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This study deals with the development and assessment of rubberised one-part alkali-activated concrete. An
experimental programme, focusing on optimising the material proportions for high flowability and compressive
strength, is firstly described. This includes varying the proportions of aluminosilicate precursors, binder-to-
aggregate ratio, activator dosage, and admixture quantity to find an optimum mix design with stable strength
development up to 90 days. Crumb rubber particles are then added to replace up to 60 % by volume of the
natural mineral aggregates. The effect of rubber addition on the mechanical properties is quantified and
analytical expressions for the compressive strength, elastic modulus, splitting tensile strength, and flexural
strength are presented. A database consisting of 241 conventional rubberised concrete as well as 57 rubberised
alkali-activated mixes, available in the literature, is then assembled and used for direct comparison of the
characteristics of different rubberised concrete materials. It is shown that the degradation in compressive
strength for one-part rubberised alkali-activated concrete with high rubber replacement ratios falls within similar
ranges as conventional and two-part alkali-activated rubberised concrete. However, the results show that the
elastic modulus of one-part rubberised alkali-activated concrete is significantly lower than that of rubberised
concrete mixes with the same compressive strength. Moreover, while the lateral crushing strain of one-part
rubberised alkali-activated concrete increases with higher rubber replacement ratios, the axial crushing strain
reduces slightly. It is also shown that the post-peak stress-strain response exhibits greater softening with higher
rubber ratios. Based on the findings of the study, constitutive models for representing the compressive stress—
strain response and flexural stress-crack width response are proposed. The presented expressions provide insights
into the fundamental mechanical properties of rubberised one-part alkali-activated concrete, hence paving the
way for their potential use in structural members, particularly those requiring higher ductility, while also of-
fering a sustainable alternative to conventional concrete materials.

OPC-based conventional concrete material (CCM) [5-7]. Yet, the use of
a caustic alkaline solution in the two-part production method has

1. Introduction

Alkali-activated concrete (AAC) offers a sustainable alternative to
conventional concrete and is traditionally synthesized by mixing
aluminosilicate precursors with an alkaline solution [1,2]. Precursors
used in AAC have chemical compositions that are rich in aluminium
oxide (Al,O3) and silicon dioxide (SiO,), and often calcium oxide (CaO)
as well, and can be derived from natural sources (i.e., metakaolin) or
industrial by-products (i.e., fly ash, blast furnace slag) [3]. Common
alkaline solutions employed in AAC include sodium hydroxide/silicates
and potassium hydroxide/silicates [4]. Several studies highlighted that
AAC has similar mechanical properties and often superior durability to

hampered the acceptance of AAC for in-situ applications [8,9]. This
encouraged researchers to look at one-part ‘just-add-water’ alkali-
activated materials (AAMs) where a solid activator is dry-mixed with
the precursors and natural aggregates, and then water is added to
initiate the reaction [10-12].

Previous studies on one-part AAMs experimented with various pre-
cursors including fly ash (FA) [13,14], fly ash sinking beads (FASB)
[15,16], ground granulated blast furnace slag (GGBS) [11,17], lithium
slag [18,19], metakaolin [20,21], red mud [22,23], and rice husk ash
[24]. The majority of studies on one-part AAMs used FA or GGBS as
precursors, with some using the two in combination [10,12,25], mainly
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Nomenclature

Abbreviations
AAC Alkali-activated concrete
AAMs Alkali-activated materials

b/agg Binder-to-aggregate ratio

CCM Conventional concrete material
CNA Coarse natural aggregates

cov Coefficient of variation

CR Crumb rubber

C-A—S—H Calcium-aluminum-silicate-hydrate
C—S—H Calcium-silicate-hydrate

DIC Digital image correlation

FA Fly ash

FASB Fly ash sinking beads

FNA Fine natural aggregates

GGBS Ground granulated blast furnace slag
1TZ Interfacial transition zone

LOI Loss on ignition

MP Megapixel

NA Natural aggregates

N-A—S—H Sodium-aluminum-silicate-hydrate
OPC Ordinary Portland cement

RUAAC Rubberised alkali-activated concrete
RuC Rubberised concrete

SEM Scanning electron microscope

SF Silica fume

SP Superplasticizer

UPV Ultrasonic pulse velocity

Chemical formulae:

Al,Os3 Aluminum oxide

CaCO3; Calcium carbonate
CaO Calcium oxide
Ca(OH), Calcium hydroxide
CO, Carbon dioxide

KOH Potassium hydroxide
NaAlO, Sodium aluminate
NaOH  Sodium hydroxide

NayB407-10H20 Sodium tetraborate decahydrate-borax
NayCO3 Sodium carbonate

Na,O Sodium oxide

Na,SiO3 Sodium silicate

Na,SiO3-5H;0 Sodium metasilicate pentahydrate

NaySiO3-9H,0 Sodium metasilicate nonahydrate

NasSO4 Sodium sulphate

Si0, Silicon dioxide

Symbols:

dso Median particle size

E, Elastic modulus

E.o Elastic modulus of the reference mix with p,, = 0

Ec pred Predicted elastic modulus

fe Compressive strength

feo Compressive strength of the reference mix with p,, = 0

fe,cupe Cube compressive strength

fe Compressive strength of concrete specimen requiring
conversion

Seref Compressive strength of reference concrete specimen

feprea Predicted compressive strength

fr Flexural strength

fro Flexural strength of the reference mix with p,, =0

frprea Predicted flexural strength

fo Splitting tensile strength

fpo Splitting tensile strength of the reference mix with py; =0

fsppred Predicted splitting tensile strength

8,2 Post-crushing energy

G, Compressive crushing energy

Ges Energy dissipation under flexural loading

Ge-nor Normalised crushing energy

Gep Energy dissipation under splitting tensile loading

Ve Volume of concrete specimen requiring conversion

Ve ref Volume of reference concrete specimen

w Crack width

Wrnax,0 Ultimate crack displacement of the reference mix (py, = 0)

Winax,c Ultimate crack displacement

€ Strain

€1 Axial strain

&2 Lateral strain

£cr0,1 Axial crushing strain of the reference mix with p,, = 0

Eer1 Axial crushing strain

Ecr,2 Lateral crushing strain

p Density

Pvr Volumetric rubber replacement ratio

o Stress

of Flexural stress

Osp Splitting tensile stress

due to their favourable physiochemical properties. FA is a by-product of
burning coal in electricity generating power stations [26,27]; while
GGBS is a by-product of iron manufacturing [10,28]. GGBS has a high
CaO content and its alkali-activation results in the formation calcium-
aluminium-silicate-hydrate (C-A—S—H) gels [29], which are similar to
the calcium-silicate-hydrate (C—S—H) gel phases that usually result
from OPC hydration [29]. Meanwhile, the alkali-activation of low cal-
cium FA (Class F) forms a three-dimensional sodium-alumi-
nium-silicate-hydrate (N-A—S—H) gels [30]. The combination of GGBS
and low calcium FA in AAMs results in complex hydration products that
contain both C-A—S—H and N-A—S—H gels [29].

Several solid activators were used to synthesize one-part AAMs,
including sodium hydroxide (NaOH) [31,32], potassium hydroxide
(KOH) [33,34], sodium silicates (Na5SiO3) [16,19,32], sodium carbon-
ate (NayCOs3) [35,36], sodium aluminate (NaAlOj) [15,37], sodium
sulphate (NapSO4) [38,39], and calcium hydroxide (Ca(OH)y) [40,41].
A comparative study on the use of anhydrous sodium metasilicate
(NaySiOs-anhydrous), NaOH powders, and KOH pellets in FA and GGBS-

based one-part AAMs, concluded that around 8 % of Na,SiOs-anhydrous
by binder mass was optimal when considering mix flow and compressive
strength [33]. NaySiOsz-anhydrous also gave the most favourable
compressive strength in FASB- and GGBS-based one-part AAMs,
compared with sodium metasilicate nonahydrate (NaSiO3-9H30) and
sodium metasilicate pentahydrate (Na;SiO3-5H20) [42]. Meanwhile, to
improve the rheology and delay the setting of one-part AAMs, various
admixtures were employed. Results show that polycarboxylate-based
superplasticizers (SPs), lignosulfonate-based SPs, sucrose, or sodium
tetraborate decahydrate-borax can be used in FA and GGBS-based one-
part AAMs [7,43-45].

Besides AAMs, rubberised concrete (RuC) provides a viable path to
recycle discarded end-of-life tyres and reduce the depletion of natural
aggregates (NA) [46,47]. In RuC, a proportion of the NA is replaced by
small rubber particles obtained from discarded tyres. The addition of
rubber causes a reduction in the mechanical properties depending on the
rubber replacement ratio [48,49]. In contrast, the ductility and energy
dissipation improve with higher rubber replacement of NA [50,51].
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Fig. 1. Raw materials (FA — fly ash, SF - silica fume, GGBS - ground granulated blast furnace slag, Na,SiOz-anhydrous — activator, Borax — borax, FNA - fine natural

aggregates, CNA - coarse natural aggregates, CR — crumb rubber).

Table 1
Chemical composition of aluminosilicate precursors.

Raw Material Mass fraction (%)

SiO, Al,03 Fe,03 CaO MgO K20 NaO TiOy P20s SO3 BaO MnO LOI
FA 50.62 23.92 11.11 4.51 1.73 3.01 0.81 1.35 0.37 0.67 0.18 0.09 1.63
GGBS 33.43 12.55 0.74 39.87 6.54 0.43 0.18 0.69 0.01 2.48 0.69 0.29 2.10
SF 94.97 1.41 0.23 0.39 0.57 0.96 0.19 0.03 0.09 0.16 - 0.03 0.97

Confined RuC members also perform better in comparison to confined
CCM due to the higher confinement activation of the former [52-54].
This makes RuC suitable as a construction material in seismically active
regions and as infill material in composite sections. Rubberised alkali-
activated concrete (RUAAC) was explored as well over the past few
years [55]. A higher replacement of NA with CR particles in RuAAC
results in a drop in workability [56,57], a reduction in density [58,59]
and a deterioration in mechanical properties [60-62]. Meanwhile, the
impact resistance of RuUAAC and performance under high-strain rates
improve for high CR replacement ratios [58,63].

As indicated, one-part AAMs were formulated using different pre-
cursors, solid activators, and admixtures resulting in different strengths
and workability performances. In addition, most studies on RuUAAC
focused on the conventional two-part formulation method, with no
study to date providing a detailed assessment of one-part RuAAC,
including full stress—strain response, and constitutive models for design
purposes are also lacking [55]. This study aims to provide a detailed
assessment of the mechanical properties of GGBS- and FA-based one-

part RuAAC with up to 60 vol% CR replacement of total NA. The con-
stituent materials of one-part AAC, including precursor content, binder-
to-aggregate ratio, solid activator dosage, and admixture dosage, are
optimised first to achieve one-part AAC with high strength and flow-
ability. Subsequently, a proportion of the NA is replaced by CR (up to 60
vol%) to form RuAAC, and the elastic modulus, compressive strength,
splitting tensile strength, flexural strength, the full constitutive
response, and the ultrasonic pulse velocity (UPV), are reported.
Analytical expressions and constitutive models to predict the mechani-
cal properties, full stress—strain and flexural stress-crack width responses
of one-part RuUAAC are provided. Moreover, experimental results on RuC
and RUAAC (mostly-two-part RuUAAC), available in the literature, were
assembled and compared to the results obtained in this study. These
were then used to validate the analytical expressions developed in order
to examine any possible variations in mechanical properties due to CR
addition for different rubberised concrete materials. The study validates
one-part RUAAC as a structural concrete material, providing an alter-
native to cement-based concrete materials and offering a recycling path
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Fig. 2. Material characterization: a) particle size distribution of precursors; b) X-ray diffraction pattern; c) particle size distribution of FNA, CNA and CR particles.

for discarded end-of-life tyres. The results could also encourage further
research on structural members using this type of concrete.

2. Materials and methods
2.1. Constituent materials

Fig. 1 depicts macro images of the raw materials used in this study.
The main aluminosilicate precursors employed were low calcium FA and
GGBS. The specific gravity of the FA and GGBS, determined using an
AccuPyc II 1340 pycnometer, was 2.33 and 2.95, respectively. Silica
fume (SF) with a specific gravity of 2.38 was also considered by up to 10
% of the binder content. The oxide composition and loss on ignition
(LOI) of FA, GGBS and SF - determined using X-ray fluorescence — are
given in Table 1. The particle size distribution of the precursors was
determined using a Malvern Mastersizer 3000 and the results are given
in Fig. 2(a). The median particle size, dsg, of FA, GGBS and SF were 22.6,
16 and 0.1 pm, respectively. The crystallinity and phase structure of raw
precursors — determined using X-ray diffraction — are shown in Fig. 2(b).
The GGBS and SF were mainly amorphous with broad humps in the 26-
34° and 16-26° 260 range, respectively, while the main crystalline peaks
in the FA were quartz and mullite. Scanning electron microscope (SEM)
images of the precursors are depicted in Fig. 3. FA and SF particles were

mainly smooth and spherical, while GGBS particles had a characteris-
tically irregular particle shape.

Granular NaySiOs-anhydrous was used as a solid activator. The
modulus of silicate of the activator, as reported by the supplier, was 0.92
(Sodium oxide, NasO = 50.2 % and SiO; = 46 %). Sodium tetraborate
decahydrate-borax (NapB407-10H20) — referred to hereafter as borax —
was used as an admixture to improve the fresh properties of the mix. The
borax particles had a mesh size of 2.36 mm. The fine natural aggregates
(FNA) used in this study were river sand (less than5 mm) with a specific
gravity of 2.67 and a water content of 1.34 %. The coarse natural ag-
gregates (CNA) used were crushed gravel (less than1l0 mm) with a
specific gravity of 2.69 and water content of 3 %. CR particles with a
specific gravity of 0.97 were used to replace the NA by up to 60 vol%.
The CR particles were supplied in different sizes: 0-0.5, 0.5-0.8,
1.0-2.5, 2-4, 4-10 and 10-20 mm, with each specific size making up 5,
5, 15, 20, 10, and 45 % of the total CR replacement, respectively, to
ensure a balance between workability and strength loss as suggested by
Raffoul et al. [49]. The CR particles were mainly made of carbon black
(~25 %), polymers (40-55 %), and softeners and fillers (35-20 %). The
particle size distribution of the FNA, CNA and CR particles is given in
Fig. 2(c), and an SEM image of the CR blend, depicting their irregular
and rough surfaces, is shown in Fig. 3.
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Fig. 3. SEM images of raw precursors and CR particles (FA — fly ash, GGBS - ground granulated blast furnace slag, SF — silica fume, CR - crumb rubber).

2.2. Mix details and procedures

The experimental programme was divided into two stages: a) opti-
misation and assessment of one-part AAC, and b) assessment of one-part
RUuAAC. Preliminary pilot mixes were performed to obtain optimal
NaySiOs-anhydrous content, borax dosage, and binder-to-aggregate
ratio (b/agg). The target 7-day cube compressive strength (100 mm
cubes) and slump from the initial pilot trials were 60 MPa and 200 mm,
respectively, to achieve normal density high strength concrete with high
workability. Twenty-four pilot mixes (P1-P24), as listed in Table 2, were
investigated with varying activator-to-binder ratios (10 and 12 %),
varying borax-to-binder dosages (5 and 6 %), and varying b/agg ratios
(0.3 and 0.4). The proportions of FA-to-GGBS investigated in the pilot
mixes were 50/50, 20/80 and 0/100. A higher GGBS content was used to
achieve the compressive strength target under ambient curing condi-
tions. The water-to-binder content was kept constant at 0.3 following
suggestions in the literature [7,8], while the ratio of FNA-to-CNA was
kept at 45:55 [48].

After establishing the optimal quantities of NaySiOsz-anhydrous,
borax and b/agg ratio, six one-part AAC mixes (M1-M6), given in
Table 3, were investigated to determine the optimal binder proportions
to achieve a concrete slump of 200 mm, a 28-day cylinder compressive
strength of 60 MPa, and to observe the strength development up to 90
days. The first three mixes (M1, M2 and M3) had the same FA-to-GGBS
ratios used in the pilot mixes. As for mixes M4, M5 and M6, SF was added
by 10 wt% of the binder content, while maintaining the FA-to-GGBS

ratio as before, giving FA:GGBS:SF proportions of 45:45:10, 72:18:10
and 0:90:10 for M4, M5 and M6, respectively. Five one-part RUAAC
mixes were then investigated as given in Table 3. The volumetric rubber
replacement ratios, p,,, considered were 0 % (M2-R0), 15 % (M2-R15),
30 % (M2-R30), 45 % (M2-R45), and 60 % (M2-R60). The logic behind
such replacement ratios was that RUAAC with up to 30 % replacement is
likely to achieve strengths suitable for structural applications, while
replacements between 30 and 60 % are likely to result in RUAAC with
low strength but higher deformation capacity, making it particularly
desirable as infill material in confined members. Rubber replacement
ratios>60 % were not considered since at such high replacement the
behaviour of concrete becomes typically controlled by the rubber.
Mixing of raw materials was conducted in a rotary mixing machine
with a capacity of 40 L. The weighted dry materials, including the
precursors, Na;SiOs-anhydrous, FNA, CNA, CR (if any) and borax, were
initially mixed for a total of 5 min as depicted in Fig. 4(a). The FNA and
CNA were added to the rotary mixer in a saturated-surface dry condi-
tion, while CR particles were added in an air-dry condition. The required
amount of water was then added to the mix slowly and mixing was
continued for another 5 to 8 min to ensure a homogeneous mix as shown
in Fig. 4(b). The fresh concrete was cast in prepared plastic/steel moulds
in two or three layers, with each layer being compacted on a vibrating
table to remove any entrapped air bubbles. The concrete moulds were
then covered with plastic sheets and kept in ambient conditions until
demoulding two days after casting. The concrete specimens were then
cured in ambient laboratory conditions at a temperature of 20 + 5 °C
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Table 2
Pilot tests mix designs and results.
Mix FA-to- FA GGBS FNA CNA Na,SiOs- Na,SiOs- Water/ Water  Borax/  Borax Slump  7-day p* 7-day f,
D GGBS anhydrous/ anhydrous binder binder cube
ratio binder ratio
- - (kg/ (kg/ (kg/ (kg/ - (kg/m>) - (% - (kg/ (mm) (kg/m®  (MPa)
m®) m%) m®) m®) m?%) m®)

P1 50/50 250 250 750.0 916.7 10 % 50 0.3 150 6 % 30 210 2266 + 26.69 +
6.65 1.47

P2 20/80 100 400 750.0 916.7 10 % 50 0.3 150 6 % 30 50 2293 + 37.54 £
8.50 1.32

P3 0/100 0 500 750.0 916.7 10 % 50 0.3 150 6 % 30 7 2311 + 46.61 +
10.00 2.00

p4 50/50 250 250 750.0 916.7 12 % 60 0.3 150 6 % 30 236 2257 + 31.85 +
4.00 0.08

P5 20/80 100 400 750.0 916.7 12 % 60 0.3 150 6 % 30 192 2301 + 51.40 +
11.50 0.00

P6 0/100 0 500 750.0 916.7 12 % 60 0.3 150 6 % 30 30 2284 + 57.93 +
3.50 4.65

P7 50/50 250 250 750.0 916.7 10 % 50 0.3 150 5% 25 220 2307 £ 35.14 £
12.0 0.51

P8 20/80 100 400 750.0 916.7 10 % 50 0.3 150 5% 25 98 2287 + 51.72 +
1.50 0.56

P9 0/100 0 500 750.0 916.7 10 % 50 0.3 150 5% 25 4 2291 + 52.67 +
9.00 0.18

P10 50/50 250 250 750.0 916.7 12 % 60 0.3 150 5% 25 232 2291 + 36.35 +
1.00 0.57

P11 20/80 100 400 750.0 916.7 12 % 60 0.3 150 5% 25 55 2262 + 53.55 +
4.00 0.27

P12 0/100 0 500 750.0 916.7 12 % 60 0.3 150 5% 25 23 2309 + 58.62 +
11.50 0.04

P13 50/50 300 300 675.0 825.0 10 % 60 0.3 180 6 % 36 233 2244 + 37.87 £
10.00 0.77

P14 20/80 120 480 675.0 825.0 10 % 60 0.3 180 6 % 36 231 2284 + 52.45 +
10.00 1.03

P15 0/100 0 600 675.0 825.0 10 % 60 0.3 180 6 % 36 13 2274 + 57.04 +
9.00 0.10

P16 50/50 300 300 675.0 825.0 12 % 72 0.3 180 6 % 36 259 2260 + 37.46 +
2.00 0.52

P17 20/80 120 480 675.0 825.0 12 % 72 0.3 180 6 % 36 252 2275 + 56.33 £
14.00 1.28

P18 0/100 0 600 675.0 825.0 12 % 72 0.3 180 6 % 36 244 2316 + 66.40 +
2.00 0.46

P19 50/50 300 300 675.0 825.0 10 % 60 0.3 180 5% 30 261 2218 + 33.02 £
1.50 1.61

P20 20/80 120 480 675.0 825.0 10 % 60 0.3 180 5% 30 238 2267 + 53.07 £
15.50 0.06

P21 0/100 0 600 675.0 825.0 10 % 60 0.3 180 5% 30 10 2301 + 66.24 +
1.00 0.78

P22 50/50 300 300 675.0 825.0 12 % 72 0.3 180 5% 30 252 2251 + 40.50 +
7.50 0.05

P23 20/80 120 480 675.0 825.0 12 % 72 0.3 180 5% 30 242 2300 + 62.60 +
18.70 2.04

P24 0/100 0 600 675.0 825.0 12 % 72 0.3 180 5% 30 48 2251 + 66.42 +
14.57 2.13

@ Results are the average of two values.

Table 3

Mix design proportions for one-part AAC and one-part RUAAC.
Mix ID FA-to-GGBS ratio FA GGBS SF Na,SiOs-anhydrous FNA CNA CR Borax Water
O] © (kg/m%) (kg/m®) (kg/m®) (kg/m®) (kg/m®) (kg/m®) (kg/m%) (kg/m®) 49)
M1 50/50 300 300 0 72 675 825 - 30 180
M2 20/80 120 480 0 72 675 825 - 30 180
M3 0/100 0 600 0 72 675 825 - 30 180
M4 50/50 270 270 60 72 675 825 - 30 180
M5 20/80 108 432 60 72 675 825 - 30 180
M6 0/100 0 540 60 72 675 825 - 30 180
M2-RO 20/80 120 480 0 72 675.0 825.0 0.0 30 180
M2-R15 20/80 120 480 0 72 573.8 701.3 81.4 30 180
M2-R30 20/80 120 480 0 72 472.5 577.5 162.8 30 180
M2-R45 20/80 120 480 0 72 371.3 453.8 244.2 30 180
M2-R60 20/80 120 480 0 72 270.0 330.0 325.6 30 180
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Fig. 4. Mixing of raw materials and specimens’ preparation: a) dry mixing, b) wet mixing; c) curing at ambient conditions; d) cylindrical specimen prior to grinding;
e) specimen after water grinding; f) fitting with jubilee ring and capping with high-strength mortar.

and relative humidity of 50 + 20 % until testing as shown in Fig. 4(c).
Prior to testing, all non-rubberised cylindrical specimens (Fig. 4(d))
tested in compression were ground in a water grinding machine as
depicted in Fig. 4(e) to ensure smooth contact with the testing machine.
As for rubberised cylindrical specimens tested in compression, and due
to the difficulty of grinding rubberised surfaces, their ends were fitted
with jubilee rings and their top surface was capped with high-strength
mortar, as shown in Fig. 4(f), to ensure a level surface and to avoid
local crushing or failure at the ends of the specimens.

2.3. Testing arrangements and specimen details

The fresh properties for each mix were determined immediately after
mixing using a concrete slump test following BS EN 12350-2 [64]. The
slump cone had a base and top diameter of 200 mm and 100 mm,
respectively, and a height of 300 mm. The cone was filled in three layers,
and each layer was struck 25 times using a circular metal rod with a 600
mm length and a 16 mm diameter. The hardened density and
compressive strength of the pilot mixes (Table 2) were determined from
100 x 100 x 100 mm cube specimens at 7 days to obtain a balance
between strength and workability. A total of forty-eight cubic specimens
covering twenty-four pilot mixes, with two identical specimens for each
mix, were examined to give an indication of strength properties. The
hardened density, compressive strength, as well as UPV, of the one-part
AAC mixes (M1-M6) in Table 3 were determined from a total of fifty-four
100 x 100 x 100 mm cube specimens tested at 7, 28 and 90 days.
Additionally, eighteen $100 x 200 mm cylindrical specimens were

tested at 28 days for UPV and full stress—strain response. The density,
UPV and compressive strength of the one-part RUAAC mixes (M2-RO —
M2-R60) in Table 3 were determined from a total of forty-five 100 x
100 x 100 mm cube specimens tested at 7, 28 and 90 days. An additional
thirty $100 x 200 mm cylindrical specimens were tested for UPV, full
stress—strain response and splitting tensile strength at 28 days, while a
total of fifteen 100 x 100 x 350 mm concrete prisms were tested for
flexural strength at 28 days. The results of the one-part AAC mixes and
one-part RUAAC mixes in Table 3 were determined from an average of
three identical specimens. The hardened density of different specimens
was determined following BS EN 12390-7 [65] by dividing the specimen
mass by its volume.

The testing arrangements employed for the assessment of mechanical
properties are shown in Fig. 5. The compressive strength was deter-
mined using an Automax machine with a 3000 kN capacity as shown in
Fig. 5(a) following BS EN 12390-3 [66]. The test was performed in load
control conditions at a loading rate of 0.3 MPa/s. The full stress-strain
response of one-part AAC and one-part RUAAC specimens was con-
ducted under displacement control conditions. The test was carried out
in an Instron Satec 3500 kN machine at a displacement rate of 0.25 mm/
min. The specimens were placed at the bottom platform of the testing
machine, and steel loading plates of 100 mm diameter were placed at the
top and bottom of the specimens as depicted in Fig. 5(d). The bottom
loading plate was 50 mm thick, while the top loading plate was 75 mm
thick and was fitted with a 3D rotating hinge to prevent any loading
eccentricity. The pre-peak axial behaviour was determined from three
vertical displacement transducers placed at 120° around the specimen.
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stress-strain test.

These transducers were connected to two circular steel rings placed
symmetrically around the specimen covering the middle 100 mm as
illustrated in Fig. 5(e). The steel rings were connected to the cylindrical
specimen via three steel bolts. Two other displacement transducers were
placed directly on the loading platen of the Instron machine to measure
the displacement in the post-peak regime. A third circular ring with four
lateral displacement transducers spaced at 90° apart was placed at the
middle of the specimen to measure the lateral displacement. All
displacement transducers were connected to a datalogger to record the
results in real time. Displacement values recorded from the transducers
were averaged and converted to strains according to the appropriate
gauge length to assess the stress—strain response.

The splitting tensile strength test was performed in an Instron Satec
600 kN machine as shown in Fig. 5(b). The test was conducted following
BS EN 12390-6 [67] in displacement control conditions at a rate of 0.1
mm/min. As for the flexural strength, the test was carried out in an
Instron 100 kN machine as shown in Fig. 5(c) following BS EN 12390-5
[68]. The flexural prisms were loaded under four-point bending in
displacement-control conditions at a rate of 0.1 mm/min. The distance
between the two loading points was 100 mm while the distance between

the supports was 300 mm. For both the splitting strength cylinders and
flexural prisms, digital image correlation (DIC) was used to determine
the surface displacements as loading was applied. In the case of the
splitting strength cylinders, two 2-megapixel (MP) cameras were placed
at each end, while for the flexural prisms, two 5MP cameras with 35 mm
f/2D lenses were placed facing one side of the prism. Prior to any re-
cordings, the ends of the splitting strength cylinders and the surface of
the flexural prisms facing the cameras were painted white and then
carefully speckled with black dots (~0.5-2.0 mm in diameter) to form a
contrasting black-and-white pattern. A calibration procedure, as rec-
ommended by the manufacturer [69], was employed to ensure accurate
measurements. Images were then taken as the load was applied at a rate
of 2 Hz. The DIC data was processed using a LaVision DaVis 10.2 soft-
ware [70], and crack widths were determined using a virtual exten-
someter of 50 mm length placed across the crack.

UPV readings were recorded for compressive strength specimens,
both cubes and cylinders, prior to crushing using a Proceq Pundit 200
UPV testing machine as shown in Fig. 6. The test system consisted of a
control box containing a display device, a pulse generator, a timing
circuit, and two transducers connected to the control box via cables. The
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transduces had a frequency of 54 kHz + 5 kHz and a surface diameter of
36.8 mm. The contact surface of the transducers was greased with
coupling gel, and a minimum of three readings were taken for each
specimen. UPV results can give an indication of the specimen
compressive strength, internal cracks, voids, and overall uniformity
[71]. Due to slower ultrasonic wave propagation in liquid and gas
phases, a lower UPV typically indicates the presence of cracks and dis-
continuities within the cement matrix [72].

3. Assessment of one-part AAC
3.1. Mix optimisation

The concrete slump results, 7-day density (p), and 7-day cube
compressive strength (f cupe) for the pilot mixes are given in Table 2. The
results indicate that for the same NaySiOs-anhydrous content, borax
dosage and b/agg ratio, a higher GGBS content in the mix results in a
higher 7-day f. cuve and a lower slump, which is in agreement with the
literature [15,16,25,33]. For instance, P1 and P3 specimens with FA-to-
GGBS ratios of 50:50 and 0:100, respectively, achieved a 7-day f cupe Of

26.7 and 46.6 MPa, indicating a 74.5 % increase in f; ;5. with higher
GGBS content. This increase in f; cype is due to the higher CaO content of
GGBS in comparison to FA, which readily releases Ca*2 and forms C-
A—S—H gels in alkaline environments. Meanwhile, the slump of P1 and
P3 was 210 and 7 mm, respectively, corresponding to a reduction of
nearly 96.7 %. The reduction in flowability due to higher GGBS can be
attributed to their irregular particle shape prohibiting inter-particle
rollover [73], and their quick reactivity [74]. In contrast, FA particles
are spherical, react slowly and disperse readily in alkaline environ-
ments, which results in better flow [74].

For mixes with the same FA-to-GGBS ratio, borax dosage, and b/agg
ratio, a relatively high Na,SiOz-anhydrous content resulted in a high
concrete slump and 7-day f; cupe. For example, comparing P1 and P4 it is
shown that an increase in the activator-to-binder content from 10 to 12
% led to an enhancement in the concrete slump and 7-day f; cupe by 12
and 19 %, respectively. The results are in agreement with previous work
[8,75], where the compressive strength, f,, generally increased with the
activator content. This can be attributed to a rise in pH with higher
activator dosage, followed by higher dissolution of Si/Al/Ca species
from the precursors and the formation of more binding phases. In
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addition, a higher NaySiOs-anhydrous dosage plasticizes the mix and
causes lower yield stress at early ages, resulting in an improved concrete
slump [76].

Reducing the borax dosage from 6 to 5 % while keeping the FA-to-
GGBS ratio, NaySiOs-anhydrous content, and b/agg ratio constant
generally led to an increase in the 7-day f; cupe. For example, P15 with 6
% borax dosage achieved a 7-day f; cupe Of 57.04 MPa, while P21 witha 5
% borax dosage achieved a 7-day f, cupe of 66.24 MPa. As for the concrete
slump, the results were inconclusive and varied from one mix to the
other. This negative effect of high amounts of borax on f; 5. Was also
reported previously by Oderji et al. [7].

Increasing the b/agg ratio from 0.3 to 0.4 resulted in an improved
concrete slump and 7-day f cupe- For instance, while keeping all other
parameters constant, the concrete slump of P1 (b/agg = 0.3) and P13 (b/
agg = 0.4) was 210 and 233 mm, respectively, corresponding to an 11 %
overall increase. The 7-day f cupe of P1 and P13 was 26.7 and 37.9 MPa,
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respectively, indicating a 42 % increase. This is understandable as a
higher b/agg ratio means a higher NaySiOs-anhydrous content, borax
dosage and water (all are tied to the binder content), which produces
enhanced lubrication of aggregates and greater concrete flow. Also, a
greater amount of aluminosilicate precursors and NaySiOs-anhydrous
content due to higher b/agg ratio results in greater dissolution of Si/Al
ions and formation of C-A—S—H and N-A—S—H gels.

In mixes P10-P12 (b/agg = 0.3) and mixes P22-P24 (b/agg = 0.4),
the NaySiOs-anhydrous content was 12 % while the borax dosage was 5
%. This in turn resulted in the highest observed 7-day f; cupe for a given
b/agg ratio. For instance, comparing mixes P10-P12 to P1-P3, the in-
crease in the 7-day f; cupe Was in the range of 26-43 %, while mixes P22-
P24 showed a 7-day f e increase in the range of 7-19 % when
compared to P13-P15. Similarly, the slump of mixes P10-P12 and P22-
P24 was higher than mixes P1-P3 and P13-P15, respectively. The 7-
day concrete p of the pilot mixes generally increased with higher
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28 days

Fig. 9. Failure and visual appearance of one-part AAC specimens (refer to Table 3 for mix details).

Table 4
Summary of 28-day test results.
Mix ID fe f c,cube fe/fe, Eer,1 Eer,2 E. Ge fsp .ff Gc-sp Gc-f
cube
) (MPa) (MPa) ) (%0) (%0) (GPa) (N/mm?) (MPa) (MPa) (N/mm) (N/mm)
M1 46.36 + 68.53 + 0.68 3.19 £ —2.48 + 17.39 + 0.108 + - - - -
0.66 2.41 0.05 0.22 0.13 0.002
M2 60.33 + 84.63 + 0.71 2.53 + —-1.85 + 27.69 + 0.123 + - - - -
1.90 2.03 0.24 0.14 2.68 0.009
M3 69.71 £ 94.45 + 0.74 297 + -1.92 + 26.35 + 0.151 + - - - -
1.19 0.85 0.07 0.24 1.78 0.009
M4 34.51 + 63.81 + 0.54 3.67 £ —5.37 + 11.24 + 0.109 + - - - -
1.32 0.57 0.60 0.90 1.91 0.012
M5 59.49 + 81.71 + 0.73 3.26 + —297 + 21.08 + 0.151 + - - - -
0.83 2.22 0.26 0.18 1.46 0.003
M6 72.93 £ 99.97 + 0.73 3.16 + —-2.31 + 23.50 £ 0.199 + - - - -
1.06 4.26 0.25 0.45 2.49 0.005
M2-RO 80.38 + 98.30 + 0.82 3.16 + —-1.57 + 28.31 + 0.203 + 4.61 + 3.52 + - 1.80 +
2.71 0.74 0.18 0.26 0.50 0.041 0.33 0.15 0.52
M2- 42.04 + 70.28 + 0.60 2.89 + —-1.62 + 17.98 + 0.111 + 4.15 + 3.40 + 8.79 + 1.55 +
R15 2.01 1.56 0.14 0.08 0.00 0.011 0.70 0.31 1.11 0.30
M2- 20.59 + 45.55 + 0.45 2.87 £ —-1.90 + 10.14 + 0.101 + 2.87 £ 3.07 £ 3.40 + 1.72 £
R30 0.68 0.78 0.08 0.79 1.69 0.043 0.23 0.16 0.68 0.49
M2- 14.69 + 27.96 + 0.53 2.71 £ —-1.91 + 7.88 £ 2.37 0.093 + 2.05 + 2.36 + 1.51 + 0.72 +
R45 1.35 1.27 0.46 0.35 0.019 0.06 0.11 0.18 0.11
M2- 10.92 + 18.03 + 0.61 245 + —2.04 + 5.96 + 0.46 0.074 + 1.56 + 1.89 + 1.27 + 1.00 +
R60 0.35 0.63 0.47 0.25 0.009 0.13 0.16 0.29 0.20

GGBS content due to its higher specific gravity, but this was not always
the case. The 7-day p of the pilot specimens ranged from 2218 (P19) to
2316 kg/m°® (P18), indicating typical values for normal weight concrete.
Given the concrete slump and 7-day f, cupe targets of 200 mm and 60
MPa, respectively, the optimum activator-to-binder content, borax-to-
binder dosage and b/agg ratio were taken as 12 %, 5 % and 0.4,
respectively (P22-P24). These correspond to mixes M1-M3, respectively,
that are studied in detail in Sections 3.2-3.5.
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3.2. Fresh and physical properties

The concrete slump results of the one-part AAC mixes M1-M6 are
depicted in Fig. 7 showing a similar trend to that of the pilot mixes. As
indicated in Fig. 7(a), a high GGBS content in the mix led to a low
concrete slump. Meanwhile, adding SF by 10 % of binder content had a
positive effect on the concrete slump. For the same FA-to-GGBS ratio,
adding SF caused the slump to increase from 237 to 267 mm (M2 versus



M. Elzeadani et al.

70 E
M3 ~<—M3
60 | E
50k M2 M2 i
g 40 ? 1
< M1
1
30+ N E
20+ Ml g
10+ E
a)
olu . ‘ . ‘ . ‘
6 4 2 0 2 4 6 8 10
£ (mm/mm) %107

Construction and Building Materials 353 (2022) 129161

N M6
M5 1
M4
10 1
b)
-6 -4 -2 0 2 4 6 8 10
€ (mm/mm) x107

Fig. 10. Comparison of o-¢ response of one-part AAC specimens: a) mixes M1-M3, b) mixes M4-M6.

M5). The effect of SF was more notable when comparing M3 and M6,
where the slump quadrupled from 61 mm to 261 mm. This improvement
in concrete flow due to SF addition in GGBS-based one-part AAMs was
observed before [17], and is mainly attributed to enhanced repulsion
between cementitious particles [77].

The 28-day p of mixes M1-M6 determined from the cylindrical
specimens is shown in Fig. 8(a) to vary between 2188 and 2267 kg/m3 in
proportion with the GGBS content. For instance, the 28-day p of M3 was
1.5 % higher than that of M1, and the 28-day p of M6 was 3.6 % higher
than M4. The p values determined from the cube specimens for up to 90-
days are shown in Fig. 8(b) for M1-M3 and Fig. 8(c) for M4-M6.
Considering M1-M3, M3 with the highest GGBS content had the high-
est density at 7- and 28-days compared with M2 and M3. However, over
the 83-day period (from 7-days to 90-days), M3 and M1 experienced a
minor reduction in p of about 1.6 and 0.2 %, respectively; while M2
experienced a slight increase in p over the same period (0.35 %). This
caused the p of M2 to be slightly higher than that of M3 at 90-days.
Looking at the results of M4-M6, both M4 and M5 experienced a
minor drop in p from 7- to 90-days, while M6 experienced an initial
increase in p from 7- to 28-days, followed by a drop from 28- to 90-days
of about 0.9 %.

A reduction in concrete p over time is typically associated with
evaporation of water as the concrete dries. Another reason for the
reduction in p in AAC could be efflorescence. As shown in Fig. 9, mixes
M1-M3 did not show any signs of efflorescence (i.e., white deposits that
appear on the surface due to activator leaching and reacting with at-
mospheric CO3). Meanwhile, mixes M4-M6 had white deposits on their
surface after 90 days of curing. The white deposits were more significant
in mixes M4 and M5, possibly due to their reduced reactivity, causing
the excess solid activator to leach to the surface and react with the
surrounding CO».

3.3. Compressive strength

The 28-day cylinder f, of specimens M1-M6 is given in Fig. 8(d). The
strength increased proportionally with the amount of GGBS due to a
higher dissolution and geopolymerization under ambient curing condi-
tions. Meanwhile, the addition of SF in FA and GGBS mixes resulted in a
reduction in f,. For instance, M4 and M5 achieved 28-day cylinder f, that
was 25.6 and 1.3 % lower than that of M1 and M2, respectively. In
contrast, adding SF to the mixes with only GGBS resulted in a slight
improvement in f.. M6 achieved a 4.6 % higher 28-day cylinder f, when
compared to M3. The same trend was seen for the 28-day cubic strengths
depicted in Fig. 8(e) and Fig. 8(f). This is in agreement with the
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observation of Dong et al. [8] where SF addition caused a reduction in
the reactivity of FA and GGBS-based one-part AAMs; while it increased
the rate of C-A—S—H gel formation for GGBS-based one-part AAM [8].

Fig. 8(e) and Fig. 8(f) illustrate the cube compressive strength
development up to 90 days for mixes M1-M3 and M4-M6, respectively.
Regardless of the mix design, fc cupe increased up to 90-days, albeit at
different rates. The increase in f. ;5. was higher from 7- to 28-days than
from 28- to 90-days for all mixes. The highest increase in f; cype from 7- to
28-days was observed in mix M1 (by 44.4 %), while the highest increase
in f cupe from 28- to 90-days was observed for mix M2 (by 21.1 %). The
lowest increase in f; cupe from 7- to 28-days and from 28- to 90-days was
for mixes M5 (by 25.3 %) and M4 (by 2.9 %), respectively. A higher
increase in f cupe Over time in AAC indicates stable formation of hy-
dration products, and all mixes appeared to show stable development in
fc over the 90-day period. The 28-day cylinder-to-cube compressive
strength ratio (fc/fc,cube) of mixes M1-M6 is reported in Table 4. The ratio
was generally around 70 %, except for M4 which had a 28-day f./f; cube
of 54 %. This is lower than that for conventional normal strength con-
crete where f/f¢ cube is usually around 80 %.

The failure patterns of the cubes and cylinders of mixes M1-M6 tested
in compression at 28 days are shown in Fig. 9. Most cube specimens
showed vertical cracks along the direction of load initiated diagonally
from the cube ends at an angle of 45-60° from the horizontal. This di-
agonal inclination is due to shear stress on the top and bottom surface of
the specimens induced by end friction between the loading platens and
the specimens. The cylinders shown in Fig. 9 displayed cone-shaped
failure patterns with preserved top and bottom surfaces, due to com-
bined shear failure and tensile splitting.

3.4. Stress—strain response

The average 28-days stress-strain (o-¢) curves of mixes M1-M6, ob-
tained from three tests, are depicted in Fig. 10 by black lines and the
main results are given in Table 4. It is shown that an increase in the
GGBS content resulted in a proportional increase in the elastic modulus
E., a reduction in the axial crushing strain, &.;, and lateral crushing
strain, &..». For example, E. improved by nearly 51.5 % from 17.4 to
26.4 GPa when comparing mixes M1 to M3, respectively. Despite the
lower GGBS content and f, of M2 when compared to M3, it attained a
higher E. (27.7 GPa), and lower ¢, ; and &, 2. M2 achieved the highest E,
and lowest &, ; and &, » among all the 6 mixes investigated, followed by
M3 and M6. The results indicate that a higher FA content in the mix
causes a reduction in stiffness, but when added in small amounts (20 %
of binder content), an improvement in stiffness occurs, which could be
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cylinders, f) UPV of concrete cubes.

attributed to optimum compatibility between different binder pro-
portions. Adding SF by 10 % of binder content caused a reduction in E,
and an increase in e, ; and &, . This reduction in E; due to SF addition is
due to the quicker reaction of solid activator with SF particles which
reduces the reactivity of FA and results in more FA unreacted particles.

A higher GGBS content in the mix resulted in higher crushing energy,
G, taken as the area under the o-¢ curve as shown in Fig. 13(e) and given
in Table 4. For instance, G, of mixes M1 and M3 were 0.108 and 0.151
N/mm?, respectively, indicating an increase of 39.8 % between the two
mixes. The increase in G, with greater GGBS content was even higher for
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the mixes M4-M6, where G, rose by nearly 82.6 % from 0.109 to 0.199
N/mm? for M4 and M6, respectively. The incorporation of SF in the mix
caused G, to increase as well. For example, comparing M2 to M5, the
addition of SF caused G, to increase from 0.123 to 0.151 N/mm?.

3.5. Ultrasonic pulse velocity

The UPV results of concrete cylinders at 28 days is shown in Fig. 8(g).
The UPV readings for the cylindrical specimens ranged from 3554 to
4525 m/s for mixes M1-M3 and 3321-4503 m/s for mixes M4-M6. The
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UPV increased as the GGBS content in the mix increased, in line with f..
Comparing mixes M1-M3 with M4-M6, SF addition by 10 % of binder
content caused a reduction in UPV. This reduction was more pronounced
for M2 in which SF caused the UPV to drop by 22.3 % from 4465 (M2) to
3470 m/s (M5). The UPV results for the cubes up to 90 days are illus-
trated in Fig. 8(h) and Fig. 8(i) for M1-M3 and M4-M6 specimens,
respectively. Among the 6 mixes, M2 was the only mix that showed
increased UPV over the 90-day period. For instance, the UPV for mix M2
increased by 2.9 % from 7 to 28 days, and by 0.85 % from 28 to 90 days.
Mixes M3, M5 and M6 showed an increase in UPV from 7 to 28 days, but
a decline from 28 to 90 days. Mixes M1 and M4 showed a decline in UPV
throughout the testing period, albeit at a higher rate from 7 to 28 days.
This observed reduction in UPV throughout the testing period is due to
the reduced formation of hydration products with time accompanied by
the continuous formation of shrinkage microcracks as the specimens
harden.

In light of the above, mix M2 which attained a 28-day cylinder f. of
slightly over 60 MPa and a slump>200 mm was chosen as the optimal
mix design to investigate the effect of CR addition as replacement of NA
in AAC. Mix M2 also showed the highest 28-day E,, a stable increase in f,
and UPV over the testing period (90 days) with no signs of efflorescence.
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4. Assessment of rubberised one-part AAC
4.1. Fresh and physical properties

The concrete slump results of the one-part RUAAC mixes are shown
in Fig. 7(b), indicating a reduction in slump with an increase in CR
replacement of NA. The slump of mix M2-R0O was 249 mm, dropping to
219 and 165 mm when 30 and 60 % of NA were replaced by CR particles,
respectively. The reduction in concrete slump with an increase in CR
replacement of NA was observed in several RuUAAC studies [56,78] and
RuC studies [48,49], and can be attributed to: a) the lower specific
gravity of CR particles in comparison to NA, causing the fresh mix to
flow less under its own self-weight with an increase in CR replacement,
and b) CR particles have rough surfaces causing higher inter-particle
friction. The rubberised mixes considered here achieved consistency
classes S4 (>150 mm) and S5 (>210 mm), following BS 8500 [79], and
no signs of segregation or bleeding were observed.

As shown in Fig. 11(a), the lower specific gravity of CR particles
compared to that of NA caused a proportional reduction in concrete p
with increasing p,,. For instance, the density of the rubberised mixes at
28 days —determined from cylinders — dropped by 3.5, 8.6, 13.3 and
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18.2 % for 15, 30, 45 and 60 % CR replacement of total NA, respectively,
compared to the reference mix (M2-R0). The reduction in p with the
increase in p,, can also be observed for the cubes regardless of the curing
age (Fig. 11(b)). Besides the lower specific gravity of rubber particles,
the likelihood of CR particles to entrap air during mixing due to their
serrated surfaces also contributes to the reduction in p [55].

The change in p of the cube specimens for a given mix over the 90
days was within + 2.5 %. All the rubberised specimens showed a drop in
p from 7 to 28 days, while the reference mix showed a slight increase in
density of 0.7 % over the same period. The largest drop in p for the
rubberised specimens from 7 to 28 days was observed for M2-R45 (2.2
%). From 28 to 90 days, the p of mixes M2-R15, M2-R30 and M2-R45
experienced a slight increase, while that of M2-R60 showed a slight
reduction of about 0.5 %. The reference mix experienced a slight
reduction in density from 28 to 90 days of nearly 0.7 %. Comparing the
7-day and 90-day p results, except for M2-R15 all mixes experienced a
slight reduction, which is likely due to water evaporation and hard-
ening. Mixes M2-R45 and M2-R60 have densities less than 2000 kg/m°,
and as such can be classified as lightweight concrete following BS 8500
[791.

4.2. Compressive strength

Fig. 11(c) illustrates the 28-day f, of the rubberised mixes obtained

15

from cylinder tests. The reference mix had a 28-day f. of 80.4 MPa which
dropped to 42.0, 20.6, 14.7 and 10.9 MPa for 15, 30, 45 and 60 % CR
replacement of NA, respectively. This corresponded to a drop in f, of
around 47.7, 74.4, 81.7 and 86.4 %, respectively, when compared to the
reference mix. The drop in f, was more severe at lower p,,, which is in
agreement with previous studies [55]. The reduction in f. due to an
increase in CR replacement can be attributed to: a) the lower stiffness of
rubber particles causing stress concentrations around them and the
subsequent formation of microcracks, b) the formation of a weak
interfacial transition zone (ITZ) between CR particles and the concrete
matrix due to the hydrophobic property of rubber, and c) the tendency of
CR particles to entrap air during mixing due to their serrated surfaces
which increases the overall porosity.

The strength development of the one-part RUAAC mixes — deter-
mined from the cube specimens — is depicted in Fig. 11(d). All mixes
experienced an increase in strength over the 90-day period indicating a
stable formation of strength giving C-A—S—H and N-A—S—H gels. The
reference mix (M2-RO) recorded the highest strength development
gradient among the one-part RUAAC mixes of nearly 32.5 % from 7 to
28 days. Within the same period, the strength development gradient of
the rubberised mixes generally decreased with the increase in py.
However, this was not the case from 28 to 90 days where the rubberised
mixes exhibited higher strength development than that of the reference
mix. The highest strength development within this period was observed
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tests; f) representative splitting failure of one-part RUAAC cylinders (image of M2-R60).

in M2-R30 (18.1 %), while the increase in f; cup for the reference mix
was only 5.4 %.

The 7- and 28-day strengths of the reference mix (M2-R0) were
higher than that of M2 (in the previous section) despite having the same
mix design. This was likely due to the higher ambient curing tempera-
tures of M2-R0 which were cast during the summer. It is well known that
AAMs are sensitive to the curing environment and higher surrounding
temperatures result in higher f. [10]. The 90-day strengths of M2 and
M2-RO were very similar (102.5 and 103.6 MPa, respectively), with
higher strength development observed for M2 between 28 and 90 days,
also due to the warmer ambient curing temperatures.
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4.3. Stress—strain response

The stress—strain (o-¢) response of the reference and RUAAC mixes is
shown in Fig. 12 with average values depicted by black lines. A summary
of the mechanical properties is shown in Fig. 13 and Table 4. In line with
fe, the stiffness of the rubberised mixes dropped with the increase in py,.
This drop in E, appears to be more severe when py, < 30 % and reduces
for 30 % < pyr < 60 %. The reduction in E, agrees with previous studies
[57,59] and can be attributed to the lower stiffness of CR particles as
compared to NA, causing a reduction in the stiffness of the RUAAC
matrix. Additionally, as illustrated in Fig. 13(c) and Fig. 13(d), a
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relatively high p,, resulted in marginally lower ¢, ; and a slightly larger
€cr,2 respectively. This effect was also noted for RuC [48,80,81], and can
be mainly attributed to the drop in f.. A higher p,, also caused the axial
descending branch of the o-¢ response to experience increased softening
- a sign of gradual failure — as compared to the sharply linear and brittle
descending branch of M2-RO. As depicted in Fig. 12(f), the lateral
descending branch of the ¢-¢ curve became flatter with a higher p,,.

Fig. 13(e) depicts G, of the reference and rubberised mixes deter-
mined as the area under the ¢-¢ curve as shown in the diagram in the
same figure. A higher CR replacement of NA caused G, to drop in larger
increments for low rubber contents (from M2-RO to M2-R15) and more
gradual for larger p,, (from M2-R15 to M2-R60). This drop in G, is due to
the significantly higher f. of M2-RO compared to the rubberised mixes,
and the gradual reduction in f, with the increase in p,,. The normalised
crushing energy, G.nor, taken as G./f, is shown in Fig. 13(f). G.pnor was
higher by a factor of 1.96 and 2.72, for mixes with 30 and 60 % CR,
respectively, when compared to the reference mix (M2-RO0). This shows
that in normalised terms (i.e., for the same f,), the addition of CR par-
ticles causes greater energy dissipation.

4.4. Splitting and flexural strength

The splitting tensile strength, f;,, of the reference and rubberised
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mixes at 28 days is illustrated in Fig. 14(a), where it is evident that f,
reduces with higher p,,. The reduction in fg, was 37.7 and 66.2 % for
mixes with 30 and 60 % CR, respectively, compared to the reference.
This reduction is mainly attributed to the lower stiffness of CR particles
and the hydrophobic property of rubber causing a weaker ITZ between
CR particles and the concrete matrix. The reduction in fy, with higher p,,
was also observed for RuC [48] and conventional RuAAC [63,82].
Fig. 14(b) shows the ratio of f;, to f. which increases with higher p,,. The
change in f;,/f. was more pronounced with an increase in CR replace-
ment up to p,r = 30 %, and then more negligible afterwards.

The average splitting tensile stress - crack width (o — w) results are
depicted in Fig. 14(e). The results for p,, = 0 % are not shown, as upon
reaching f, the specimen failed by a sudden splitting crack through the
centre hence preventing the measurement of w. Meanwhile, the rub-
berised mixes remained intact even after reaching fg,. Mixes with p,, <
30 % experienced a rapid drop in oy, with greater cack opening as
indicated by the straight lines in Fig. 14(e). On the other hand, mixes
with py, > 30 % had a gradual drop in 65, accompanied by gradual crack
opening. The energy dissipation under splitting tensile loading, G,
was calculated as shown in Fig. 14(c). A higher p,, resulted in a larger
drop in G¢.gp, with this being more severe at low rubber replacement
ratios. For example, G., for M2-15, M2-R30 and M2-R60 was 8.8, 3.4
and 1.3 N/mm, respectively, indicating a drop of 61.4 and 85.2 % for
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Table 5

Summary of RuC data points.
Ref. Tmixes foo MPa)  pyrmin Pyr,max

O] ©) ©)
Replacement of FNA + CNA
Fattuhi and Clark [93] 2 37.4 0.403 0.403
Khatib and Bayomy [94] 8 38.0 0.025 0.500
Guneyisi et al. [95] 60 53.8-85.7 0.025 0.500
Hernandez-Olivaresa and 3 93.4 0.030 0.080
Barluenga [96]

Atahan and Sevim [97] 5 36.5 0.200 1.000
Xue and Shinozuka [98] 8 38.1 0.050 0.200
Naito et al. [99] 3 46.8 0.100 0.300
Suetal. [100] 4 61.1 0.072 0.082
Bompa et al. [48] 3 70.2 0.200 0.600
Total (FNA + CNA) 96
Replacement of FNA
Eldin and Senouci [101] 4 33.9 0.090 0.360
Topcu [102] 3 23.5 0.052 0.156
Khatib and Bayomy [94] 8 38.0 0.022 0.434
Cairns et al. [103] 3 49.3 0.050 0.250
Ghaly and Cahill [104] 9 12.6-30.1  0.081 0.256
Bignozzi and Sandrolini [105] 2 33.0 0.137 0.205
Taha et al. [106] 4 26.3 0.088 0.352
Aiello and Leuzzi [107] 4 27.1 0.023 0.112
Azevedo et al. [108] 9 71.1 0.028 0.153
Liu et al. [109] 3 43.4 0.015 0.045
Raffoul et al. [49] 5 61.7 0.045 0.600
Total (FNA) 54
Replacement of CNA
Eldin and Senouci [101] 4 33.5 0.160 0.640
Topcu [102] 3 23.5 0.098 0.294
Toutanji et al. [110] 4 31.9 0.150 0.600
Khatib and Bayomy [94] 8 38.0 0.028 0.566
Hernandez-Olivares et al. [111] 1 40.0 0.035 0.035
Cairns et al. [103] 3 49.3 0.050 0.250
Taha et al. [106] 4 26.3 0.162 0.648
Turatsinze and Garros [112] 4 42.4 0.102 0.254
Zheng et al. [113] 3 53.8 0.096 0.289
Aiello and Leuzzi [107] 3 45.8 0.062 0.188
Ganjian et al. [114] 3 32.5 0.024 0.049
Bing and Ning [115] 8 39.0-61.0 0.156 0.622
Total (CNA) 48
2 number of rubberised mixes (not including the reference mixes).

Table 6

Summary of RUAAC data points.
Ref. Mimixes () fe,0 (MPa) Pvr,min () Pvrmax ()
Replacement of FNA + CAN
This studyh 4 80.4 0.150 0.600
Aly et al. [63] 2 37.4 0.200 0.300
Aslani et al. [82] 2 42.1 0.045 0.090
Pham et al. [58] 2 54 0.150 0.300
Total (FNA + CAN) 10
Replacement of FNA
Park et al. [60] 7 28.6-42.5  0.013 0.050
Azmi et al. [116] 4 65.0 0.050 0.200
Long et al. [78] 3 58.0 0.200 0.600
Azmi et al. [117] 4 67.0 0.050 0.200
Zaetang et al. [118] 4 37.4 0.250 1.000
Ali et al. [119] 2 15.5 0.080 0.120
Rajaei et al. [59] 3 40.6 0.200 0.600
Abdelmonim and Bompa [62]° 9 50.6 0.100 0.300
Total (FNA) 36
Replacement of CAN
Dong et al. [57] 2 58.0 0.104 0.207
Total (CAN) 2

@ number of rubberised mixes (not including the reference mixes).

b one-part RUAAC.
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M2-R30 and M2-R60, respectively, when compared to M2-R15. This
reduction in Gc.g is due to the lower fg, with higher p,, and the larger
crack openings that are seen with lower p,,. Dividing G, by f (i.e.,
normalised terms) does not show much of a difference with G.sp/fsp ratio
reducing with higher p,, up to 45 % and then increasing slightly for p,, =
60 %. This means that despite the more gradual failure with higher p,,
Gc.sp still reduces even when normalised values are considered. The
rubberised specimens remained intact after failure with the formation of
few splitting cracks, often joining together, indicating a more ductile
and gradual failure as shown in Fig. 14(f) for M2-R60.

The 28-day flexural strength, f;, of the rubberised mixes followed the
same trend observed for f, and fy, and the results are illustrated in Fig. 15
(a). Compared with the reference mix, the drop in f; due to 15, 30, 45
and 60 % CR replacement of NA was 3.4, 12.8, 33 and 46.3 %, respec-
tively. The reduction in fy with p,, is in agreement with the literature for
conventional two-part RuUAAC [59,63]. The ratio of f¢/f, increases with
pvr, being 4.4, 14.9, and 17.3 % for M2-R0O, M2-R30 and M2-R60,
respectively. Again, the increase in f;/f. was more significant for p,, <
30 % as shown in Fig. 15(b). The flexural stress — crack width (o7 — w)
curves (Fig. 15(e)) agreed with those of the splitting tensile loading
conditions, indicating a rapid drop in o after reaching f; for pyr < 30 %,
and a more gradual reduction in o for p,, > 30 %. The energy dissipation
under flexural loading, G.s — calculated as shown in Fig. 15(c) -
depended on p,; but was almost unaffected up to p, = 30 %, and then
dropped for p,r > 45 %. Looking at G.¢/f; (Fig. 15(d)) further shows that
the addition of rubber did not have a consistent effect. The highest and
lowest G¢/ff ratios were observed in M2-R30 and M2-R45, which were
9.7 % higher and 40.2 % lower than that of M2-RO, respectively. All
prisms failed through a single crack within the constant moment region
(i.e., between the points of load application) as shown for M2-R60 in
Fig. 15(f).

4.5. Ultrasonic pulse velocity

The UPV of the concrete cylinders at 28 days is shown in Fig. 11(e).
Much like the p and f, results, the UPV dropped with the increase in CR
replacement of NA indicating the presence of more voids for high CR
replacement. The reference mix had a UPV value of 4693 m/s, and this
was lower by 20.8 and 40.1 % for mixes with 30 and 60 % CR
replacement, respectively. Fig. 11(f) depicts the UPV results for the cube
specimens of the one-part RUAAC mixes up to 90 days. The UPV results
for the reference mix increased over 90 days, with a higher rate of in-
crease from 7 to 28 days (0.9 %), followed by a slower rate of increase
from 28 to 90 days (0.3 %). The rubberised mixes did not show a clear
pattern over the 90 days period, but the change in UPV was minimal (i.
e., within + 2 %). Except for M2-RO0, the recorded UPV values from the
concrete cylinders were lower than that of the concrete cubes.
Furthermore, the reduction in UPV with the increase in p,, was higher
for the concrete cylinders than that for the concrete cubes. The average
reduction in UPV over the 90 days period — as determined from the cube
specimens — was 4, 8.5, 16.9 and 22.8 % for p,, values of 15, 30, 45 and
60 %, respectively, when compared to the reference mix.

5. Analytical expressions and constitutive models

Analytical expressions and constitutive models to predict the me-
chanical properties of one-part RUAAC are presented in this section. An
extensive database of 241 RuC mixes (Table 5) and 57 RuAAC mixes
(Table 6) corresponding to 723 RuC and 171 RuAAC samples, respec-
tively, available in the literature was assembled to allow direct com-
parison with the results of this study and to validate the analytical
expressions proposed.

5.1. Compressive strength

The compressive strengths in Table 5 and Table 6 were determined
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Fig. 16. Compressive strength degradation as a function of py,: a) comparison with RuC, b) comparison with RuAAC.

from concrete cylinders and cubes of various sizes, indicating that the f,
is size and aspect ratio dependent. For example, the volumetric expan-
sion of cylinders is different from that of cubes made of the same ma-
terial resulting in different f,. To account for the shape effect of concrete
specimens, Nielsen and Hoang [83] proposed an expression relating the
compressive strength, f.«), and volume, V), of a given specimen to
that of the strength of a reference mix, f r., with a specific volume, V.,
as given by Eq. (1). As such, to allow for a direct comparison of the
results in Table 5 and Table 6 with those from this study, the compres-
sive strengths were normalised to a $100 x 200 mm size cylinder.

1/30

Fover = Fitay (Veay/ Verer) @

Fig. 16(a) and (b) depict the f. degradation curve with the increase in
pyr for RuC and RUAAGC, respectively, both for the results from this study
and the literature. The large scatter in the results is attributed to
different CR sizes replacing NA, water-to-cement ratios, types of natural
mineral aggregates, and admixtures used. Moreover, for RUAAC, the
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scatter could be due to different precursors and alkaline solutions used,
as well as different curing conditions. It is worth noting that the results
from this study for one-part RuUAAC fall within the scatter of both RuC
and RuAAC results, indicating that the mechanism governing the
strength degradation of RuC, two-part RUAAC and one-part RuUAAC,
with increasing p,;, is the same.

The py-dependent f, can be estimated using Eq. (2a) introduced
previously for RuC by the authors [48]. The factor X in Eq. (2a) depends
on the type of NA replaced (A = 2.9 in this study for the replacement of
CR particles with both FNA and CNA). The parameter f,o is the strength
of the reference mix with p,, = 0, and fcpreq in Fig. 16 is the predicted
compressive strength.

As shown in Fig. 16(a) and Fig. 16(b), Eq. (2) captures the reduction
in f, reasonably well for one-part RUAAC, RuC and two-part RUAAC.
Based on the one-part RuUAAC results in this study, the average test-to-
predicted f. using Eq. (2a) was 1.11 with a coefficient of variation
(COV) of 9.55 %. Excellent correlation between the test and predicted
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values is reported when COV is less than 12 %, while fair and poor
correlations are assumed when COV is less than 18 % and>25 %,
respectively [48].

fo_ 1

—0<p, <06 (2a)
34p,,\ 3/2 vr
fo 1204
2.90—replacementofFNAandCNA
A=< 2.43->replacementof FNA(< Smm) (2b)

2.08—replacementof CNA(> 5mm)

5.2. Modulus of elasticity

The available E, results from the studies presented in Table 5 and
Table 6, together with the results for one-part RUAAC from this

Py ()

investigation, are plotted against their corresponding f. in Fig. 17(a).
This includes the data points from 114 RuC mixes and 3 two-part RUAAC
mixes. It is shown that there is a direct relationship between E, and f.
For the one-part RUAAC mixes, E. was notably less than for RuC with the
same f,. It was reported previously that AAC material typically develops
lower stiffness than that of OPC-based CCM [84,85]. This could mean
that strength giving gels, including both C-A—S—H and N-A—S—H gels,
in AAMs lead to lower stiffness than that of the C—S—H gel developed
from OPC hydration. Based on the results from this study, E. for one-part
RuAAC can be predicted with good accuracy as a function of f, using Eq.
(3), with an average test-to-predicted value of 0.98 and a COV of 8.27 %.

E = 6500<ﬁ>

3
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Fig. 19. Flexural strength results: a) RuC f; vs f., b) RuC degradation of f; as a function of py,, ¢) RuUAAC f; vs f., d) RuUAAC degradation of f; as a function of py,.

Fig. 17(b) illustrates the degradation in E, with increasing CR
replacement of NA. E and Ecprq in Fig. 17(b) denote the elastic
modulus of the reference mix and predicted elastic modulus, respec-
tively. The stiffness of concrete materials reduces with the increase in
pyr, without notable difference in the degradation mechanism for
different concrete materials (i.e., RuC and one-part RUAAC). Much like
the compressive strength results, the stiffness results from this study
largely fall within the scatter of RuC data points.

5.3. Splitting tensile strength

Fig. 18(a) illustrates the relationship between f, and f. based on the
available data from Table 5 and Table 6. This includes 106 RuC mixes, 6
two-part RUAAC mixes and the results from this investigation. Clearly,
fsp increases proportionally with f;, although the results from this study
seem to show a higher increase in f;, for a given f, in comparison to that
of RuC. Based on the results in this study, f;, of one-part RUAAC can be
predicted using Eq. (4) as a function of f, as shown in Fig. 18. Eq. (4)
gives an average test-to-predicted value of 1.13 and a COV of 13.66 %
for the one-part RUAAC mixes in this study. Fig. 18(b) depicts the
degradation of fg, with increasing p,, where fyo stands for the splitting
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strength of the reference mix and fy, preq represents the predicted split-
ting strength. The reduction in f, for one-part RUAAC falls within the
scatter of RuC results indicating a similar mechanism controlling the
drop in fg, with increasing py.

fip = 029773 (&)

5.4. Flexural strength

The f; results for one-part RuAAC in this study are plotted in Fig. 19
together with those available for RuC and RUAAC mixes. This includes a
total of 73 RuC mixes and 24 RuUAAC mixes. Comparing the relationship
between ff and f; in Fig. 19(a) and Fig. 19(c), the fy results of one-part
RuAAC fall within the scatter of data for both RuC and RuUAAC when
fe is less than 50 MPa. However, for the reference one-part AAC mix (py,
= 0), fr was significantly lower than the overall trend for RuC and
RuAAC data. The flexural strength for one-part RUAAC can be estimated
with Eq. (5), giving an average test-to-predicted value of 1.33 and COV
of 25.4 %.

f; = 0.25£.%3 (5)



M. Elzeadani et al.

Construction and Building Materials 353 (2022) 129161

a)

- |0'3c
Pl
I
<]
80,2 SC”J 0 8c,],el Scr,l

0

V=

max, ¢
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The degradation in f; with the increase in p,, is illustrated in Fig. 19
(b) and Fig. 19(d). The parameters f and fzpreq in these figures denote
the flexural strength of the reference mix and the predicted flexural
strength, respectively. The reduction in f; with the increase in CR
replacement of NA for the one-part RUAAC mixes investigated in this
study was more subtle with increasing p,r and generally Eq. (5) and Eq.
(2) provide conservative estimates for all p,, ranges (Fig. 19(a) and (c)).
The degradation of f; with increasing p,, for the one-part RUAAC was
different from that observed for RuC and two-part RUAAC. However,
due to the limited number of one-part RUAAC results in this investiga-
tion, further studies are needed to validate the scalar factors in Eq. (5)
for one-part RUAAC.

5.5. Stress—strain response

The full o-¢ of concrete materials is essential when considering the
nonlinear analysis of concrete members. Based on the results of this
study, a constitutive model for the unconfined o-¢ response of one-part
RuAAC is presented. The model is a modified version of a previous
constitutive model for RuC developed by the authors [48]. The pre-
sented model uses the expressions proposed for f. in Eq. (2) and E, in Eq.
(3). The axial crushing strain, &, is determined as a function of the
crushing strain of the reference mix, . 1, and p,, from Eq. (6). Mean-
while, the lateral crushing strain, &, », can be determined as a function
of &1 and p,, from Eq. (7).

Eer,1

=(1-p,)"">0<p, <06 O]

€cr0,1
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1
2(1-p,)"

The constitutive model for the axial 6-¢ response is divided into three
regions: a) initial elastic response, b) softening-ascending response prior
to crushing, and c) softening-descending response after crushing. In the
initial stage where the o is less than 0.3f,, a perfectly elastic response
following Hooke’s law is assumed as given by Eq. (8). In the softening-
ascending region prior to crushing, the response is represented by Eq. (9)
which is a second-degree polynomial accounting for the formation of
micro-cracks that cause the response to deviate slightly from a perfectly
elastic case. After crushing, macro-cracks form and failure is controlled
by sliding. This is represented by Eq. (10) which is also a second-degree
polynomial function that is dependent on the post-crushing energy, g 2,
represented by the triangular region in Fig. 20(a) and given in Eq. (12).

e1—0<p, <06 (7)

Ecrp =

0.3f.

oc=FEe. ,-0<¢e,; < Eclel = 8
c S(e.—¢ £ — €, 2
f;‘ 3 Ecr,1 Sc»‘,l '
2 2
i :l f_(_ 1 (ec,l - ger.l,) _é f_c_l (80,1 - 8(7.1.) +fL;_’Sc_l
oo 8\& Ecrl 8\ &2 Ecr fe
> Ecrl
(10)
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Fig. 21. Validation of unconfined c-¢ constitutive model.
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g2 = (14 p, ) (12)

The lateral o-¢ response of one-part RUAAC can be predicted using
Egs. (13)-(15). The response is divided into two regions: a) pre-peak
regime, and b) post-peak regime. The lateral strain, ¢, in the pre-
peak regime is a function of ¢.;, o/f;, and p,, and given by Eq. (13).
Meanwhile, in post-peak regime, & is controlled by ¢.; and o/f, as
shown in Eq. (14). The lateral o-¢ response requires the determination of
the axial response using Egs. (8)-(12) and &2 in Eq. (7).

: 1
Eer _ (ff) 0 < e < £ 13)
€l ) 2(1—p,)" ’
o N C(l _£> +SC’..2_)S<‘.1 > Eer,1 (14)
& Je €el
_ 8forp,, =0
€= {4f0r0 <p, <06 as

Validation of the unconfined o-¢ constitutive model presented here is
given in Fig. 21. The shaded grey areas in the figure represent the range
of maximum and minimum values as determined from the three iden-
tical cylindrical specimens, while the black and red-dotted lines repre-
sent the test average values and predicted results, respectively. The
comparative assessment between observed and predicted constitutive
response in Fig. 21 shows close agreement. The average test-to-predicted
value for ¢,;, based on Eq. (6), was 0.98 with a COV of 1.8 %. As for
€cr,2, the average test-to-predicted value was 1.05 with a COV of 3.56 %.
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5.6. Flexural stress-crack width response

Flexural tests are commonly used to infer the direct tensile behaviour
of concrete materials [86]. Using the opw results obtained in this study, a
pvr — dependent constitutive model is presented for the flexural response
as given by Egs. (16)-(20) and illustrated in Fig. 20(b).

9 _ ! - e>g a7n
I/ AylAy (w/ w,,,ax,v)](2 o)

@, =8(1+p,)—15 (18)
A =309, +1) 19
Winaxe = Wiaxo +2.5p,,(5p,, + 1) (20)

The equations are based on a previous model by the authors for
cementitious composites incorporating plastic particles [86]. An elastic
response is assumed in the pre-peak region as given by Eq. (16), while an
inverse power function is used to represent the response in the post-peak
regime. The softening response given by Eq. (17) is a function of f;, py,
and ultimate crack displacement, Wpmqy. (Fig. 20(b)). The latter is a
function of both p,, and the ultimate crack displacement of the reference
MiX, Wmax,0- The value of wpayo used here was extrapolated from the
results in this study. Validation of the o7w constitutive model against the
experimental results is shown in Fig. 22. The predicted response fits
relatively well with the experimental results, being mostly within the
experimental ranges shown by the grey area in Fig. 22.
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6. Conclusions

This study focused on assessing the mechanical properties of rub-
berised one-part alkali-activated concrete (one-part RUAAC), and on
considering the optimal use of their constituent materials. Different
precursor proportions, binder-to-aggregate ratios, NaSiOs-anhydrous
(activator) contents, and borax (solid admixture) dosages were
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investigated to obtain an optimal mix design. Crumb rubber (CR) par-
ticles from end-of-life tyres were then used to replace up to 60 vol% of
the natural mineral aggregates. The effect of CR particles on the work-
ability, elastic modulus, compressive, splitting tensile, and flexural
strength, as well as complete constitutive response in compression and
flexure, were investigated. In addition, a database of 241 rubberised
concrete (RuC) mixes and 57 two-part RuUAAC mixes was assembled to
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enable direct comparisons with the results from this study, as well as to
develop analytical expressions and constitutive models to predict the
mechanical response of one-part RUAAC with varying CR ratios. From
the findings, the following main remarks can be drawn:

e The results showed that an FA-to-GGBS ratio of 20:80, binder-to-
aggregate ratio of 0.4, an activator-to-binder dosage of 12 %, and a
borax-to-binder dosage of 5 % were the optimal mix proportions for
ambient curing conditions considering both workability and
compressive strength development up to 90 days.

For FA and GGBS-based one-part AAC, a high GGBS content in the
mix led to high f, and a relatively low concrete slump. The addition of
SF as a supplementary precursor by 10 % of total binder content led
to a remarkable increase in concrete slump with varying effects on f,.
Mixes with both FA and GGBS showed a reduction in f. with the
addition of SF, while those with GGBS only showed an increase in f,.
The addition of 10 % SF to the FA- and GGBS-based one-part AAC
mixes caused E, to reduce and G, to increase, albeit at a different rate
depending on the FA-to-GGBS ratio. Moreover, mixes with SF
showed small white deposits on the surface of the specimens at 90
days, indicating the occurrence of efflorescence.

The replacement of natural mineral aggregates with CR particles
caused f, Eq, &c,1, fp and ff to reduce. This reduction was a function
of the CR replacement ratio of natural mineral aggregates. The post-
peak axial o-¢ response became softer with an increase in p,,, while
&cr,2 increased slightly with the increase in CR replacement of natural
mineral aggregates.

No significant difference occurred in the degradation curves of f;
with the increase in py, for one-part RUAAC when compared to RuC
and two-part RUAAC results available in the literature. This indicates
that the mechanism responsible for the drop in f, is the same for all
rubberised materials.

The elastic modulus, E., of one-part RUAAC was significantly lower
than that of RuC specimens having the same f,. Consequently, & ; of
one-part RUAAC was higher than that typically recorded for RuC
specimens.

Constitutive models for the uniaxial compressive stress—strain
response and flexural stress-crack width response were presented
and validated against the experimental results of this study. The
constitutive models, which have been lacking to date, show good
agreement with the observed test results.

Future studies can focus on understanding the lower stiffness of one-
part RuUAAC compared with cement-based counterparts at a micro-
structural level. Specific additives such as nanoparticles, other supple-
mentary cementitious materials, or fibres, can then be explored to
enhance the stiffness. This would be important to improve the long-term
performance of one-part RUAAC under sustained loading and the asso-
ciated durability ramifications. Investigations could also consider po-
tential structural applications for this type of concrete, utilising its
higher ductility and energy dissipation characteristics, to further pro-
mote its use as an alternative to conventional concrete. Possible struc-
tural applications could be confined members where the reduction in
mechanical properties due to rubber addition can be countered with the
use of confinement [87-89], whilst providing enhanced ductility and
energy dissipation required for members in seismic zones [51,90-92].
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