magnesium phosphate concrete. However, a larger electrical resistivity was
observed in EPLA concrete after 6438 min (107 hours and 18 min) which reveals the
changes in the microstructure of EPLA concrete, the formation of hydration products and
the increase in concrete porosity. In the case of EPLA concrete, the alkaline reactivity of
EPLA changes the microstructure of concrete and the porous structure of the matrix
leading to a significant delay in setting time. Calcium sulphate is an important component
of cement that controls the setting characteristics and accelerates hydration of calcium
silicate. The changes in sulphate content and sulphate consumption by sodium lactate
affect the hardening process and cause concrete deterioration and a delay in the setting
time of EPLA concrete. The summary of the electrical resistivity response of magnesium

phosphate concrete is presented in Table 7. 5.

Table 7. 5 The initial and final setting time of proposed concretes based on electrical

resistivity response.

Peak electrical resistivity o )
Setting time (min)
(ohm.cm)
PM13-1.0-10 418.40 570
PM13-1.0-05 406.74 230
PM15-1.0-10 152.19 345
PM15-1.0-05 172.15 235

164



7.3.7 Fire resistance

Cone calorimeter tests were performed to assess the fire reaction of magnesium phosphate
cement as per ASTM E1354 [183]. The results of magnesium phosphate concrete
containing EPLA are compared with cement-based concrete containing EPLA and EPS
aggregate. The concrete containing EPS aggregate is used as a reference for EPLA
samples. The parameters such as heat release rate (HRR), total heat released (THR),
carbon monoxide production (COP), carbon dioxide production (CO2P), mass reduction
and failure modes during fire test were evaluated and assessed.

Figure 7. 6 shows the samples before and after fire tests. The magnesium phosphate
concrete prepared with expanded perlite and EPLA aggregate lost its strength with an
explosive spalling and visible cracks. The reason for the severe matrix degradation is the
high water absorption of perlite sucking up the free water in the magnesium phosphate
paste and chemically bonding water of hydrated products. This causes a significant
reduction in strength development of concrete and eliminates the formation of hydration
products at the initial stage of hardening. In fact, the heat can be dissipated with the
bonded free water and can significantly improve the fire resisting capacity. In the case of
EPLA and EPS concrete, some minor thermal cracks were observed, and the sample
integrity maintained after tests in both samples. In addition, slight changes in surface
colouring occurred in all samples. The reasons are physical and chemical changes in

matrix microstructure and the burning of polymer aggregates.

Figure 7. 6 Fire tests of concrete; (a) EPS concrete, (b) EPLA concrete, (¢c) Magnesium
phosphate concrete
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The experimental results show that the magnesium phosphate concrete can be graded as
non-combustible (below 200 kW/m? and 8 MJ/m?) with a HRR and THR of 9.87
kW/m? and 6.73 MJ/m? which is much lower than that of EPS and EPLA concrete
(Figure 7. 7a and Figure 7. 7b). The heat release rate of EPLA and EPS concrete was
lower than 200 kW/m? but the total heat released of both samples exceeded the limit of
8M]/m? and they are therefore graded as quasi-non-combustible. The total heat released
of EPS and EPLA concrete were 15.70 and 18.10 MJ/m?, which is twice the standard
limit. With identical polymer aggregate and compared with EPLA concrete, an increase
in HRR and THR was observed as cement-based concrete was replaced with magnesium-
based cement concrete. In addition, no ignition point was recorded for samples containing
magnesium phosphate concrete and it did not contribute to the fire development due to
excellent fire resistance properties of magnesium-based cement. By contrast, the EPLA
and EPS concrete ignite after 555 and 322s after the start of the fire test and flame out
after 1162 and 645s. As shown in Figure 7. 7a and Figure 7. 7b, the addition of EPLA

caused a delay in the ignition point but extended the flameout point.
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Figure 7. 7 The cone calorimeter test results, (a) heat relase rate (HRR), (b) total heat
released (HTR), (c) carbone monoxide production (COP), (d) carbone dioxide
production (CO2P), (e) mass reduction, (f) smoke volume.

Figure 7. 7c shows the carbon dioxide production (CO2P) of the proposed concrete during
the fire test. No sharp point is visible in the sample containing magnesium phosphate, and
the level of COz2 gas production has remained low and almost constant throughout the
test. A sharp increase in CO2 gas production was observed in the sample containing EPS
aggregate after the ignition. The sudden increase in CO2 gas production is mainly related
to the combustion process of EPS aggregate, which generates a considerable amount of
COz2 gas. Inthe case of EPLA concrete, the amount of CO2 gas production was about 49%
lower than that of EPS concrete and 41% higher than that of magnesium phosphate
concrete. It was found the sample containing EPLA aggregate generates less CO2 gas and

significantly delays the ignition point.
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The concentration levels of carbon monoxide (CO) are presented in Figure 7. 7d. The CO
gas production of magnesium phosphate concrete was slightly lower than that of EPLA
and EPS concrete. The highest and fastest growth in CO gas production were observed in
EPLA concrete. In fact, the CO is a volatile and flammable gas, which is associated with
retaining the flame over the surface of samples. It was found that the difference between
the ignition and flash point of EPLA concrete was greater than that of EPS concrete due
to the production of larger amounts of CO gas. Compared with EPLA and EPS concrete,
there was a delay of 1025s until the CO gas production reached its highest amount for
magnesium phosphate concrete. In addition, there was a certain fluctuation in CO
production, which causes a decrease in CO2 gas production mainly due to the incomplete
combustion.

Figure 7. 7e displays the mass reduction of the proposed concretes during the test. The
rate of mass reduction was higher in magnesium phosphate concrete compared with
EPLA and EPS concrete. The rate of mass reduction during the fire test was about 44%,
16% and 17% for magnesium phosphate concrete, EPLA concrete and EPS concrete,
respectively. In the case of the smoke volume production (Figure 7. 7f), the EPS concrete
produced slightly more smoke compared to other samples due to the combustion of the
petroleum polymer. The summary of the cone calorimeter test results are presented in
Table 7. 6.

Table 7. 6 The summary of cone calorimemeter test results of magnesium phosphate,
EPLA and EPS concrete.

HRR THR COP CO2P
] ) ) Peak ) Peak ]
Specimen Peak HRR | Time THR Time Time Time
5 ) COP CO2P
KW/m?) | (s) | MJ/m?) | (5) (s) (s)
(9/s) (9/s)
PM15-1.0-10 9.87 925 6.73 1800 | 0.000878 | 1025 | 0.00715 | 1025
EPLA Concrete
29.04 770 15.70 1300 | 0.001140 | 105 | 0.01478 | 780
(PP4)
EPS Concrete
(PE4) 56.48 485 18.10 755 | 0.001020 | 305 | 0.02880 | 445
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7.3.8  Phase analysis

The strength development and microstructural changes of magnesium phosphate concrete
cured in air were assessed by X-ray diffraction (XRD), scanning electron microscopy
(SEM) and energy-dispersive X-ray spectroscopy (EDS) at the ages of 1 day, 3 days, 28
days and 90 days. The samples PM15-1.0-5 and PM15-1.0-10 are used to investigate the
influence of a retarder on strength development and hydration products.

Figure 7. 8 presents the EDS analysis of samples PM15-1.0-05 and PM15-1.0-10 after 1
day. The atomic concentration at selected zones is presented in Table 7. 7. It can be found
that the major detected elements of sample PM15-1.0-5 were O, Mg, P, Al, Si, Ca, P and
C which indicated the formation and existence of magnesium phosphate hydrate
(Mg, (P,0,). (H,0)), silica (Si0,) and magnesia (MgO). The remaining elements Al and
Ca indicate the presence of aluminate phosphate (AIPO,) [37, 38] and unhydrated
calcium oxide. Wang et al. [39] found that the dissolution of alumina in phosphate
solution forms AlPO,.H,0 which reacts with the remaining alumina to form AIPO,. In
the sample PM15-1.0-10 with a higher retarder percentage of 10% the major elements are
Mg, P, C and O in the presence of magnesium phosphate hydrate (Mg, (P,0-). (H;0),)
and magnesia (MgO). The XRD results of the samples PM15-1.0-05 and PM15-1.0-10
show significant changes in magnesium phosphate hydrate content with an increase in
retarder content. The magnesium phosphate hydrate contents of the sample with 5%
Borax was higher than that of sample containing 10% Borax. This trend causes a
reduction in the amount of un-hydrated magnesia. It can be found that the addition of
Borax influences the production of less magnesium phosphate hydrate.

Point 1 «4 Point 2

“] Point 3 “{ Point 4
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(b)

Figure 7. 8 The EDS analysis of magnesium phosphate concrete after 1 day, (a) PM15-
1.0-5, (b) PM15-1.0-10.

Table 7. 7 The summary of EDS analysis of magnesium phosphate concrete after 1 day.

Atom %
C O Mg Si Al P Ca
Point1| 6.70 41.43 32.75 - 0.49 18.05 0.58
Point2 | 6.84 51.06 35.17 - - 6.46 0.48
Point3 | 4.38 54.19 35.02 0.94 - 4.16 1.31
Point4 | 3.61 55.31 19.13 19.34 - 2.61 -
Zonel | b5.47 35.01 36.31 - - 22.68 0.53

Figure 7. 9 presents the XRD results of PM15-1.0-05 and PM15-1.0-10 after 1 day. As
shown in the figure, the sharp peak intensity mostly represents the magnesium phosphate
hydrate as the main hydration product of magnesium phosphate concrete. It also can be
found that some silica and magnesia remains in the magnesium phosphate concrete matrix
[182]. The rapid reaction of magnesia causes the hydration products to cover the surface
of magnesia and restrict its further reaction. The diffraction peak intensity of magnesium
phosphate hydrate and magnesia decreased with the addition of a larger amount of Borax.

171



Intensity (%)

Intensity (%)

Figure 7. 9 The XRD spectra of magnesium phosphate concrete after 1 day of curing,

Figure 7. 10 presents the EDS analysis of samples PM15-1.0-05 and PM15-1.0-10 after
3 days of curing. The elemental statistics of the selected zones are presented in Table 7.
8. The elements detected in different zones of the paste are mostly O, Mg, P, Al and Ca
which form magnesium phosphate hydrate (Mg, (P,0-). (H,0),) and unreacted magnesia
(MgO). The semi-quantitative chemical analysis of samples PM15-1.0-05 and PM15-1.0-
10 indicates the changes of hydrated products with a variation in retarder amount. The

contents of magnesium phosphate hydrate were higher in the sample PM15-1.0-05 (90%)
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compared to PM15-1.0-10 (83%).
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(b)

Figure 7. 10 EDS results of magnesium phopsate concrete after 3 days of curing (a)
PM15-1.0-05, (b) PM15-1.0-10.

Table 7. 8 The summary of EDS analysis of magnesium phosphate concrete after 3

days.
Atom (%)
C O Mg P Ca Al
Point 1 6.51 56.07 31.25 5.80 0.37 -
Point 2 5.65 51.27 36.45 6.63 - -
Point 3 3.89 55.31 36.99 3.81 - -
Zone 1 23.63 29.61 12.09 9.45 - 25.22

The XRD patterns of magnesium phosphate concrete with a variation in Borax content
after 3 days are presented in Figure 7. 11. The dominant crystalline hydration product of

magnesium  phosphate  concrete  was  magnesium  phosphate  hydrate
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(Mg, (P,0-,). (H,0),). Unreacted magnesia was also detected as a second main element

of the magnesium phosphate paste.
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Figure 7. 11 The XRD spectra of magnesium phosphate concrete after 3 days of curing,
(a) PM15-1.0-5, (b) PM15-1.0-10.

Figure 7. 12 shows the EDS analysis of sample PM15-1.0-05 after 28 days and 90 days.
The elemental statistics of the selected zones are presented in

Table 7. 9. The predominantly detected elements were C, O, Mg, Si, P, Cl and Ca, which

indicates that the main hydration products of the sample were magnesium phosphate

hydrate and silicon oxide and unreacted magnesium oxide. In addition, calcium

hydroxide is unable to exist in the low alkaline environment of magnesium phosphate

concrete. However, the diffraction peak of crystalline calcium chloride was detected as a
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possible neutralization product of calcium hydroxide. The existence of calcium chloride
causes a volume expansion of the magnesium phosphate paste, which affects the strength
development of the concrete. The experimental results show that the compressive strength
of magnesium phosphate concrete decreased after 28 days, which can be directly related
to the formation of calcium chloride. Figure 7. 13 shows the XRD spectra of sample
PM15-1.0-05 at the age of 28 days and 90 days. The magnesium phosphate hydrate and
calcium chloride hydrate were the main hydration products of magnesium phosphate

concrete along with some unreacted magnesium and silicon oxide [182].
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Figure 7. 12 The EDS results of PM15-1.0-05 at the age of, (a) 28 days, (b) 90 days.
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Table 7. 9 The summary of EDS analysis of samples PM-1.0-05 and PM15-1.0-10 after
28 days and 90 days.

Curing Atom (%)
age (day) C O Mg Si P Cl | Ca
Zone
28 8.51 | 40.88 | 33.32 | 1.03 | 15.01 | 0.95 | 0.29
PM15-1.0- 1
05 Zone
90 . 27.52 | 30.77 | 2450 | - 16.54 | 0.36 | 0.32
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Figure 7. 13 The XRD spectra of sample PM15-1.0-05 after, (a) 28 days, (b) 90 days.

176



7.4  Conclusions

Novel ultra-lightweight concretes are prepared with expanded poly-lactic acid (EPLA),
expanded perlite (EP) and magnesium phosphate cement. The mechanical properties of
the proposed concretes are assessed after 1 hour, 3 hours, 1 day, 3 days, 7 days, 28 days,
56 days and 90 days. In addition, the thermal conductivity, fire resistance, pH level,
exothermic reaction, electrical resistivity, setting time and phase analysis are evaluated at
certain stages of curing. The influence of the phosphate-magnesium (P/M) ratio, water-
cement (w/c) ratio and retarder content are also investigated. Based on these evaluations,

observations and obtained results, the following conclusions are drawn:

1- The magnesium phosphate cement with its acid-based reaction is a proper binder for
EPLA aggregate as no alkaline reactivity and degradation were observed during the

curing stages.

2- A density range of 367.0 kg/m3 to 467.7 kg/m3 was obtained with a fixed EP and
EPLA ratio. The w/c and P/M ratio influence the density of concrete as the increase in
wi/c ratio causes a decrease in density while an increase in Borax content and P/M ratio

shows an inverse effect on density.

3- A rapid hardening and high early strength were observed in magnesium phosphate
concrete, but this trend starts to decrease after 7 days. The 28 days, 56 days and 90 days
compressive strength of magnesium phosphate concrete was about 88%, 77% and 70%
of the 7 days compressive strength. The compressive strength of the prosed concrete
depends mostly on the wi/c ratio and retarder content. The strength of magnesium
phosphate concrete increased with a decreasing water-cement ratio while increasing the
amount of retarder and magnesium oxide causes an improvement in strength

development.

4- The thermal conductivity of magnesium phosphate concrete is a factor of the Borax
content and P/M ratio as an increase in Borax content causes an increase in thermal
conductivity value in a sample containing a higher amount of magnesia. This trend was

inverse in a sample containing a lower amount of magnesia.

5- The exothermic reaction of magnesium phosphate concrete mainly depends on the

phosphate content as a higher internal temperature was observed in the sample with a P/M
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ratio of 1/3. The influence of the Borax content on the exothermic reaction was almost

minimal.

6- A higher electrical resistivity was observed in samples containing a higher amount of
phosphate. Moreover, the addition of a larger amount of Borax causes a slight decrease

in electrical resistivity and setting time.

7- The magnesium phosphate concrete lost its strength with explosive spalling and visible
thermal cracks when subjected to a high temperature. The heat release rate, total heat
released, carbon monoxide production and carbon dioxide production were much lower
than that of EPS and EPLA concrete. In addition, magnesium phosphate concrete does

not contribute to a fire.

8- Magnesium phosphate hydrate was found as the main hydration product of magnesium
phosphate concrete. The existence of Cl and Ca elements causes the formation of calcium
chloride after 7 days, which leads to a significant reduction in concrete strength due to its

expansion.
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CHAPTER 8
PERLITE CONCRETE CONTAINING CEPLA

8.1 Introduction

This chapter presents the experimental results of coated EPLA (CEPLA) as a solution for
using EPLA aggregate in the high alkaline environment of cement. Coating is a common
technique to improve the characteristics of a specific material. It was found in previous
chapter that the EPLA beads are sensitive to the alkaline environment of cement and
GGBS, which cause significant changes to the mineralogical characteristics of concrete.
The degradation of EPLA causes concrete carbonation and significant changes in
hydration products of concrete. This approach deals with the composition and method for
the production of a lightweight concrete whereby EPLA beads are coated with lime lock
paint and a layer of ultrafine expanded perlite along with a layer of anti-carbonate paint
to eliminate the reaction of EPLA with alkaline components of cement and to limit the
formation of calcium carbonate at the coating layer. The strength of the coating layer
leads to greater stiffness of the aggregate and to a better overall matrix-aggregate bond

characteristic compared with hydrophobic materials such as EPS and EPLA.

8.2  Experimental procedure

8.2.1  Materials

The specifications of the materials are explained and provided in Chapter 3.

8.2.2  CEPLA preparation

The EPLA beads are coated with an anti-carbonate paint, ultrafine expanded perlite and
lime lock paint. The coating process starts with lime lock paint to eliminate the chemical
reactivity of EPLA with calcium hydroxide followed by a layer of ultrafine perlite as a
finishing layer of the first stage. The beads are dried and kept in ambient environment for

two days. For the second stage of coating, the beads are covered by an anti-carbonate
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paint to eliminate the carbonation process of concrete due to the alkaline reactivity of
EPLA followed by a layer of ultrafine perlite as finishing layer of the second stage. In
order to compact the layers, the beads are placed in a rotary mixer and mixed for 30 min.
The second layer of coating is dried for 7 days before using the coated beads as aggregate

in concrete (Figure 8. 1).

Figure 8. 1 The preparation of CEPLA aggregate, a) non-coated EPLA, b) coated EPLA

8.2.3  Mix proportions

The mix proportions of the CEPLA concrete are presented in Table 8. 1. In total four
types of lightweight concrete mixes with a variation of CEPLA ratios were prepared with
a fixed effective water-cement ratio and cement content of 0.343 and 301 kg/m3. The
cement content and water-cement ratio were obtained based on Eq. 3.4 and Eq. 3.6. The
expanded perlite and CEPLA aggregate were mixed at the ratio of 100:0, 60:40, 40:60
and 30:70 of aggregate volume percentages. The mix design was targeted for a density of
488 kg/m3 for samples with 100% perlite (P1).
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Table 8. 1 The mix proportions of CEPLA concrete.

Mix proportion

Mix No. Effective | Cement Water EP CEPLA

AEA

wic ratio | (kg/m®) | (kg/m®) | (kg/m?) | (kg/m?) | (kg/m?)

P1 (100P) 0.343 301 289 135.0 0 0.0041
PC2 (60P40CEPLA) 0.343 301 276 81.0 85.2 0.0041
PC3 (40P60CEPLA) 0.343 301 265 54.0 127.8 0.0041
PC4 (30P70CEPLA) 0.343 301 232 40.5 149.1 0.0041

8.2.4  Experimental procedure

Two types of curing regimes, namely moist curing and air curing were chosen to assess
the effect of the curing conditions on mechanical properties of the CEPLA concrete. In
the case of moist curing, the specimens were kept in water of 20 °C for the whole curing
period, while air cured samples were kept in a laboratory environment for 28 days after
demoulding. The properties density, compressive strength, thermal conductivity,
electrical resistivity, setting time and fire resistance have been tested. It worth to note that
the average results of three specimens were considered to evaluate the engineering
properties of proposed concrete. The descriptions of the test methods are provided in
Chapter 3.

8.3  Experimental results

8.3.1  Density and compressive strength

The air-dried densities of perlite concrete containing CEPLA, EPLA and EPS are given
in Table 8. 2. The dry density of CEPLA concrete varied from 431.62 to 512.23 kg/m3.
From the previous chapters, it was found that the density of EPLA and EPS concrete was
decreased as the volume of EPLA and EPS increased. This trend of reduction was
expected due to the lower specific gravity of EPLA and EPS compared to expanded
perlite aggregate. However, in the case of CEPLA concrete, the same trend of reduction

was observed in the sample containing 40% CEPLA but a further increase in CEPLA
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volume results in a higher density due to the higher specific gravity of CEPLA
(213kg/m3) than that of perlite aggregate (135kg/m3).

Table 8. 2 Density of perlite concrete and perlite concrete containing EPLA, EPS and
CEPLA.

Density (kg/m?)
Mix No. Average
Sample 1 Sample2 | Sample 3 )

Density

P1 (100P) 500.74 492.89 485.37 493.00

PC2 (60P40CEPLA) 430.44 427.57 436.86 431.62
PP2 (60P40 EPLA) 384.00 401.88 414.73 400.20
PE2 (60P40EPS) 397.17 425.10 424.23 415.50
PC3 (40P60CEPLA) 464.15 488.07 464.10 472.10
PP3 (40P60 EPLA) 353.15 360.55 366.92 360.20
PE3 (40P60EPS) 358.26 387.95 368.32 37151
PC4 (30P70CEPLA) 492.19 520.19 524.33 512.23
PP4 (30P70EPLA) 305.83 304.94 295.9 302.22
PE4 (30P70EPS) 311.37 312.53 314.12 312.67

The compressive strengths of the proposed concretes cured in a moist and dry condition
are presented in

Table 8. 3. The 28-day compressive strength of air cured CEPLA concrete varied from
3.45 MPa to 2.23 MPa, which is much higher than that of EPLA and EPS concrete with
the same mix proportion. A comparison between the strength development of EPLA as
non-coated aggregate and CEPLA as coated aggregate shows that the compressive
strength of concrete increased by 20%, 53% and 37% for the air cured samples and 50%,
239% and 349% for the moist cured samples as 40%, 60% and 70% of EPLA was
replaced with CEPLA aggregate.
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Table 8. 3 The compressive strength of proposed concretes with variation of aggregate

types
Compressive Strength (MPa)
Mix No. 28 days
Air Cured Moist Cured
P1 (100P) 4.37 4.62
PC2 (60P40CEPLA) 3.45 3.86
PP2 (60P40 EPLA) 2.88 2.57
PE2 (60P40EPS) 3.02 3.17
PC3 (40 P 60 CEPLA) 3.23 3.76
PP3 (40P60 EPLA) 2.12 1.11
PE3 (40P60EPS) 2.57 2.86
PC4 (30 P 70 CEPLA) 2.23 2.87
PP4 (30P70 EPLA) 1.62 0.64
PE4 (30P70EPS) 1.82 2.09

In the case of EPLA concrete, the moist cure condition causes a significant reduction in
strength development of concrete as a result of changes in hydration products of concrete,
while a coating of EPLA improved the compressive strength of concrete. This trend is
mainly related to the fact that the coating layers with a high absorption ratio absorb the
lactic acid, which is released due to the alkaline reactivity of EPLA. This eliminates the
distribution of lactic acid into the matrix. In fact, immediately after mixing cement with
water, the liquid phase is saturated with calcium and SO3 2 ions causing an increase in pH
level of the matrix [207, 211]. The alkaline components sodium (Na) and potassium (K)
ions are released to produce an alkaline sulphate-rich solution [207]. The alkali released
at the initial stage of cement hydration, which are small amounts of Na+ and K+ ions,
start the surface deterioration of EPLA through base-catalysed hydrolysis that then
continues in the highly alkaline environment of cement (Figure 8. 2).
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Figure 8. 2 EPLA degradation, a) Before subjecting to alkaline environment, b) after
subjecting to alkaline environment.

The degradation of EPLA in the alkaline environment of cement causes a slow release of
lactic acid into a hydrating cementitious system. The released lactic acid can be absorbed
by the coating layers to form calcium carbonate at the layers of the coating materials

(Figure 8. 3). This causes an increase in strength of the coating layer.

Coating layer Calcium Carbonate formation

Coating layer

EPLA degradation

Figure 8. 3 The mechanism of calcium carbonate formation at CEPLA aggregate

It was also found that the elimination of lactic acid distribution at the initial stage of
hardening decreased the changes of the generation of hydration products of concrete
compared with non-coated EPLA. Apart from the alkaline reactivity of EPLA, the better
interfacial bond between CEPLA and matrix can be counted as another parameter of the
strength development of CEPLA concrete (Figure 8. 4). The degradation of EPLA
aggregate and its shrinkages cause bond failure at the interfacial transition zone of the
matrix. In the case of CEPLA aggregate, the cement can easily penetrate to the layers of

coating materials and provides an excellent bond between CEPLA and matrix.
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Figljre 8. 4 Coated EPLA aggregate and its interfacial bonding

8.3.2  Thermal conductivity

The thermal conductivity of perlite concrete containing CEPLA is presented in Table 8.
4. The thermal conductivity of CEPLA concrete was in the range of 0.1078 to 0.1173
W/m.K and 0.1014 to 0.1168 W/m.K for samples cured in moist and air conditions,
respectively. The lowest thermal conductivity of 0.1078 W/m.K was observed in the
sample PC4, which was prepared with 70% CEPLA aggregate volume. The comparison
between the thermal conductivity of EPLA, EPS and CEPLA concrete reveals that the
thermal conductivity of CEPLA concrete was slightly higher than that of EPS and EPLA
concrete which is mainly related to the thermal properties of the coating layers. The
differences between thermal conductivity of coated and non-coated EPLA was much

higher in the samples containing 70% polymer aggregate.

Table 8. 4 The results of thermal conductivity of proposed concretes.

) Density Thermal Conductivity (W/m.K)
Specimen No.
(kg/m3) Moist Cured Air Cured
P1 (100P) 493.00 0.1265 0.1285
PC2 (60P40CEPLA) 431.62 0.1173 0.1168
PP2 (60P40 EPLA) 400.20 0.0980 0.1050
PE2 (60P40EPS) 415.50 0.1150 0.1230
PC3 (40 P 60 CEPLA) 472.10 0.1126 0.1047
PP3 (40P60 EPLA) 360.20 0.0920 0.1020
PE3 (40P60EPS) 37151 0.1010 0.1020
PC4 (30 P 70 CEPLA) 512.23 0.1078 0.1014
PP4 (30P70 EPLA) 302.22 0.0710 0.0980
PE4 (30P70EPS) 312.67 0.0880 0.0950
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The differences in thermal conductivity of concrete are mainly attributed to the alkaline
reactivity of EPLA and the increase in concrete porosity as a result of an increase in the
CO2 concentration of the matrix. The increase in CO2 concentration is related to the
chemical reactivity of lactic acid with calcium hydroxide and sodium hydroxide during
the hydration process. Another effect is the coating layers eliminate the distribution of
lactic acid into the matrix, which leads to a decrease in concrete porosity and higher

thermal conductivity. The proposed concrete with its relatively lower thermal properties
can be used as an insulating material.

8.3.3  Exothermic reaction and electrical resistivity

The variations in the exothermic reactions of CEPLA, EPLA and EPS concrete are
presented in Figure 8. 5. The results reveal that the coated and non-coated EPLA show
almost the same exothermic reaction intensity patterns during the hydration process. The
sample P1 with 100% perlite demonstrates the lowest exothermic reaction due to the
retarder properties of perlite aggregate.
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Figure 8. 5 Exothermic reaction of concrete, a) CEPLA, b) EPLA, c) Perlite.

The electrical resistivity response is used to measure the setting time of concrete
containing CEPLA aggregate. It can be found that there is an apparent difference between
electrical resistivity response of coated EPLA and non-coated EPLA which is mainly
related to changes in and formation of hydration products [205]. The rate of the resistivity
increment of CEPLA concrete was much higher than that of EPLA and perlite concrete
which is caused by the lower percentage of porosity and indicates a more permeable
concrete (Figure 8. 6). Also, the degree of hydration which causes a significant reduction
of concrete porosity and the interconnection between the pores affects the electrical
resistivity. The coating of EPLA and eliminating the distribution of lactic acid into the
matrix leads to a decrease in CO2 concentration and consequently higher electrical
resistivity. The alkaline reactivity of EPLA causes changes in the liquid phase
composition and changes in Ca?*, SO3~ and Al(OH); concentration which directly

affects the hydration process and setting time of concrete.
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Figure 8. 6 Electrical resistivity response of CEPLA, EPLA and perlite concrete.
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8.3.4  Fire resistance

Cone calorimeter tests were performed to assess the fire reaction of CEPLA concrete as
per ASTM E1354 [183]. In order to have a better understanding of the performance of
CEPLA aggregate concrete, the results were compared with EPS, EPLA and perlite
concrete. The parameters such as heat release rate, total heat released, carbon monoxide

production, and carbon dioxide production are assessed and investigated.

The failure modes of the proposed samples before and after the fire test are presented in
Figure 8. 7. All the samples experienced minor thermal cracks and sample integrity was
maintained after the test due to the fire resistance properties of perlite aggregate. A visible
change in surface colouring was observed in all samples containing polymer aggregate
due to the burning of polymers along with changes in the microstructure of concrete. This

effect was a bit stronger in the sample containing CEPLA due to the burning of the coating

layer.

(a) (b) (©) (d)
Figure 8. 7 Fire resistance of concretes, (a) Perlite concrete, (b) EPLA concrete, (¢) EPS
concrete, (d) CEPLA concrete.

The total heat released and heat release rate of the proposed concretes are presented in
Figure 8. 8a and Figure 8. 8b, respectively. The THR and HRR of CEPLA concrete was
101.89 kW/m? and 58.21 MJ/m?2. The CEPLA concrete is graded as a quasi-non-
combustible material based on the standard limits. The THR of CEPLA concrete was

lower than that of the standard limits of 200 kW /m?, while the total heat released rate of
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CEPLA concrete exceeded the limit of 8 MJ/m?2. The EPLA and EPS concrete are also
categorized as quasi non-combustible materials with a THR of 15.70 and 18.10 MJ]/m?2.
It can be found that the THR of CEPLA concrete was about 4 times greater than that of
EPLA concrete mainly due to the burning of coating layers, which contain two layers of
paint products. This caused an ignition of the sample containing CEPLA after 12 seconds,
while the time to ignition was much longer in samples with EPS and EPLA. It is worth to
note that no ignition was observed in the sample made with 100% perlite (P1) (Table 8.

5).
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Figure 8. 8 Cone calorimeter tests of proposed concretes, a) HRR, b) THR, ¢) CO2P, d)
COP

Table 8. 5 The ignition and flameout point of proposed concretes

Mix No. Time to ignition (s) Time to flameout (s)
Perlite Concrete (P1) 0 0
EPLA Concrete (PP4) 555 1162
EPS Concrete (PE4) 711 1311
CEPLA Concrete (PC4) 12 949

The carbon dioxide production and the carbon monoxide production of CEPLA concrete
are presented in Figure 8. 8c and Figure 8. 8d, respectively. As shown in Figure 8. 8c, the
carbon dioxide production of CEPLA concrete was much higher than that of the EPS,
EPLA and perlite concrete. The sharp increase in CO2 gas production observed in the
CEPLA sample is mainly related to the combustion process of the coating layers and
EPLA aggregate with a considerable amount of CO2 gas. The maximum value was
reached after 685 seconds. In the case of EPLA concrete, the amount of CO:2 gas
production was about 241% lower than that of CEPLA concrete. The concentration levels
of carbon monoxide are presented in Figure 8. 8d. The CO gas production of CEPLA
concrete was slightly lower than that of EPLA concrete. The highest and fastest growth
in CO gas production were observed in EPLA and EPS concrete after 105s and 305s,
respectively, while the CEPLA concrete reached its maximum value after 935s. A certain
fluctuation in CO production occurred, which corresponds to a decrease in CO2 gas

production mainly due to incomplete combustion.
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8.4  Conclusions

Based on the experimental study of CEPLA aggregate as a solution for expanded poly-
lactic acid in the high alkaline environment of cement the following conclusions can be

drawn:

1- The lowest density was observed in a sample containing 40% CEPLA aggregate as a
further increase in CEPLA volume causes an increase in concrete density mainly due to
the higher specific gravity of CEPLA compared to perlite aggregate. With the identical
mix proportion, the density of CEPLA concrete was about 70% and 64% higher than that
of EPLA and EPS concrete, respectively.

2- An increase in CEPLA content results in a decrease in compressive strength, however,
the rate of strength reduction was much lower than that of EPS and EPLA concrete. The
compressive strength of CEPLA concrete was about 349% and 37% higher than that of
the EPLA and EPS concrete. The higher differences in strength development were
observed in samples cured in moist conditions. The EPLA concrete shows the lowest
compressive strength among the other samples mainly due to the degradation of EPLA
and changes in hydration products of concrete. The better interfacial bond strength was
observed in CEPLA concrete due to the porous structure of the coating layer and the
penetration of the cement paste into the layers of the coating material.

3- The thermal conductivity of CEPLA concrete was slightly higher than that of the EPS
and EPLA concrete. Larger differences were observed in a sample containing 70%
polymers, because the sample containing 70% EPLA shows the lowest thermal
conductivity compared to the CEPLA concrete due to an increase in concrete porosity
caused by the alkaline reactivity of EPLA.

4- The electrical resistivity of CEPLA concrete was much higher than that of the EPLA
concrete due to the lower percentages of porosity in the concrete matrix. It can be found
that the coating of EPLA aggregate is a proper method to eliminate the chemical reactivity
of EPLA at the initial stage of the hydration process which leads to a signification
reduction in the alkaline reactivity of EPLA and limits the carbonation process. The
differences between the exothermic reaction of EPLA and CEPLA was minimal, and both
samples show the same exothermic reaction patterns.

5- The CEPLA concrete was graded as a quasi-noncombustible material like EPS and
EPLA concrete. However, the total heat released and heat release rate of CEPLA concrete
was much higher than that of the EPS and EPLA concrete due to the combustion of

coating layers. A higher rate of carbon dioxide production was observed in CEPLA
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concrete. The COz2 gas production of CEPLA concrete was about 241% higher that that
of EPLA concrete. The carbon monoxide production of CEPLA was slightly lower than

that of EPLA concrete with a significant delay in its maximum peak value.
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CHAPTER 9
BOND-SLIP BEHAVIOR OF EPLA CONCRETE

9.1 Introduction

The performance of composites structural assemblies (CSAs) depends on the bond
strength of the embedded components of composite panels and infill materials. A new
type of eco-friendly ultra-lightweight concrete with expanded poly-lactic acid (EPLA)
was prepared to assess the possibility of using biopolymer concrete as a replacement for
expanded polystyrene (EPS) lightweight concrete. The bond properties of EPLA and EPS
concrete for the parameters compressive strength, strip locking patterns, as well as elastic
and inelastic interlocking areas were assessed. However, the magnesium phosphate
cement and CEPLA concrete are found as solution for EPLA degradation but due to
limitations in the availability of samples the bond slip behaviour of CEPLA and
magnesium phosphate have not been studied and further study is encouraged to have a

better understanding on engineering properties of suggested concrete.

The results indicate that the application of biopolymers significantly changed the
mechanical and bond properties of concrete. The chemical reactivity of EPLA and its
degradation in the alkaline environment of cement causes bond failure at the interfacial
transition zone of the aggregate-paste. Two different failure modes of splitting cracks and
pullout failure were observed. A bond stress-slip model for EPS and EPLA concrete was
found to give a reasonable estimation of experimental results of the bond-slip behaviour.
Also, a new method is proposed to estimate the elastic and inelastic length of embedded

components in ultra-lightweight concrete.

9.2 Experimental program

9.2.1 Materials

The specification of materials are explained and provided in Chapter 3.
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9.2.2  Mix proportions

The variables chosen were the types of polymers (bio-plastic and petrochemical plastic)
and galvanised strip patterns (Table 9. 1). Two mix proportions were used to produce
EPLA and EPS concrete. A fixed water-cement ratio (w/c) and cement content of 0.343
and 301 kg/m3 were adopted for all mixes. The water-cement ratio and cement content
are obtained as per Eq. 3.4 and Eq. 3.6.

Table 9. 1 Mix proportions of EPLA and EPS concrete.

_ Effcetvie Content (kg/m?3)
Mix No. .
w/c ratio | Cement | Water | Perlite | EPLA | EPS SP
CPL (PP4) 0.343 301 1935 | 405 13.3 - 0.0041
CEP (PE4) 0.343 301 1935 | 40.5 - 7.0 |0.0041

CPL is EPLA concrete, CEP is EPS concrete.

It has been found that propagating of locking holes instead of single holes is a proper
technique to enhance tensile capacity mainly due to the fact that propagation of locking
components results in a larger contact area engaging to resist the applied load [139, 140].
In total, seven different interlocking patterns were prepared (Figure 9. 1). The strip
patterns were altered in the cut shape and cut area in the elastic, A, and inelastic, A;,
region of their embedded length. All the strips have a cut area of 678.9 mm?, as per
previous studies [139, 140]. The strips with a thickness of 2mm were placed at the centre
of the sample with an equal concrete cover size of 50mm on all sides (Figure 9. 2). The
strips were labelled by cutting patterns. The sample 9R4.9 from a previous study is used
as a reference for the other patterns [139, 140]. This sample shows the highest tensile
capactity and due to this success, different locking patterns with a similar cut area are
prepared to investigate the effect of a variation in locking patterns, locking angle and

locking length on bond stress behaviour.
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Figure 9. 1 Patterns of embedded galvanized strips
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Figure 9. 2 Pull out test configuration

9.2.3  Test methods

Standard cylinders with dimensions of 100 x 200 mm (diameter x height) were used for
density, compressive strength and tensile strength as per ASTM C567 [176] , ASTM
C495 [177] and ASTM C496 [178]. All the tests were done after 28 days of curing. The
bond strength test was carried out on concrete samples using a pull-out test method. The
galvanised strips were placed at the centre of prisms of sizes 100 x 102 x 150 mm [139,
140]. Seven different cut patterns are proposed to explore the significance of locking
patterns on bond strength of embedded strips. The samples were categorised into two
groups of EPS concrete and EPLA concrete and tested on forty-two samples and

compared with two control samples from a pervious study. The samples were gripped and
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subjected to a pulling force at a rate of 1 mm/min by an INSTRON 33R44609 tester. It
worth to note that the average results of three specimens were considered to evaluate the

bond properties of proposed concrete with variation on locking patterns.

9.3 Results and discussion

9.3.1  Mechanical properties

Two different average concrete densities of 294.0 and 348.0 kg/m3 were obtained with
the inclusion of EPLA and EPS aggregate (Table 9. 2). The test results show again that
the density of EPLA concrete is lower than that of EPS concrete, while the relative density
of EPS beads (10 kg/m3) is about half the one of EPLA beads (19 kg/m?3). The
compressive strength of concrete decreased by 37.5% as the EPS beads were replaced
with EPLA beads. The compressive strengths of EPS and EPLA concrete were found to
be in the range of 0.7-0.79 MPa and 0.9-1.50 MPa, respectively. The same trend of
strength reduction was observed on the tensile strengths of the concretes as the tensile
strength of EPS concrete was about twice the one of EPLA concrete. The significant
reduction in the compressive and tensile strength of EPLA concrete mostly related to the
alkaline reactivity of EPLA, bond failure at the interfacial transition zone (1TZ) (Figure

9. 3a) and changes in the microstructure of concrete (Figure 9. 3b).

Table 9. 2 Mechanical properties of EPLA and EPS concrete

Compressive strength Average Average
Average . ] ]
_ (MPa), f, Compressive | Tensile
Mix No. | Density
5. | Sample | Sample | Sample |  Strength Strength
(kg/m*) \ \
1 2 3 (MPa), f, (MPa), f;
CPL
294.0 0.79 0.70 0.76 0.75 0.025
(PP4)
CEP
348.0 1.20 0.90 1.50 1.20 0.051
(PE4)
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(b)

Figure 9. 3 EPLA degradation in alkaline environment of cement; (a) bond failure at

ITZ zone, (b) changes in hydration product (more calcium carbonate)

9.3.2 Bond stress

Table 9. 3 shows the slip behaviour related to the ultimate bond stress for the proposed
concretes with a variation in strip configuration. The experimental results show that the
interlocking patterns and compressive strength of concrete play a significant role in the
tensile capacity of the proposed concretes. The ultimate bond stress of EPS and EPLA
concrete with a variation in locking patterns of embedded strips were of a range of 0.131-
0.518 MPa and 0.045 - 0.277 MPa, respectively. Moreover, the bond stress at a slip of

0.25mm was considered as the critical stress which is associated with the chemical
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adhesion forces between strips and concrete [216] . The critical bond stress of normal
concrete is mostly in the range of 0.67-0.71 [216] which is about 80% and 64% higher
than that of EPLA and EPS concrete.

Table 9. 3 The ultimate and critical bond stress of proposed concretes

9R4.9 Inv. Inv.
Ref. | 9R4R Y V
Bolt Y Vv

CPL Critical bond
(PP4) | stress (MPa)

0.098 | 0.112 | 0.114 | 0.277 | 0.077 | 0.101 | 0.045

Ultimate bond
stress (MPa)

0.124 | 0.130 | 0.152 | 0.277 | 0.102 | 0.221 | 0.045

Slip at ultimate
bond stress 0.417 | 0.416 | 0.424 | 0.216 | 0.911 | 0.463 | 0.213

(mm)

CEP Critical bond
(PE4) | stress (MPa)

0.243 | 0.130 | 0.309 | 0.302 | 0.168 | 0.243 | 0.073

Ultimate bond
stress (MPa)

0.280 | 0.131 | 0.512 | 0.518 | 0.291 | 0.479 | 0.142

Slip at ultimate
bond stress 0.616 | 2.811 | 2.820 | 3.410 | 1.614 | 2.806 | 2.208

(mm)

The experimental results show that the addition of EPLA aggregate causes a significant
reduction in initial stiffness and ultimate tensile capacity of embedded strips. For the EPS
concrete, the highest ultimate bond stress was around 0.518 MPa in the sample with the
locking pattern "Y". Interestingly, the bond stress of the Y pattern is comparable to the
sample with the external locking key (9R4.9 bolt). The lowest bond stress with a rapid
failure was observed in the sample with the locking pattern “Inverse V’ due to a bond
failure at the interface of the embedded strip and concrete and also insufficient
confinement pressure at the locking zone of the proposed pattern. In the case of EPLA
concrete and regardless of locking patterns, the average bond stress was significantly
lower than that of EPS concrete. This occurrence can be attributed to: a) bond failure at
the ITZ of the aggregate-paste zone as results of EPLA degradation, and b) changes in
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the microstructure of concrete due to the chemical reactivity of EPLA. These changes
lead to EPLA concrete having a more brittle behaviour compared to EPS concrete. The
highest and lowest bond stress was observed in the samples "Y" and "Inverse V" with the
relative bond stress of 0.277 and 0.045 MPa, respectively. The bond stress of the sample
9R4.9 Bolt was about 45% lower than that of the “Y” sample due to the splitting of
concrete and the low tensile strength of EPLA concrete.

The influence of locking patterns on the tensile capacity of embedded strips was almost
the same for both proposed concretes. The better performance in both EPS and EPLA
concrete was observed in the “Y” sample due to its better confinement effects and an
interlocking mechanism. The chemical reactivity of EPLA leads to a decline in adhesion
between embedded strips and concrete and a decrease in concrete crushing strength. On
the other hand, the adhesion failure at the interface of embedded strips and EPLA concrete
occurs mostly due to the brittleness of EPLA concrete which causes cracks to propagate
more rapidly and which results in a significant reduction in bearing forces.

In the case of the sample 9R4.9 and compared with test results of foamed concrete
reported by Sayadi et al. [139, 140], the tensile capacity of foamed concrete with a relative
density of 800 kg/m3and 1200 kg/m3, was about fourteen and two times greater than
that of EPLA concrete, respectively. While, the tensile capacity of EPS concrete was 7%
higher and 83% lower for samples FC8 and FC12, respectively. Also, it was found that
the slip at the ultimate bond stress of EPLA concrete was much higher than that of EPS
concrete due to the sudden splitting failure of concrete containing EPLA beads.
Conversely, the low tensile strength of EPLA concrete leads to a rapid bond failure at the
interface area between embedded strips and concrete as a result of an increase in internal
splitting cracks. Thus, the results from foamed concrete, EPS concrete and EPLA concrete
confirmed that a larger bond stress is transferred by the embedded strips in the samples
with higher compressive strength. In fact, the compressive strength of concrete is the most
influential parameter that significantly affects the bond behaviour and failure modes of

embedded strips.

9.3.3  Effects of elastic and inelastic zone on bond stress

Table 9. 4 presents the effects of the interlocking position on tensile capacity. The elastic
and inelastic region of the embedded strip is determined as per the proposed method for
an integrated steel bar in normal concrete [142, 143, 217]. However, in the case of

lightweight concrete with its low compressive strength of 0.5 to 1.2 MPa some
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modifications are required. The proposed method by Sayadi et al. [139, 140] was used to
calculate the elastic and inelastic length of a galvanised steel strip with modifications on
elastic bond stress (u,), inelastic bond stress (u;,, ), inelastic length (1;,) and elastic length

(le). Based on the experimental results the uniform bond stress at the elastic and inelastic

range was approximated as 0.26\/f—; and 0.13\/f—; along with 0.14\/f_; and 0.07\/f—; for EPS
and EPLA concrete, respectively. The inelastic length of the embedded component of
lightweight concrete is a function of strip thickness and compressive strength. A
correction factor of 1../t.1;,.is developed and used to modify the inelastic length of the
embedded components in the lightweight concrete. The following equation Eq. 9.1 is
proposed to determine the effect of the interlocking system on the elastic and inelastic

region of the embedded strip in lightweight concrete (Table 9. 4).

le.NC
_ (fu_fy)t-lin.Nc (bt)

(fy—fy)bt
2(b+t)ujp
fubt
2(b+t)ue

Where limnc =

lene =

Ue EPS = 0-26\/f_é
Uin EPS = 0-13\/E
Uin EPLA = 0-07\/E

Ue EPLA = 0-14\/f_<;

Where f, is the ultimate tensile strength, f, is the yield tensile strength, b is the width of
strip, t is thickness of strip, 1. is elastic length, 1;,is inelastic length and u;,is unifrom

bond stress in the inelastic zone.
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Table 9. 4 Pull-out test results of embedded strips in EPS and EPLA concrete

f le lin Acr Ace Acin
(Mlga) (mm) | (mm) | (mm?) | (mm?) | (mm?) fe (kN) | up, (MPa)
Ref. 0.75 32.9 | 17.10 0 0.0 0.0 0.64 0.12
9R4.9 0.75 329 | 17.10 | 678.9 452.6 226.3 0.68 0.13
9R4.9 Bolt 0.75 329 | 17.10 | 678.9 377.1 226.3 0.79 0.15
CPL (PP4) Y 0.75 329 | 17.10 | 678.9 501.8 177.1 1.44 0.27
Inv. Y 0.75 329 | 17.10 | 678.9 539.8 139.1 0.52 0.10
\Y 0.75 329 | 17.10 | 678.9 561.9 117.0 1.15 0.22
Inv. V 0.75 329 | 17.10 | 678.9 620.4 58.5 0.25 0.05
Ref. 1.20 32.9 | 17.10 0 0.0 0.0 1.46 0.28
9R4.9 1.20 329 | 17.10 | 678.9 452.6 226.3 1.62 0.31
9R4.9 Bolt 1.20 329 | 17.10 | 678.9 377.1 226.3 2.71 0.51
CEP (PE4) Y 1.20 329 | 17.10 | 678.9 501.8 177.1 2.70 0.52
Inv. Y 1.20 329 | 17.10 | 678.9 539.8 139.1 1.44 0.27
\Y 1.20 329 | 17.10 | 678.9 561.9 117.0 2.49 0.48
Inv. V 1.20 329 | 17.10 | 678.9 620.4 58.5 0.74 0.14
FC8 [140] Ref. 0.95 32.9 | 17.10 0 0.0 0.0 2.64 0.50
9R4.9 0.95 329 | 17.10 | 678.9 452.6 226.3 1.55 0.29
Ref. 8.8 32.9 | 17.10 0 0.0 0.0 7.8 1.50
FC12[139] 9R4.9 8.8 329 | 17.10 | 678.9 452.6 226.3 9.73 1.87

f.: compressive strength, Ac.: Total cutting area, Ac.: Cutting area in elastic zone, Ac;,: Cutting area in inelastic zone, f,: tensile strength,

uy,: aerage bond stress.
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Researchers found that the bond strength of a steel bar is a factor of the locking
components in the elastic and inelastic length of the embedded components [142, 143].
They have confirmed that an increase in locking components in the inelastic zone leads

to a higher tensile capacity (Figure 9. 4). The same trend was observed in this study.
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Figure 9. 4 Confinement effcet and elastic and inelastic length of embedded strips

The results show that the area of the locking key significantly affects the tensile capacity
of the embedded strip. In the case of the “Y” and “Inverse Y™ patterns, the tensile capacity
in the EPLA concrete was increased from 0.52 MPa to 1.44 MPa as the cut area in the
inelastic zone decreased from 177.1 mm? to 139.1mm?. The same trend was observed in
EPS concrete. An increase in the cut area in the elastic zone leads to a significant
reduction of 73% in the tensile capacity of the embedded strip. A significant reduction in
tensile strength of the strip was observed in the sample “Inverse V” with an elastic cut
area of 620.4 mm?2. Compared to sample “V” with an elastic cut area of 561.9 mm?, the
tensile capacity decreased by 78% and 39% for EPLA and EPS concrete, respectively.
However, referring to the control sample (9R4.9) from the previous study and compared
with sample “Y”, it can be seen that the sample 9R4.9 with the larger cut area in the
inelastic zone shows the lower tensile capacity. This can be attributed to the pattern
configuration and lack of proper cement paste penetration in the cut section of the

embedded strips.

Regardless of the cut area at the elastic zone, the application of a bolt as an additional
locking key (9R4.9 Bolt) slightly increased the bond stress compared to sample 9R4.9.
Nevertheless it was found that an external locking key such as a rib is an inappropriate
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method for ultra-lightweight concrete with less than 1.0 MPa due to its low mechanical
properties. Compared with the control sample with no cut area in both the elastic and
inelastic zone, the tensile capacity of the embedded strips increased by 6%, 19%, 125%
and 80% along with 11%, 85%, 85% and 75% for samples 9R4.9, 9R4.9 Bolt, “Y” and
“V” when embedded in EPLA and EPS concrete, respectively. The inverse form of the
cut patterns imposes an opposite effect on the tensile capacity of embedded strips. It can
be found that the locking area in the elastic and inelastic zone is the dominant factor for
increasing the bond strength of ultra-lightweight concrete. Thus, it can be concluded that
when adequate concrete strength is provided, the splitting failure of concrete could be

eliminated and embedded strips could achieve a larger bond capacity.

9.3.4  Effect of locking components angle on bond strength

Figure 9. 5 shows the angle and direction of resisting components of the proposed
interlocking patterns. The locking configuration is another major factor that directly
affects the bond strength. The experimental results show that the interlocking mechanism
of embedded strips and surrounding concrete also depends on the angle of the bottom
cutting edge to the direction of the applied load and length of the locking area along the
applied tensile stress. A decrease in the tensile capacity was seen with an increase in the
angle of the bottom cut part. As observed from sample “V” and “Inverse V”, the tensile
capacity decreased by 78%, when the angle of the bottom edge of the resisting

components increased from 45° to 135°. The same trend is displayed in the “Y” and

“Inverse Y” section. The tensile strength of concrete was decreased from 1.44 MPa to
0.52MPa and 2.70 MPa to 0.74 MPa for EPLA and EPS concrete as the angle of the
resisting components increased from 90° to 120°, respectively.

% )

Pulling force

Pulling foree

Figure 9. 5 Effects of interlocking patterns on bond strength
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There is a direct relation between the angle of resisting elements and tensile capacity.
This phenomenon can be related to an increase in confinement pressure as a more
substantial confinement pressure was applied to the penetrated concrete at the locking
area with a decrease in the bottom angle of the resisting components. The sample “V”
and “Y” with a relative angle of 45° and 90° show the highest tensile capacity among the
other locking patterns. However, the sample “Y”” obtained the highest tensile capacity of
1.44 MPa and 2.70 MPa compared with sample “V” with a relative strengths of 1.15 MPa
and 2.48 MPa when embedded in EPLA and EPS concrete, respectively. These changes
in tensile capacity can be attributed to the length of locking components along the applied
tensile stress. An increase in the length of locking elements leads to a larger area between
concrete and embedded strips to resist the applied pressure and causes a more significant
shear stress transfer to the matrix. Also, a higher compressive strength leads to an increase
in resistance to concrete crushing and shearing between embedded strips and surrounding

concrete.

9.3.5  Effect of compressive strength on bond stress

Table 9. 4 and Figure 9. 6 show the response in tensile capacity and bond strength with
respect to the compressive strength of concrete. Researchers found that there is a direct
relationship between the compressive strength of concrete and bond strength. The
experimental results show that the compressive strength of EPS concrete is about twice
that of EPLA concrete. The changes in strength development of the proposed concretes
can be related to the chemical reactivity of EPLA which leads to debonding of EPLA
beads and significant changes in the microstructure of concrete. In addition to this, the
conversion of hydration products to more calcium carbonate as a result of EPLA’s

chemical reactivity and makes the matrix more brittle compared with EPS concrete.
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Figure 9. 6 The corelation between bond stress and compressive strength of concrete
EPLA, EPS and foamed concrete (FC12 and FC8) [139, 140]

The compressive strength of the proposed concrete ranged between 0.7 to 0.79 MPa and
0.9 t01.50 MPa for EPLA concrete and EPS concrete, respectively. As expected, the EPS
samples exhibited a higher tensile strength compared to EPLA concrete due to the better
interfacial bond strength at the ITZ zone. The bond strength of EPS concrete was about
42 to 476% higher than that of EPLA concrete. The average bond stress of 0.13, 0.15,
0.27,0.10, 0.22 and 0.05 MPa along with 0.31, 0.52, 0.51, 0.14, 0.48 and 0.27 MPa was
observed for the samples 9R4.9, 9R4.9 Bolt, “Y”, “Inverse Y”, “V” and “Inverse V”” when
embedded in EPLA and EPS concrete, respectively. Besides the variation in locking
patterns, the concrete with higher compressive strength shows the better chemical
adhesion to the embedded strips which leads to an improvement in bond characteristics
of concrete. In comparison with a previous study on the bond performance of foamed
concrete with relative density and compressive strength of 1200 kg/m3 and 8.8 MPa
(FC12), the tensile strength of sample 9R4.9 was about six times and fourteen times
greater than that of the EPS and EPLA concrete.

9.3.6  Failure modes

Table 9. 5 presents the failure modes of the proposed concretes. Two failure modes of
pullout and splitting crack were observed for concretes containing EPS and EPLA (Figure
9. 7). The experimental results show that the variations in interlocking patterns and
mechanical properties of concrete affect the failure modes and crack propagation. A
sudden splitting failure and visible cracks were formed on both sides of the embedded

strips in EPLA concrete due to the bond strength between EPLA concrete and embedded
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strips being much higher than that of the tensile strength of about 0.025 MPa [140]. While
the failure mode of all EPS concrete samples was pullout failure without any noticeable
cracks except sample “9R4.9 Bolt” due to its external locking key. In fact, as the tensile
stress applies to the embedded strips, the inclined cracks form at the interface of the
embedded strips and surrounding concrete. This leads to inclined forces to radiate
outwards and causes a tensile ring stress and consequently an appearance of splitting
cracks [216].

Table 9. 5 Failure modes of proposed concretes

Failure Modes
Specimen 9R4.9
Ref. 9R4.9 Y Inv.Y \V Inv. V
Bolt
CPL (PP4) | SP SP SP SP SP SP SP
CEP (PE4) | PO PO PO PO PO PO PO

SP: splitting failure, PO: Pull-out failure.

(c) (d)

Figure 9. 7 Failure modes of proposed concretes; (a) CPL-Y, (b) CPL-Inverse V, (c)
CPE-Y, (d) CPE-Inverse V
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In the case of EPLA concrete, the sample “Inverse V” and “Inverse Y” failed
immediately after the tensile stress was applied due to an insufficient confinement effect
of the interlocking elements and low tensile strength of concrete to resist against the
internal tensile load. A higher tensile capacity and a delay in splitting cracks were
observed in samples “V” and “Y” due to a better locking engagement and confinement
effect of the proposed locking key. Thus, a greater intensity of cracks was observed in
concrete containing EPLA in comparison to EPS concrete as a result of the brittle

behaviour of EPLA concrete.

Surprisingly, no splitting cracks were detected in samples containing EPS aggregate.
However, the compressive strength and tensile strength of EPS concrete are about twice
the one of EPLA concrete, but the main causes of splitting failure of EPLA concrete was
its brittle behaviour and weaker adherence compared to EPS concrete. A possible cause
of the pull out failure of concrete containing EPS is the weak mechanical interlocking
between EPS concrete and embedded strips. Also, the bond stress at the interface of strips
to concrete is much lower than the applied stress. The highest and lowest bond stress was
observed in the sample “9R4.6 Bolt” and “Inverse V”, respectively. In comparison with
the previous study and with identical locking patterns, the failure mode of foamed
concrete was changed from vertical splitting failure to horizontal splitting failure and
pullout failure as the EPLA and EPS concrete are used as infill materials. From both
experimental studies it can be found that the adhesion of foamed concrete to the
embedded strips is much higher than the one of EPS and EPLA concrete.

9.3.7 Bond stress-slip behaviour

Figure 9. 8 displays the bond stress-slip behaviour of EPS concrete and EPLA concrete.
The experimental results show that the stiffness and tensile capacity of concrete directly
depend on the strength of concrete and locking patterns of the embedded galvanised
strips. Compared with EPS concrete, the application of EPLA considerably reduced the
tensile capacity of concrete because of the chemical reactivity of EPLA beads and its
degradation in the alkaline environment of cement. The results demonstrate that the shape
and position of the locking system have a significant effect on the bond performance of
concrete. Regardless of the concrete’s compressive strength, a higher bond stress and
tensile capacity were observed in samples which provide a more efficient confinement

pressure at the locking zone. In addition to this, the sample with the smaller cut area and
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locking angles in the elastic region present the better interlocking performance. As shown
in Figure 9. 8a, the tensile strength of EPLA concrete mostly relies on chemical bonding
rather than mechanical interlocking bond as the majority of the samples failed soon after
the tensile stress was applied, i.e. through concrete splitting failure. This can be attributed
to the low compressive strength of the base matrix and inadequate bearing mechanisms

at the interface area of concrete to strips to prevent the slippages of embedded strips.
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Figure 9. 8 The bond stress-slip behaviour; (a) EPLA concrete, (b) EPS concrete

The bond stress-slip behaviour of EPLA and EPS concrete breaks down into four stages
of: a) chemical adhesion or chemical bond (line A-A), b) mechanical interlocking bond
(line B-B), c) shear off (line C-C), and d) pull-out (line D-D). The line A-A presents the

linear behaviour which contributed to the chemical bond between strips and concrete.
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Compared with EPLA concrete the greater bonding stress and higher stress corresponding
to the lower slippage is transferred along the length of embedded strips as a result of the
higher compressive strength of EPS concrete and better adhesional bond strength at the
interface area. As far as locking key patterns are concerned, a higher bond stress was
observed in the samples with smaller locking areas in the elastic zone because of the
existence of larger bond stress in this zone. In addition to this, an increase in the interface
area between concrete and strips results in greater regional adhesion stress. As the load
increased, the slope of the bond stress-slip diagram started to decrease due to chemical
bond failure at the interface area of strip to concrete (line B-B). At this stage, the majority
of the EPLA samples failed due to the existence and propagation of internal splitting
cracks, which cause strip slippage and concrete splitting failure.

In the case of EPS concrete, the second segment of the bond stress-slip diagram
significantly relies on the interlocking mechanism of embedded strips and concrete. The
samples with the better confinement mechanism and smaller locking key at the elastic
zone transferred the higher tensile stress. For instance, the tensile strength of sample “Y”
with an elastic locking key area of 501.8 mm? is about four times greater than that of the
“Inverse V> sample with a locking area of 620.4 mm?. At the unloading stage (line C-
C), the partial bond failure of mechanical interlocking and splitting cracks along the
embedded strips lead to a sudden decrease in tensile capacity due to a breakdown and
compaction of concrete at the locking area of the embedded strips. A larger rate of
increment in strip displacement with a relatively low bond stress was observed at the last
stage of stiffness due to failures of all resisting components and breaking of concrete at

the interlocking zone of the embedded strips.

9.3.8  Analytical model of bond stress-slip behaviour

An analytical model is developed to predict the bond stress-slip relationship of embedded
galvanised steel strips. This model is formulated based on modification of the bond-slip
equations (Eq. 9.2) proposed by Sayadi et al. [139, 140]. The bond stress development of
the proposed model was divided into four stages of stiffness, namely chemical adhesion,
mechanical interlocking stage, shear off stage and softening phase at the slip range of
0<8<pd,, w6, <8 <8y, 6, <6 <B8, and & > B4, respectively. As shown in
Figure 9. 9, the first linear part refers to the adhesional bond stress at the interface of

embedded strips and matrix. The maximum slippage of this ascending part is ué,. The
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second ascending part is mostly related to interlocking mechanisms of locking patterns
with maximum slippages at §,,. At this stage, the stiffness and the angle in the bond stress-
slip diagram decreased as a result of adhesional bond failure at the interfacial zone. The
stress of this segment depends on the confinment effect of locking components and their
engagement with the surrounding concrete. The decreasing segment refers to mechanical
interlocking bond failure due to the splitting cracks along the embedded strips where the
maximum slippage is 8,. The last segment represents the residual bond strength and is

almost horizontal.
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Figure 9. 9 The bond stress-slip model for EPS and EPLA concrete.

The presented model is developed based on the critical parameters compressive strength,
f., strip thickness, tg, embedded length of strip, 1., embedded area, A, and locking area,
A..

Tyl
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2.5Ln(Le)

v vV (Ae _Ac)

Where, t,is ultimate tensile stress (MPa), &,is ultimate displacement (mm), L.is
embedded length of strips (mm), t, is strip thickness (mm), A, is strip embedded area

(mm?), A, is locking area of embedded strips (mm?), K = 0.55, a = 0.05, = 1.20.

In the case of EPS and EPLA concrete, some modifications are suggested of the defining
parameters of the recommended bond model for EPS (Eg. 9.3) and EPLA (Eqg. 9.4).
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Sayadi et al. have studied the bond behaviour of galvanised strips in foamed concrete with

different locking areas, locking patterns and foamed concrete densities. Based on their

experimental results, the influence of compressive strength and locking key were

significant. The proposed model of bond stress-slip of their work was used as a

comparison for the modified model. A correlation between the proposed model and

experimental results was made to validate the suggested modified bond model. The
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revised model presents a good correlation with experimental results of pull-out tests
especially for concrete containing EPLA beads compared to the proposed model by
Sayadi et al. [139, 140] (Figure 9. 10 and Figure 9. 11).
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Figure 9. 10 The comparison between the experimental results, new proposed model
and proposed model by Sayadi et al. [140] for EPLA concrete; (a) sample 9R4.9, (b)
sample 9R4.9 Bolt, (c) sample Y.
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Figure 9. 11 The comparison between the experimental results, new proposed model
and proposed model by Sayadi et al. [140] for EPS concrete (a) sample 9R4.9, (b)
sample 9R4.9 Bolt, (c) sample Y.

213



9.4

Conclusions

This study focused on the bond properties of concrete containing EPLA as an eco-friendly

replacement for EPS aggregate. Based on the assessment of bond properties of EPLA and

EPS concrete carried out in this study, the following conclusions were drawn:

1-

O-

EPLA concrete samples with a compressive strength of 0.75 MPa exhibited splitting
bond failure where the EPS concrete samples failed by pull-out failure as a result of
higher compressive strength and better interfacial bond strength at the transition zone
of aggregate to paste.

The parameters such as concrete compressive strength, locking area at the elastic and
inelastic zone, and locking patterns significantly affect the bond performance and its
failure modes.

A greater effect of locking keys was found in the samples with smaller bottom locking
angle and larger locking length.

The tensile bond stress of concrete containing EPS during pull-out failure was about
57% higher compared to the corresponding EPLA concrete which experienced
concrete splitting failure.

The use of a larger locking area at the elastic zone of embedded strips gave lower
bond strength due to the decrease in interaction area between concrete and strips.
Regardless of concrete compressive strength, a more significant bond strength was
observed in the samples with a larger locking area in the inelastic zone, longer locking
key length and smaller locking angle.

The failure modes of concrete changed from pull-out failure to concrete splitting
failure as the EPS aggregate was replaced with EPLA aggregate due to the chemical
reactivity of EPLA.

The EPS concrete with a compressive strength of 1.2MPa had a higher bond strength
than EPLA concrete without any visible splitting cracks.

A modified bond-slip model gave a good approximation of the experimental bond

stress-slip curves of EPS and EPLA concrete.

10- A new method is developed to estimate the elastic and inelastic length of embedded

components.
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CHAPTER 10
APPLICATIONS OF LIGHTWEIGHT CONCRETE

10.1  Introduction

This chapter presents results of an experimental study of flexural strength of cold-formed
channel and box section beams encasing bio- and petro-chemical polymer lightweight
concretes. Three different concrete types of perlite concrete (PC), perlite-EPS concrete
(PEC) and perlite-EPLA concrete (PPC) were used to establish the influence of
mechanical properties of braced materials on the load-bearing capacity of beams. In total,
sixteen beam specimens with variations in encased concrete and beam cross-sectional
area were prepared and tested through four-point bending. A significant improvement in
load carrying capacity of the channel beams was observed as the steel core was filled with
lightweight concrete. This trend was much lower in the box section beams. The bracing
of beams with lightweight concrete restrained the global and distortional buckling modes
of beams. However, the influence of bracing properties on the load carrying capacity of
the beams was minimal, its effect on lateral torsional buckling was significant. The PPC
sample shows the lowest load carrying capacity in both channel and box section beams
due to the alkaline reactivity and shrinkages of EPLA particles in the alkaline
environment of cement. A set of equations are proposed to predict the load-displacement

behaviour of the proposed composite beams.

10.2  Experimental program

10.2.1  Sample preparation and test set-up

Three different concrete mixtures were prepared as filler and bracing components for
cold-formed profiles with a variation in aggregate types (Table 10. 1). The mix design
was targeted to attain a density of 500 kg/m3for the sample containing 100% perlite
aggregate concrete (PC) according to a proposed method by Sayadi et al. [22, 186]. In
other mixtures, EPLA-perlite concrete (PPC) and EPS-perlite concrete (PEC), the perlite
aggregate was replaced with EPLA and EPS aggregate at 70% by aggregate volume. The

water-cement ratio was kept at 0.343 as in [22, 186]. The density, compressive strength
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and tensile strength of the proposed concretes were evaluated with a standard cylinder of
100x200 mm as per ASTM [176-178]. The flexural strength of concrete was measured
on prisms 500x100x100 mm as per ASTM [218]. The entire experimental tests were done

after 28 days of curing.

Table 10. 1 Mix proportions of perlite and perlite-EPLA concrete.

Mix proportion (kg/m3)

Mix No. Effective
) C w EP EPLA | EPS AE
w/c* ratio
Perlite Concrete
0.343 310 350 135 - - 0.0041
(PC)
EPS-Perlite Concrete
0.343 310 | 1935 | 405 - 7.0 | 0.0041
(PEC)
EPLA-Perlite
0.343 310 | 1935 | 405 13.3 - 0.0041

Concrete (PPC)

w/c: water-cement ratio, C: Cement, W: Water, EP: Expanded perlite, EPLA: Expanded
poly-lactic acid, EPS: Expanded polystyrene, AE: Air entraining agent.

The experimental study comprises of 16 quasi-static bending tests with various cross-
sections and filler types to evaluate the stability behaviour of the proposed beams. The
samples were subjected to two point loads at a rate of 1 mm/min by an INSTRON
33R4469 tester. An additional experiment was done on a control sample without filler as
a reference. The experiments were split into two groups according to the cross-sections
of the profile. Two types of cross-sections namely channel and box with height (h), width
(b) and thickness (t) of 85 mm, 40 mm and 0.75 mm were tested. The box section was
built up by two lipped channel sections, which were connected at the flanges with no
joining component. The thickness of the box flange (t') was 1.5 mm due to the
overlapping of channel flanges to make a box section (Figure 10. 1a). The main reason
for no joining screws was to assess the effectiveness of the filler as a holding component.
The total length of the beams was 1000 mm for all samples with a constant moment region
length of 300 mm.
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The schematic test setup of the quasi-static bending is shown in Figure 10. 1b. The two
load transferring points were placed at a distance of 300 mm and 600 mm from the support
to provide a constant moment region between the applied point loads. The side surface of
the beams at the middle span was equipped with two strain gauges. The strain gauges
were bonded longitudinally (S.G.x) and tangentially (S.G.y). A linear variable differential
transformer (LVDT) was used to assess the beam deflection at mid-span as shown in
Figure 10. 1b. The load was applied at a displacement rate of 0.1 mm/s until it reached
the maximum load carrying capacity and experienced the unloading stage where
excessive deformation took place. No restriction was applied at both supports for the
beams to easily follow the local and global deformations, which leads to having a better
understanding of the effectiveness of the infill concrete on controlling the lateral buckling
and rotation of the beams and their failure modes. It worth to note that the average results
of three specimens were considered to evaluate the flexural performance of proposed cold

formed beams.
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Figure 10. 1 Test setup; (a) cross-section, (b) bending test.
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10.3  Experimental results and discussion

10.3.1  Mechanical properties of infill concrete

The mechanical properties of the proposed concretes with a variation in aggregate types
and polymer volume are presented in Table 10. 2. The density of lightweight concrete
mostly depends on the bulk density of lightweight aggregate and the cement content. In
total three different ranges of concrete density were obtained in perlite concrete (PC),
perlite concrete containing EPLA (PPC) and EPS (PEC) aggregate. The average dry
densities of the concretes were 521.0 kg/m3, 384.0 kg/m? and 360.0 kg/m3 for PC,
PEC and PPC concrete, respectively. The replacement of perlite aggregate with EPLA
and EPS particles results in a reduction of 26% and 31% in unit weight of concrete,
respectively. The test results show that the density of EPLA concrete is lower than that
of EPS concrete, while the relative density of EPS beads (10 kg/m?3) is about half the one
of EPLA beads (19 kg/m3). The changes in concrete density can be attributed to the
chemical reactivity of EPLA and its chemical reaction with the alkaline components of
cement. The PPC concrete reveals the lowest density as a result of an increase in concrete

porosity due to EPLA degradation and an increase in CO, concentration.

As expected, the compressive strength was found to decrease with an increase in the
polymer particles ratio mainly due to the almost zero strength of the particles and an
increase in concrete porosity. The compressive strength of concrete decreased by 64%
and 89% as the EPS and EPLA particles replaced perlite aggregate. The compressive
strengths of PC, PEC, and PPC concrete were found to be in the range of 3.1-3.7 MPa,
0.95-1.50 MPa and 0.33-0.42 MPa, respectively. The same trend of strength reduction
was observed in the tensile strength and flexural strength of concrete. It is worth noting
that the significant reduction of mechanical properties of PPC concrete is directly related
to the alkaline reactivity of EPLA, bond failure at the interfacial transition zone (ITZ) and
changes of the microstructure of concrete. In addition to this, the existence of large voids
due to shrinkage and degradation of EPLA along with the conversion of hydration
products due to alkaline reactivity results in the concrete to fail at much lower stresses.
In general the degradation of EPLA takes place because of an attack by the external
elements [198]. Factors such as stereochemistry, crystallinity and molecular weight

significantly affect the biodegradation behaviour of EPLA [199]. In this investigation the
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surface of EPLA was in contact with an alkaline component of cement. The EPLA lost

its hydrophobicity and started to take up water.

Table 10. 2 Mechanical properties of infill materials

Bulk density Compressive Tensile Strength | Flexural Strength
(kg/m3) Strength (MPa) (MPa) (MPa)

PC 521.0 3.35 0.88 1.12

PEC 384.0 1.20 0.05 0.51

PPC 360.0 0.37 0.03 0.25
10.3.2  Bending tests
10.3.2.1  Channel section
10.3.2.1.1  Failure modes

The failure modes of filled and unfilled channel sections subjected to bending forces are

shown in Figure 10. 2. The flexural behaviour of a channel section and its failure modes

largely depend on the infill materials. The failure modes of a reference sample with no

filling materials were completely different to the composite beams. Deformations of the

compressed flange and web at the mid-span along with a significant lateral torsional

deformation were observed as primary failure modes of the control sample.
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(d)

Figure 10. 2 Failure modes of channel sections under bending force, (a) control sample,
(b) filled with perlite concrete, (c) filled with EPLA concrete, (d) filled with EPS
concrete.
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The composite samples are showing a different failure mode along with lower
deformation due to the bracing action of the lightweight infill concrete. The infill
materials caused a significant reduction in shear buckling of the web and transferred the
buckling failure from the middle of the sample to the load transferring points. The
excessive deformation of the composite samples caused crack propagation at the shear
span region. The largest amount of shear cracks was observed in samples filled with PPC
concrete due to its low mechanical properties and brittle behaviour. In addition, the
alkaline reactivity of EPLA and cement paste causes EPLA shrinkage and bond failure at
the interfacial transition zone of the aggregate-paste and crushing of concrete at a much
lower stress level. In addition to this, the cracks also appeared in the load transmitting
zone as results of larger localized deformations of the beam. Other samples filled with
EPS concrete and perlite concrete showed similar failure modes with lower shear cracks
at the shear span zone. The experimental results demonstrate that the differences between
the flexural stiffness of filled and unfilled channel sections are significant. The load
carrying capacity of a channel section increased by 3 to 4 times as the channel section
was filled with concrete. It is also evident that a greater resistance exists along with a
smaller area experiencing local buckling of the web due to a bracing action of lightweight
concrete and an increase in the effective cross-section of the beam. In addition, greater
lateral torsional bulking was observed in the control sample due to the absence of resisting
components against channel deformation (Figure 10. 3). In fact, the great influence of the
filler concrete was observed at the post-ultimate strength behaviour of the sample, which

decreased the steel core deformation.

Control Sample Filled with Perlite Concrete Filled with EPLA-Perlite Concrete Filled with EPS-Perlite Concrete

33.76°

Figure 10. 3 The effect of infill materials on lateral torsional bulking of channel sections
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10.3.2.1.2  Load-displacement response

Figure 10. 4 presents the load-displacement curves of the control and composite cold-
formed steel beams. The results reveal that the samples filled with lightweight concrete
exhibited a much higher ultimate load capacity than the control sample due to a
reinforcing action of the infill concrete. In fact, the lightweight concrete controls the
excessive deformations of cold-formed beams. The control sample showed an ultimate
tensile capacity of 1.25 kN, which is much lower than that of the composite beams. The
maximum load carrying capacity of cold-formed beams filled with PEC, PPC and PC
concrete was over 5, 4 and 4.5 times higher than that of the control sample. As detected
from the reference sample and PEC sample, the load carrying capacity of beams enhanced
from 1.25 kN to 5.94 kN when the PEC concrete was used as bracing filler for channel

beams. The same trend was observed in the samples PPC and PC.

Filled with EPS-Perlite Concrete

Filled with Perlite Concrete

R ey
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0 T T T T T T T T T 1
0 2 4 6 8 10 12 14 16 18 20

Displacement (mm)

Figure 10. 4 Load-deflection curves of channel sections subjected to bending

It can be found that the increase in cross-sectional area using lightweight concrete can

significantly decrease the distortional buckling of a beam and counts as a proper method

of increasing the flexural stiffness of cold-formed channel beams. In addition, the results

show that the mechanical properties of lightweight concrete as bracing components have

minor effects on the ultimate load carrying capacity. The load carrying capacity of cold-

formed beams containing perlite concrete with a relative density and compressive
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strength of 521.0 kg/m?3 and 3.35 MPa was about 9% lower than that of EPS concrete
with a relative density and compressive strength of 384.0 kg/m3 and 1.20 MPa,
respectively. The highest load carrying capacity and lowest shear cracks were observed
on PEC samples due to the compressible behaviour of EPS aggregate and greater
deformability. The PPC composite beams showed the lowest strength among the other
samples due to the detachment and shrinkages of EPLA aggregate as a result of its

chemical reactivity in the alkaline environment of cement.

The ductility of the filler concrete significantly effects the stability of the composite
beams. The PC and PPC concrete failed in a more brittle way compared to EPS concrete.
Compared to PEC concrete the load carrying capacity of beams decreased by 10% and
23% with the inclusion of perlite and PPC concrete as bracing components of channel
beams. Although, the application of lightweight concrete as filler causes an increase in
load carrying capacity, its influence on the overall weight of a section is significant. The
inclusion of PEC, PC, and PPC concrete causes an increase of 158%, 116% and 109% of
total weight of a channel section, respectively. However, the improvement in flexural
strength of composite beams was much higher than the increase in section weight. The
highest strength to weight increment of 3.23 was observed in channel beams filled with
PEC concrete. This improvement was 2.12 and 2.62 times for a channel filled with PC
and PPC concrete, respectively (Table 10. 3). Thus, the application of lightweight filler
as a bracing material for composite members under a bending force is an effective method

to increase member stiffness due to the decrease in torsional buckling.

Table 10. 3 The section weight and maximum load capacity of channel sections

) ] Increment (%) Ultimate Load
Section | Ultimate

Weight | Load | Section | Ultimate
(kg) (KN) weight Load

Increment (%) /
Section Weight

Increment (%)

Ref. | 1.120 1.25 0 0 0
Channel | PC 2.905 5.43 158 335 2.12
Section | PEC | 2.440 5.94 116 375 3.23

PPC | 2.360 4.83 109 286 2.62
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10.3.2.1.3  Load-strain response

Figure 10. 5 shows the strain evolution in longitudinal and tangential directions of beams
as a function of applied load. The strain gauges SGx and SGy are placed at the constant
moment region of the profile to record the strain in longitudinal and tangential directions.
All the readings of strain gauges positioned in the longitudinal direction of the beams
showed similar trends during the loading stage except for the sample filled with EPS
concrete due to the more compressible behaviour of EPS concrete with its gradual failure.
Also, a non-uniform tangential strain was observed in samples filled with EPLA-perlite
and perlite concrete due to the brittle behaviour of the infill concrete which causes

significant changes in the strain development of the sample.

A strain of -40, 22, 78, and 6.5 was measured as the maximum tensile strain of the control
sample, PC, PEC and PPC at the maximum load level, respectively. The tensile strain
converted to compressive strain soon after it reached the maximum capacity due to the
buckling and deformation of the web. However, this trend was different in the control
sample. The maximum compressive strain of -6.5, -0.17, 6 and -0.055 was observed for
the control sample, PC, PEC and PPC at the ultimate load level, respectively. From these
results, it can be found that the maximum strain is significantly varied at the proposed
samples. The deformation of cold formed steel and crushing of concrete leads to changes
in strain development. Based on experimental results, the cold formed steel channel filled
with PEC concrete causes a delay in section deformation and distortion buckling and
remains in the elastic stage at much higher strain values compared with other samples.
Although the mechanical properties of infill concrete are small compared with steel, it

significantly affects the strain development and deformability of composite beams.
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Figure 10. 5 Load-strain curves obtained from the strain gauges placed at the middle of
channel beams; (a) Ref. in X direction, (b) Ref. in Y direction, (c) PC in X direction, (d)
PCinY direction, (e) EPS in X direction, (f) EPS in Y direction, (g) PLA in X
direction, (h) PLA inY direction.
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10.3.2.2  Box section

10.3.2.2.1  Failure modes

Figure 10. 6 shows the failure modes of the tested control and composite box section
beams. The experimental results show that the composite beams follow the same path of
failure when subjected to bending stress. The simply supported composite box section
beams mostly failed due to compressed flange distortion and buckling of the web at the
constant moment region and bearing failure under the two load transferring points. While
no significant plastic deformation was observed in the control sample due to channel
profile segregation where no joining screw was used to control the deformation of the
connected channels. In the case of composite beams, the application of filler concrete
prevents the segregation of box profiles due to the bracing and holding action of the

lightweight concrete.

Control Sample

Perlite Concrete
\_ ‘\Z

EPS-Perlite Concrete

EPLA-Perlite Concrete
L \

Figure 10. 6 Failure modes of box section beams under bending force.

The PEC composite components failed due to the crumbling of the web and flange under
bearing stress with a larger failure zone compared to the other samples (Figure 10. 7a). In
fact, the brittle behaviour of PC and PPC concrete leads to sudden changes in beam
stiffness, which causes failure occurring at one loading point (Figure 10. 7b). This causes
all the plastic deformation and bearing stress to concentrate at the weak point where the
sudden concrete crushing happened. However, the failure modes of PC and PPC concrete
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samples were almost the same, but the contours of the buckled shape were different.
Larger and sharper buckling shape contours were observed on PC samples compared to
the PPC ones due to the better bracing action of perlite concrete, which leads to an
increase in ultimate load capacity and buckling of the more compressed flange and web.
Although the load carrying capacity of composite beams was about 80-100% higher than
that of the control sample, the influence of mechanical properties of infill materials on

the load carrying capacity of the beam was minimal.

0
Figure 10. 7 Failure modes; (a) profile segregation of control sample, (b) bearing failure
of composite beam
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10.3.2.2.2  Load-displacement behaviour

The load-displacement curves of the control and composite beams are shown in Figure
10. 8. The strength and flexural stiffness of the beams increased, which was caused by
the lightweight filler concrete as a bracing component. The behaviour of the composite
beams was more ductile with a lower displacement at the initial stage of loading compared
with the control sample. A large initial displacement of the control sample is primarily
related to the absence of joining components. The experimental results show that the
application of lightweight concrete causes a significant improvement in the load capacity
of the box section beams. In fact, the filler materials control and reduce the excessive

deformation of the assembled profiles and cause an increase in load carrying capacity of

the beams.
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Figure 10. 8 Load-deflection curves of box sections subjected to bending

The highest and lowest load carrying capacity was observed in the PEC and the control
sample with a relative maximum amount of 14.52 kN and 7.26 kN, respectively. The
same trend of improvement was observed in beams filled with PPC and PC concrete as
the load carrying capacity increased by 87% and 91% compared with the control sample.
In the case of composite beams, all the samples show an almost identical flexural
behaviour and stiffness with a minimal difference in ultimate load capacity. The load
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carrying capacity of PC and PPC was about 4 and 6% lower than that of the PEC sample.
The primary role of filler materials is to provide a full support against the global and local
distortion movements despite their lack of mechanical strength. Thus, the load-bearing
capacity of composite beams mainly depends on the cross-section area of the steel section
along with its configuration and the contribution by filler materials through bracing and
holding the sections together. The strength to unit weight increment of PC, PEC and PPC
specimens was 0.91, 1.26 and 1.11, respectively (Table 10. 4). Thus, the influence of filler
materials as bracing components of composite beams was more significant in the channel
section as the rate of strength development was much higher than that of the box section

as a comparison of Table 10. 3 and Table 10. 4 demonstrates.

Table 10. 4 The section weight and maximum load capacity of box sections

) _ Increment (%) Ultimate Load
Section | Ultimate
) _ ) Increment (%) /
Weight Load Section | Ultimate ) )
_ Section Weight
(kg) (kN) weight Load
Increment (%)
Ref. 2.265 7.26 0 0 0
Box PC 4.530 13.85 100 91 0.91
section | PEC 4.050 14.52 79 100 1.26
PPC 4.045 13.55 78 87 1.11
10.3.2.2.3  Load-strain response

The strain behaviour at the web region of the box sections was measured by two strain
gauges in longitudinal, S.G.x and tangential, S.G.y direction which were located at the
mid-span of the beams. The load-strain curves of the box sections are presented in Figure
10. 9. A non-uniform compression strain was obtained for all samples due to the web
buckling and sudden changes in the developed strain during the loading. Two forms of
tension strain distributions were recorded. The tension strain distribution of the control
and PC sample was the same without any shifting to the compression strain, while the
sample PEC and PPC showed a compression strain up to the ultimate load and shifted to

tension strain at the de-loading stage due to the lateral deformation of beams. This can be
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attributed to the failure modes of the beams as a larger area experienced web buckling in

composite beams with PEC and PPC. The maximum strain of 62, 26.5, -1.8 and -4.8 along

with -0.08, -0.04, -0.06 and -0.07 was measured by the longitudinal and tangential strain

gauges at maximum load for the control, PC, PEC and PPC samples, respectively. The

bracing of the cold-formed sections with lightweight concrete causes a significant

reduction in beam deformation as the measured tension strain of the control sample was

about twice the one of the PC sample.
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Figure 10. 9 Load-strain curves obtained from the strain gauges placed at the middle of
box beam; (a) Ref. in X direction, (b) Ref. in Y direction, (c) PC in X direction, (d) PC
in Y direction, (e) EPS in X direction, (f) EPS in Y direction, (g) PLA in X direction,
(h) PLAin Y direction.

10.3.3  Analytical model

An analytical model has been developed to predict the flexural behaviour of the proposed
composite beams for the steel grade G550. The flexural stiffness of channel and box
sections is divided into three stages of deformation namely; A-A, B-B, and C-C as shown
in Figure 10. 10. Two models are built by considering the critical parameters of the
flexural performance of composite beams such as the cross-section area of the cold-
formed section (As) and compressive strength (f.) of the infill materials. As shown in
Figure 10. 10, the load-displacement curves are divided into three segments, which
exhibit the beam stiffness during loading. The first part (A-A) is related to the concrete
cracking and propagation of cracks which shows a linear beam stiffness. The first stage
was considered as the distance between the displacement values from zero to 36, where
B is a factor of concrete strength, f. [Eq. 10.1]. The following equations are proposed to
predict the load carrying capacity and flexural behaviour of a channel [Eq. 10.2] and a

box [Eq. 10.3] section composite beam at this stage.
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Figure 10. 10 Load-displacement model; (a) channel section, (b) box section.
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B =Ln (eocf‘c) [101]

Where,
PC PEC PPC
Channel section 1.40 4.0 11.6
a
Box section 0.89 1.36 7.25
Ln(A)P,
= - < <
Ln () + P20z (0=38 <pdu) [10.2]
Ln(A.)P,
GO (0<8 <Bsy) [10.3]

~In(f) + P15

Where, f, is compressive strength of concrete (MPa), A is cross-section area of cold-

formed steel beam(mm?), P, is ultimate load capacity (kN), & is relative displacement
(mm).

As the load increases, the slope of the load-displacement diagram decreases in the second
part (B-B) as a result of (a) concrete failure and (b) beam deformation. At this stage, the
beam behaves linearly up to the ultimate load. The displacement ranges of 6, < 6 < §,
is assumed as a second elastic segment. The following equations are proposed to predict
the ultimate load capacity, and load-displacement behaviour of the channel [Eq. 10.4] and

the box [Eq. 10.5] section beam at the second stage of loading.

p_< Ln(8°P,) ) (Ln(P,8) s s .

~\(2-1Ln@AY) <(1 —Ln(AS))>' (BSy <8 = 8u) [10.4]
_ {_Ln(8>°Py) ) < (Ln(P,55%) )

= (@t (G = i) Bo <o <6 o
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Where, A is cross-section area of cold-formed steel beam (mm?), P, is ultimate load
capacity (kN), ¢ is relative displacement (mm).

The linear behaviour changed to a nonlinear one with relatively large displacements and
lower load increments as a result of plastic deformation and post-buckling of the beam.
The region of displacements of 6 > §,, is considered as the third stage of stiffness (C-C).
The Eq. 10.6 and Eq. 10.7 are proposed to predict the plastic behaviour of the beam at the
last stage of stiffness for channel and box sections.

8 (1-1.1Py)
102 tudy
P=Kkp, ' (8> 6,) [10.6]
0'01(8 (2—Po.9Pu))
P = 15KP, v, (8> 6y) [10.7]
Where,
_ ) EPLA-
Perlite EPS-Perlite ]
Perlite
Concrete Concrete
Concrete
K Channel section 0.20 0.18 0.23
Box section 215 19.5 17.5

Where, P, is ultimate load capacity (kN), & is relative displacement (mm).

The proposed equations showed a good agreement with experimental test results, which
demonstrates the accuracy of the proposed model as can be seen from Figure 10. 11 and
Figure 10. 12.
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Figure 10. 11 The comparison between load-displacement response of proposed model

and experimental results of composite channel section beam; (a) PC concrete, (b) PPC
concrete, (c) PEC concrete.
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Figure 10. 12 The comparison between load-displacement response of proposed model
and experimental results of composite box section beam; (a) PC concrete, (b) PPC
concrete, (c) PEC concrete.
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10.4

Conclusions

Based on the experimental test results and observed behaviour modes the following can

be concluded:

1-

The distortion, local and global buckling were observed as primary failure modes
of unbraced cold-formed steel beams. The samples filled with lightweight
concrete were capable of restraining the global deformation and local buckling.
The failure modes of channel section beams were changed from lateral torsional
buckling to local buckling of the web due to the increase in cross-section area and
bracing action of the filler concrete. However, a compressed flange distortion and
web buckling under the two load transferring points were the failure modes of the
composite box section beams.

The load carrying capacity of braced channel beams (filled with lightweight
concrete) increased up to 5 times compared to unbraced samples, which is mainly
attributed to the existence of resisting components against the channel
deformation. In fact, the significant influence of bracing materials was found to
be in the post-ultimate load behaviour, which is controlled by excessive distortion
buckling.

The effect of mechanical properties of infill concrete on the load carrying capacity
of the beams was minimal, and no significant differences were observed based on
the full composite action due to the low strength and elastic modulus of
lightweight concrete. However, the mechanical properties of concrete mostly
affect the degree of lateral torsional buckling as lower torsional buckling was
observed in samples filled with PC concrete with a relative compressive strength
of 3.35 MPa.

Larger cracks appear on the shear span of channel beams filled with PPC concrete
due to the inelastic behaviour of concrete containing EPLA as a result of its
chemical reactivity and changes in microstructure and hydration products. The
samples filled with EPS concrete (PEC) showed the better performance and higher
ultimate load capacity due to its ductile behaviour compared to PPC and PC
concrete.

The strength increment to unit weight increment ratio of channel and box sections

was three and two times greater than that of an unbraced beam. The lower
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increment ratio of a box section is mainly related to the increase in the steel cross-
section area.
6- The application of lightweight concrete as a bracing component causes a significant
delay in section deformation and distortional buckling. This trend leads to the beams
remaining in the elastic stage at much higher strain values compared to unbraced
samples.
In addition, a set of equations were developed to predict the load-displacement behaviour

of infilled beams.
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CHAPTER 11
CONCLUSIONS AND RECOMMENDATIONS

11.1  Introduction

The main findings of this study are summarized in this chapter. Recommendations for the
design with and for further investigations of the application of expanded poly-lactic acid

as a construction material are also given.

11.2  Conclusions

The degradation of poly-lactic acid in the alkaline environment of cement is the main
problem facing EPLA aggregate. After a comprehensive study of different types of
binders, magnesium phosphate cement was found as a proper binder for EPLA aggregate.
Another solution to this problem is coating of EPLA (CEPLA) aggregate with special
coating materials. The experimental results of coated EPLA show that the proposed
coating is an effective method for using EPLA aggregate in a high alkaline environment.
The mechanical properties, thermal properties, electrical properties, fire resistance and
phase analysis of expanded poly-lactic acid concrete made with ordinary Portland cement
(OPC), ground granulated blast-furnace slag (GGBS) and magnesium phosphate cement
(MPC) as binder along with expanded vermiculite (EV) and expanded perlite (EP), and
coated expanded poly-lactic acid as aggregate have been studied and presented
throughout this thesis. Concrete with expanded polystyrene (EPS) as a lightweight
aggregate was used for comparison reasons. The main findings derived from this

experimental study are summarised and presented as follows.

11.2.1  Fresh properties of proposed concretes

The workability of lightweight concrete is a vital factor and significantly affects the
properties of concrete . Ultra-lightweight concrete is mostly designed to be cast without
vibration due to difficulties of compaction and mixture segregation during casting [184].

A slump value of 50-75 mm is suggested for lightweight concrete, but due to the
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compaction and segregation problems of ultra-lightweight concrete, a slump value of 220
- 250 mm is adopted for this project. The replacement of perlite or vermiculite aggreagte
with EPLA or EPS aggregate reduces the workability of concrete due to an increase in
specific surface area. It was suggested that the polymer ratio of 70% aggregate volume
(30 % perlite or vermiculite — 70% EPLA or EPS) should be taken as the maxiumum
replacement ratio to guarantee a good compaction ratio. A further increase in the polymer

ratio results in mix segregation.

As expected the unit weight of concrete decreased with an increase in polymer volume as
a result of lower relative density of the polymer aggregate (EPLA and EPS) compared to
expanded vermiculite and expanded perlite. The density ranges of perlite and vermiculite
concrete containing EPLA and EPS aggregate was varied between 512.85 and
203.2kg/m?3. In the case of CEPLA concrete, the lowest density was observed in a sample
containing 40% CEPLA aggregate. A further increase in CEPLA volume leads to an
increase in concrete density mainly due to the higher specific gravity of CEPLA compared
to perlite aggregate. With the identical mix proportion, the density of CEPLA concrete
was about 70% and 64% higher than that of EPLA and EPS concrete, respectively.

In the case of magnesium phosphate cement concrete and GGBS concrete the density
ranges of 467.7 kg/m?3 to 367.0 kg/m3 and 259.6 kg/m3 to 203.2 kg/m3 were obtained
at the polymer ratio (EPLA or EPS) of 70%, respectively. It was found that the factors
such as w/c and P/M ratio influence the density of magnesium concrete containing EPLA
as the increase in w/c ratio causes a decrease in density. An increase in borax content and

P/M ratio shows an inverse effect on density.

An increase in calcium oxide content of GGBS concrete as an activator causes a
significant reduction on concrete density, due to alkaline reactivity of EPLA with calcium

hydroxide and an increase in concrete porosity and COz gas concentration in the matrix.

The density of magnesium phosphate concrete with the same polymer ratio of 70% was
about 21% and 18% higher than that of EPLA and EPS concrete containing perlite
aggregate, while this trend was inverse in concrete containing CEPLA. The density of
CEPLA concrete with an identical polymer ratio was about 40% higher than that of
magnesium phosphate concrete. The lowest concrete density was observed in GGBS
concrete containing EPLA (30% perlite — 70% EPLA) with relative density of
203.2kg/m3, while the density ranges were higher in cement and magnesium phosphate

concrete. With identical mix proportions and polymer ratio, the density of GGBS concrete
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was about 81% and 49% lower than that of the magnesium phosphate and cement based

concrete, respectively.

11.2.2  Mechanical properties of proposed concretes

The experimental results show that manufacturing of concrete with EPLA aggregate
causes significant changes in mechnichal properties of concrete. Compared to EPS
concrete, a remarkbale reduction in compressive strength was observed with inclusion of
EPLA beads due to the chemichal reactivity of EPLA beads in the alkaine enviroment of
cement. The compressive strength of EPLA and EPS concrete decrease with an increase
in polymer ratio due to an increase in concrete poropsity and internal voids created by the

polymer beads along with close to zero strength of polymer aggregates.

The EPLA lost its strength and shrunk when subjected to the alkline enviroment. The
shrinkages of EPLA beads cause bond failure at the interfacial transion zone of paste-
aggreate. In fact, the existence of large voids due to shrinkage and degradation of EPLA
along with the conversion of hydration products due to alkaline reactivity results in the
concrete to fail at much lower stresses. The maximum compressive strength of EPLA
concrete having a density range of 300-400 kg/m3 was 64% lower than that of the
corresponding EPS concrete with the same mix proportion. The failure modes of EPLA
concrete were significantly different from the EPS concrete. It is worth noting that the
EPLA samples cured in a moist condition showed an even lower compressive strength as

moist curing causes an acceleration of EPLA degradation.

In the case of CEPLA concrete, an increase in CEPLA content results in a decrease in
compressive strength, however, the rate of strength reduction was much lower than that
of EPS and EPLA concrete. The compressive strength of CEPLA concrete was about
349% and 37% higher than that of EPLA and EPS concrete, respectively. A better
interfacial bond strength was observed in CEPLA concrete due to the porous structure of
the coating layer and penetration of cement paste into the layers of coating materials. In
the case of magnesium phosphate concrete, a rapid hardening and high early strength
were observed, but this trend starts to decrease after 7 days. The 28 days, 56 days and 90
days compressive strength of magnesium phosphate concrete was about 88%, 77% and
70% of the 7 days strength. It was also found that the compressive strength of concrete

depends mostly on the wi/c ratio and retarder content. The strength of magnesium
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phosphate concrete increased with decreasing the water-cement ratio while increasing the
amount of retarder content and magnesium oxide causes an improvement in strength
development of concrete. In the case on GGBS concrete, the sample containing a larger
amount of calcium carbonate shows the lowest compressive strength due to higher
porosity and changes in hydration products of concrete as a results of EPLA degradation.
The 28 days compressive strength of GGBS concrete was at the ranges of 0.44 to 0.19
MPa and 1.79 to 0.37 MPa for sample containing EPLA and EPS, respectively.

The tensile strength of concrete containing EPLA aggregate with a density range from
520 to 302 kg/m3 was 8 to 50% lower than that of the corresponding EPS concrete. The
failure modes of EPLA concrete were significantly different from the control sample of
100% perlite. The lack of resisting components and the de-bonding of EPLA because of
alkaline reactivity were the main reasons for changes in the failure modes of EPLA
concrete. The elastic modulus of concrete containing polymer was about 3 times lower
than that of the control samples at the polymer volume of 70% aggregate volume. The
elastic moduli of perlite and vermiculite concrete were in a range from 900 to 1100 MPa
for a corresponding density range of 400 to 500 kg/m?3 , which is much lower than that
of normal concrete of 14 to 41 GPa. The substitution with polymer aggregate causes a
significant reduction in the elastic modulus of concrete. Compared to the EPS concrete,
the elastic modulus of EPLA concrete was about 30% lower.

There was a fundamental difference in the water absorption ratio of concrete containing
EPLA and EPS aggregate. The water absorption of concrete is dependent upon the
absorption ratio of lightweight aggregate and the matrix porosity. The initial (after 1 hour)
water absorption of concrete containing EPLA and EPS aggregate was much lower than
that of control samples without polymers mainly due to the presence of hydrophobic
aggregate with a zero absorption ratio. At a later stage and compared to EPS concrete, the
water absorption of EPLA concrete increased due to the chemical reactivity of EPLA.
The EPLA beads lost their hydrophobicity, started to take up water and shrunk when
subjected to the alkaline environment of cement. This trend leads to an increase in

concrete porosity as a result of an incrase in CO, concentarion in the matrix.

11.2.3  Thermal properties of proposed concretes

The thermal conductivity of concrete is reduced by the incorporation of polymer

aggregate, which is attributed to the thermal properties of the polymer and an increase in
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concrete porosity. The difference between EPLA and EPS concrete in this respect is not
significant, while this difference was increased slightly with the changes in curing
conditions. It was found the curing condition of EPLA samples significantly affects the
thermal properties of concrete. The chemical reactivity of EPLA leads to an increase in
CO0, concentarion in the matrix and an incrase in concrete porosity. In the case of EPLA
concrete, the variation of thermal conductivity is mostly related to the changes in

hydration products and the alkaline reactivity of EPLA.

The thermal conductivity of EPLA and EPS was about 20% lower than that of perlite and
vermiculite concrete. In the case of CEPLA concrete, the thermal conductivity of CEPLA
concrete was slightly higher than that of EPS and EPLA concrete. Larger differences were
observed in a sample containing 70% polymers. The thermal conductivity of magnesium
phosphate concrete was slightly higher than that of the EPLA and EPS concrete. The
thermal conductivity of magnesium phosphate concrete was influenced by the borax
content and P/M ratio, however, this trend was reversed in a sample containing a lower
amount of magnesia. In the case of GGBS concrete, the alkaline reactivity of EPLA
significantly affects the thermal conductivity of concrete. An increase in calcium content
causes a decrease in thermal conductivity value mainly due to an increase in concrete
porosity. The influence of the activator on thermal conductivity of EPS concrete was
minimal. Overall, the lowest thermal conductivity was observed in cement based sample
(PP4) with a relative thermal conductivity value of 0.0710 W/mK.

11.2.4  Electrical properties of proposed concretes

The parameters such as water-cement ratio, additives, aggregates, the degree of hydration,
porosity, pore size distribution and cement paste microstructure significantly affect the
electrical resistivity values of concrete. A significant decrease in electrical resistivity of
vermiculite concrete was observed with an increase in EPLA volume, while the addition

of EPS beads results in a sudden increase in electrical resistivity of concrete.

The decrease in electrical resistivity is associated with a decrease in concrete porosity.
In fact, the coarser pore size distribution and higher ionic concentration leads to a lower
electrical resistivity in concrete containing a high volume of EPLA. Also, the changes in
electrical resistivity of EPLA concrete are related to the microstructural changes and its
chemical reactivity. It can be found that the high water absorption value of vermiculite
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and alkaline reactivity of EPLA beads results in the electrical resistivity to remain
unchanged even after 7 days of curing. Surprisingly, the application of EPLA in perlite
concrete results in an increase in electrical resistivity of concrete when a high volume of
EPLA is used. In fact, the propagation and growth of calcium carbonate decreased the
porosity of concrete and caused a higher electrical resistivity in the samples containing
EPLA at the later ages. A significant change in setting time of concrete was observed

when EPLA beads are used as lightweigt aggregate.

In the case of CEPLA concrete, the electrical resistivity was much higher than that of
EPLA concrete due to the lower percentages of porosity in the concrete matrix. It can be
found that the coating of EPLA aggregate is a proper method to eliminate the chemical
reactivity of EPLA at the initial stage of the hydration process which leads to a
signification reduction in the alkaline reactivity of EPLA and limits the carbonation
process at the layers of the coating materials. The difference between the exothermic
reaction of EPLA and CEPLA was minimal, and both samples showed the same

exothermic reaction patterns.

For magnesium phosphate concrete, the electrical resistivity was much higher than that
of EPS and EPLA concrete at the initial stage of curing due to the fast reaction of
magnesium phosphate concrete. It was found that the factors such as Borax and
ammonium content significantly affects the electrical resistivity and exothermic reaction
of magnesium phosphate concrete. An incrase in Borax content causes a significant
decrease in exothermic reaction, while an inversre effect was obtained with an increase

in ammonium content.

11.2.5  Fire resistance of proposed concretes

EPLA concrete, CEPLA concrete, EPS concrete and perlite concrete failed a cone
calorimeter test with some minor thermal cracks without losing the integrity when
subjected to high temperatures. In contrast magnesium phosphate concrete lost its
strength with explosive spalling and visible thermal cracks. The EPLA, CEPLA, and EPS
concretes were evaluated as quasi-noncombustible materials, while magnesium
phosphate concrete and perlite concrete were non-combustable materials. In the case of
GGBS concrete containig EPLA and EPS, no visible thermal cracks and matrix

degradation was observed.
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The highest heat release rate was obsrved in concrete contaning CEPLA due to the
burning of the coating layers, while the lowest was obsrved in perlite concrete. In
addition, no ignition point was recorded for magnesium phosphate concrete and perlite
concrete and there was no contribution to the fire development. By contrast, the fastest
ignition was observed in samples containing CEPLA. Ignition took longer in samples
contaning EPLA and EPS.

A sharp increase in COz gas production was observed in CEPLA samples mainly due to
the combustion process of coating layers as well with EPLA aggregate. The samples EPS
concrete, magnesium phosphate concrete and perlite concrete produced lower amounts of
CO2 gas. A sudden increase of CO2 gas production of concrete was observed in GGBS
concrete containing EPLA. This increase happened for samples containing EPS at a lower
level.

The CO gas production of magnesium phosphate concrete was slightly lower than that of
EPLA, EPS and GGBS concrete. The highest and fastest growth in CO gas production
were observed in CEPLA concrete ahead of EPLA concrete. The highest rate of mass
reduction was observed in magnesium phosphate concrete followed by CEPLAconcrete,
EPLA concrete, EPS concrete, EPLA GGBS concrete and EPS GGBS concrete as well

as perlite concrete.

Also, it was found the concentration of CO and its safety level categorized in safe mode
(less than 70 ppm). The CO concentration of CEPLA, perlite, magnesium phosphate
concrete containing EPLA, GGBS concrete containing EPLA, EPLA concrete and EPS
concrete (as reference) were 50.41ppm, 8.84 ppm, 31.0 ppm, 72.0 ppm, 53.5 ppm and
41.0 ppm, respectively.

11.2.6  Phase analysis of proposed concretes

SEM, XRD and EDS analyses were used to assess the influence of EPLA aggregate on
microstructures of concrete. The addition of EPLA beads changed the microstructure and
hydration products of concrete. These changes can mainly be attributed to the concrete
carbonation and EPLA degradation in the alkaline environment of cement. The formation
of large amounts of calcium carbonate (CaCO3) and calcium aluminium sulfate (AFt)
shows that the degradation of EPLA leads to a chemical conversion of hydration products

as no calcium silicate hydrate was found in the microstructure of the samples. The
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conversion of C-S-H gel to calcium carbonate was the main cause for strength reduction
in concrete containing EPLA. The presence of a large amount of calcium carbonate
explains the interaction of EPLA with calcium and sodium. However, at the later stage of
one year more calcium silicate hydrate gel was found in the microstructure of concrete.
The phases identified in the EPS concrete samples are mostly calcium-silicate-hydrate
(C-S-H), calcium hydroxide (portlandite) and calcium sulfoaluminate (ettringite), while
Magnesium phosphate hydrate was present as the main hydration product of magnesium
phosphate concrete. In addition, it was found that the existence of Cl and Ca elements at
the later stages of curing leads to the formation of calcium chloride after 7 days of curing.
The formation of calcium chloride was the main cause of strength reduction in magnesium

phosphate concrete at the later stages of curing of 90 days.

11.2.7  Bond properties of proposed concretes

It was found that the parameters such as density, compressive strength, binder type and
volume of polymer affects the bond mechanisms of concrete. The locking area, bearing
area, cut feature, elastic and inelastic area of embedded members are the key factors that
directly affect the bond mechanisms. The bond strength of concrete containing EPLA was
found to be significantly different from that of EPS concrete due to an interfacial bond
failure and microstructural changes at the paste-aggregate interface. The ultimate bond
stress of EPS and EPLA concrete with a variation in locking patterns of embedded strips
were in the ranges of 0.131 to 0.518 MPa and 0.045 to 0.277 MPa, respectively. The
samples contaning EPLA failed in a more brittle manner compared to EPS concrete. In
addition, an increase in locking area at the inelastic region is a proper method for
increasing the bond capcity. The same improvement was observed with a decrease in the
angle of locking compoonents. This means the bond strength of EPS concrete was about
42% to 476% higher than that of EPLA concrete.

Two failure modes of pullout and splitting crack were observed for concrets containing
EPS and EPLA. A sudden splitting failure and visible cracks were formed on both sides
of the embedded strips in EPLA concrete due to the bond strength between EPLA
concrete and embedded strips being much higher than that of the tensile strength of about
0.025 MPa [140]. The failure mode of all EPS concretes were pullout failures without

any noticeable cracks.
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11.3  Design recommendations for proposed concretes

From the experimental results the following equations are proposed for mix deisgn and
to predict the engineering properties of ultra-lightweight concrete containing polymer

aggregate.
1) The mix proportion of ultra-lightweight concrete can be obtanined by the following

mix deisgn method.

- Selection of approximate water-cement ratio (w/c):

Perlite concrete:

. 0.76YO'0001Y

Y=a
c %7 0.0001y.y%5

Vermiculite concrete:

_ 0.77y0.0001Y

=a=
0.0001y.y%5

+0.25WA,

w
C

- Required cement content:

a
Kacs 0.5
ac

Y+05
6]
4 C+
RD¢.RDp RD),

1000 = C + 10aV,

1
y = y1a C+ aC + RD,V,

2) The tensile strength of concrete can be calculated from compressive strength by the

following equations in different curing conditions.

f. = 4.6773 f, - 0.3521 (EPLA concrete - air cured)
f. =6.0261f, - 0.8001 (EPLA concrete - water cured)
f. =4.8199f, - 0.4167 (EPS concrete — air cured)

f. =5.994f, -0.8375 (EPS concrete - water cured)
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3) The thermal conductivity of vermiculite concrete containing EPLA aggregate can be

calculated by the fllowing equations.

0.5REPLA
A= v Yconcrete )K+ RO-5

= vermiculite
(Yvermiculite-Rvermiculite) +(YEPLA-REPLA)

K =1.40 (for vermiculite concrete)
K =1.21 (for perlite concrete)

4) The water absorbtion of vermiculite concrete can be calculated from the following

equation.

A)*1(BCO)
WAR = —,—RDV

Where,
A = 60t°%°

B = RD,WAy

t
C= RR+ RRDv

5) The elastic modulus of concrete containing polymer aggregate can be calculated by

the following equation.

E = K(7m=) (Vew)

6) The compressive strength of concrete containing EPLA and EPS can be obtained from
the follwing equations.
fCEPS = 0.01260'0088y

fCPLA = 0.0017e0'0126y
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7) The differences between the target density and actual density of foamed concrete

containing EPS aggregate can be calculated with the following equations

F
2B2 /B+§ EB

= EF25
{YAD = Y + « 100 kg/m? < y < 150 kg/m?
Yap = Ytp — & 150 kg/m?® <y < 400 kg/m?

8) The compresive strength of foamed and foamed concrete containing polymer

aggregate can be obtained by the following equations.

f'c = 0,0034e"263 (R2 = 0.9803)

f'c = 0,0243e"0837 (R2 = 0.8075)

9) The thermal conductivity of foamed concrete containing polymer aggregate can be

calculated by the following equations.

\%
7.2 EPS #
EPS-VFoam
A —_

- VEPS
VEeps VY-VFoam

10) The following equation is developed to calculate the bond stress of embedded

elements in foamed concrete.

42T Ay | JFAL
.
! 240 ~1)1 + 02— 1)

Where,

Ae == (le dp)

mdi
A =
hT g
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11) The bond stress-slip of embedded components of a composite section in foamed

concrete can be obtained by the following equations.

( HTy
0<é6<ud
0.7A8, = Hou
Ty (1 - IJ)S
14p—A 5, <86<6
1-1(1 _ IJ_) 8u + ( “’ ) IJ' u — u
T =4 (Tu - aTu)(Su - 8)
Ty — 6, <6< B6
T (5, — PO w <0 By
Kt, V2%~ Bdu § > B8,
\
Where,
Let(s).2+%
H=3z %(Ae—nAh)
3= 2.5Ln(Le)
v (Ae—nAp)

12) The tensile capacity of embedded components of a composite section in foamed

concrete can be calculated with the following equations.

Lets 0.8
p, = et I
(Ae—nAp)itts
Ln(Le nActg28)
Pi - 4'5,/Ln (nA
h+nAQts
P,= P, +P
Where,
Ah = ‘ITR%.1
2mR
A =
2
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13) The bond stress ratio of embedded elements in foamed concrete can be calculated by

the following equations.

Pu
2(dg+tg).Le

T, ,(Lé-Z_LL)ts + 5'5t(Ae_Ah)o'5 + \/A_h

Ty =

Jfe  vLn(Ap) Y 2.4 [(Le —L)2+(L2—Le)]0S
Where,
Ae = ( Le ds )
1t d?
Ah = —h
4

14) The elastic and inelastic length of embedded elements of a composite section can be

calculated by the following equations.

leNC

1 _ (fu—fy)tlinNe (bt)
InLWC — 2(b+t)uin

_ (fu—fy)bt

Where  linnc =3 it
f, bt

lenc = 2(b+t)ue

Ue EPS = 0'26\/[:—(;
Uin EPS = 0-13\/f_;
Uin EPLA = 0-07\/E

Ue EPLA = 0-14\/E
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15) The bond stress-slip behaviour of embedded elements in concrete containing EPLA

aggregate can be calculated by the following equations.

r 52ty

Kedy 0<é6< l‘l6u
Tu (1_“')805 0.3
1.11p — . <
_ (ty—aty)(8y—95)
Tu Bu—BSw) 8y <8 =Py
\Kt, V28~ Pdu, 8 > RS,
Where
1
Let:'2+tS
L= 73 /—(Ae__Ac)
_ 2.5Ln(Le)
(Ae - Ac)

16) The bond stress-slip behaviour of embedded elements in concrete containing EPS

aggregate can be calculated by the following equations.

[ 0.3ty
Kos, 0<8<pud,
u 1— 81'3
1-1(Tl—u) ( ;)1 +(111p - @)0'3], ns, < 8 <8,
Ty = < (tu—aty)(8y—98) [6]
T T 5By 8, < 8 < B8,
KTu(SO.l_Bsu)O.lj 8 > BSu
\
Where
Let(s).2+%
ST vy
2.5Ln(Le)
(_p = —_——
(Ae - Ac)
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17) The load-displacement behaviour of a cold formed channel and a box section filled

ultra-lightweight concrete can be calculated as follows:

B = Ln (e%)
Where,
Perlite EPS-perlite | EPLA-perlite
concrete concrete concrete
Channel section 1.40 4.0 11.6
o
Box section 0.89 1.36 7.25
P = % 5, (0 <6 <B6,) (Channel section)
p=_0l)Pu_ o (0<5 <ps,) (Box section)

"~ Ln(f,)+PL5
p— Ln(8°Py) (Ln(Py8)
~ \(2-Ln(Ay)/ \(1-Ln(As)) /)’

p— (Ln(85'6Pu)) ((Ln(Pu85-6)>

(BOy <6 <06) (Channel section)

(BSy, <86 <8,) (Boxsection)

(Z—Ln(As)) (1—Ln(As))
8§ (1-1.1Py)
IO(T) .
P =KP, ) (6> 6,) (Channel section)
0-01(8 (2—P0.9Pu)) -
P = 15KP, v, (6 >8,) (Box section)
PC PEC PPC
Channel section 0.20 0.18 0.23
K
Box section 215 19.5 17.5
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11.4

Recommendations for further study

The following research topics can be developed further with regard to the application of

expanded poly-lactic acid (EPLA) as a biopolymer lightweight aggregate.

1-

10-

Study on long term performance of concrete containing EPLA aggregate in terms of
mechanical, thermal and electrical properties.

Modification of EPLA aggregate to be used as self-healing agent and air entraining
agent and also surface modifications of EPLA aggregate for a high alkaline
environment.

The corrosion and durability of concrete containing EPLA aggregate.

The impact resistance of concrete containing EPLA aggregate

The unrestrained and restrained shrinkages of lightweight concrete containing EPLA.
The creep and creep recovery of concrete containing EPLA aggregate.

The acoustic properties of concrete containing EPLA aggregate.

The relationship between concrete density and CO, content (due to the alkaline
reactivity)

Further investigation on engineering properties of magnesium phosphate concrete
and CEPLA concrete.

Further study on CO, emission and life-cycle cost analysis
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