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Utilizing treated domestic wastewater (TWW), recycled concrete aggregates (RCA), and fly ash (FA) in reinforced
concrete (RC) structures is of great interest from a sustainability perspective. In this study, four RC beams (180 x
250 x 2000 mm) were fabricated and tested under a four-point bend flexure until failure. The test parameters
include mixing water type (fresh water and TWW), coarse aggregate type (natural gabbro and RCA), and FA
content (0% and 20%). The results suggested that the use of TWW, RCA, and FA had no significant effect on the
beams’ cracking patterns and reinforcement strain at yielding, whereas TWW and RCA decreased the beams’
ductility by 8.7% and 15.9%, respectively. In addition, TWW reduced the beams’ flexural capacity by 13.7%. On
the other hand, the use of FA increased the beams’ cracking and ultimate loads and concrete maximum strain and
negligibility increased the ductility. The analytical investigations revealed that the ACI 318-19 code accurately
predicted the beams’ cracking moments, while the CSA-A23.3-14 code showed the least prediction error for the
beams’ ultimate moments. Additionally, the CSA-A23.3-14 showed an accurate prediction of the beams’

load—-deflection responses.

1. Introduction

Major concerns have recently arisen about the worldwide over-
production of concrete and the consequent challenges for the global
environment, economy, and natural resources. Concrete is currently the
second most consumed material in the world, after water, with over nine
billion tons produced annually. The substantial consumption of concrete
has serious repercussions for the worldwide depletion of freshwater and
natural aggregate (NA) resources. The concrete industry uses one trillion
gallons of fresh water for concrete manufacturing alone, without
considering concrete curing and washing processes. Moreover, demand
for NA increased by 91% between 2007 and 2014 and is expected to
jump by 215% by 2025. In addition, 10% of the total CO, exhaust in the
environment is due to concrete applications. Consequently, there is a
pressing need to incorporate recyclable materials into concrete appli-
cations [1-3].

Researchers have recently put forward achievable measures for
replacing fresh water with treated domestic wastewater (TWW) in
concrete applications [2,4-7]. Nonetheless, available research focused
only on the material level of TWW concrete [2,6]. Asadollahfardi et al.
[6] observed that TWW delayed the initial and final setting times of
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ordinary Portland cement (OPC) by 10 and 60 min, respectively, while
TWW concrete had approximately similar mechanical characteristics to
normal concrete. In addition, the authors studied the microstructure of
TWW concrete and found that it is more porous than conventional
concrete. More recently, Abushanab and Alnahhal [2] demonstrated
that TWW concrete had a negligible decrease in concrete mechanical
properties, whereas the durability properties were significantly dropped
by about 40% with TWW.

On the other hand, some researchers have recommended utilizing
recycled concrete aggregates (RCA) in reinforced concrete (RC) appli-
cations to compensate for the insufficiency of NA. Research on RCA has
progressed greatly in plain and RC applications [1,8-10]. Hossain et al.
[11] pointed out that incorporating RCA in concrete applications re-
duces greenhouse gas emissions and energy consumption by 65% and
58%, respectively. Wang et al. [9] noticed that recycled aggregate
concrete (RAC) exhibited a 26% lower slump than natural aggregate
concrete (NAC). The authors also observed that using 100% RCA in
concrete decreased the compressive and flexural strengths by 40 to 45%.
Moreover, Chen et al. [12] recorded a reduction of 11% in the
compressive strength when 100% of coarse NA were replaced with RCA.
Nevertheless, Alnahhal and Aljidda [13] found that RAC and NAC
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Table 1
Chemical characteristics of fresh water and TWW.
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Characteristic Unit Fresh water TWW QCS 2014 [22] ASTM C1602 [23] BS EN 1008:2002 [24]
Zinc (Zn*?) mg/1 0.0046 0.1051 100 - -
Iron (Fe*2) mg/1 0.0135 0.077 - - -
pH - 8.1 7.8 6.5-9.0 - >4
Chloride (C1") mg/1 14.1 511 500 (PS elements) 500 (PS elements)
1000 (RC elements) 1000 (RC elements)
4500 (PC elements)
Chlorine (Cly) mg/1 <0.1 <0.1 - - -
Sulfate (SOZZ) mg/1 6 490 2000 3000 2000
Dissolved oxygen mg/1 9.4 8 - - -
Phosphate (PO4) mg/1 <0.03 9.19 - - -
Total suspended solids mg/1 2 3 - - 100
Total dissolved solids mg/1 93 1690 2000 50,000 2000
Note: PS = prestress and PC = plain concrete.
exhibited comparable mechanical properties. More recently, Abushanab
and Alnahhal [14] noticed that RAC-TWW mixes achieved higher me- ;ﬁblfe 21 haracteristics of . d sand
chanical properties than NAC-TWW mixes. Regarding the effect of RCA ysical characteristics of coarse aggregates and sand.
on the flexural behavior of RC beams, Choi and Yun [15] found that the Property GA RCA Sand QCS 2014 [22]
flexural capacity of RAC-RC beams was 20% lower than that of NAC-RC Water Absorption (%) 0.72 3.51 0.6 2 (coarse NA)
beams. However, Alnahhal and Aljidda [13] revealed that the ultimate 3 (RCA)
flexural strength of RAC-RC beams only decreased by 5 to 9%. The au- 2.3 (sand)
. . Soundness (%) 2.2 12.6 10.3 15
thors also pointed out that the failure mode of the beams was not o
X Elongation index (%) 24 8 — 35
affected by the aggregate type. Arezoumandi et al. [16], Kangetal. [17], Los Angeles Abrasion (%) 8.9 17.6 _ 30
and Seara-Paz et al. [ 18] recognized that RAC-RC beams exhibited closer Flakiness index (%) 6.9 5.2 — 35
crack spacing, a slightly lower cracking moment, and 5 to 22% higher Dry Specific Gravity 2.89 2.47 2.62 -
deflection than NAC-RC beams SSD Specific Gravity 291 2.55 2.63 —
! Apparent Specific Gravity 2.95 2.70 2.65 —

As presented above, RAC’s properties were found to be inferior when
compared to NAC. Therefore, researchers have devised several methods
to improve the characteristics of RAC; one method is to coat the surface
of RCA with the by-product fly ash (FA) [19]. In their research, Lima
et al. [19] found that the mechanical properties of FA-RAC at later ages
were similar to those of NAC. Furthermore, the chloride permeability of
RAC was significantly enhanced by partially replacing OPC with FA.
Nevertheless, few investigations to date have evaluated the influence of
FA on RAC-RC structural elements. Sunayana and Barai [20] observed
that replacing 30% of OPC with FA in RAC-RC beams decreased the
cracking moment by 30%. However, the yield and ultimate moments
were comparable to NAC-RC beams. In addition, the flexural ductility of
RAC-RC beams was enhanced by adding FA.

Although the above literature demonstrates the feasibility of using
TWW, RCA, and FA for concrete applications, a significant research gap
related to the effect of such a combination on the flexural behavior of RC
beams remains. Thus far, no studies have been done on the flexural
behavior of RC beams with TWW. In addition, very few studies have
investigated the influence of FA on the flexural behavior of RAC-RC
beams. Therefore, this study fills this gap in the existing literature by
experimentally and analytically investigating the flexural capacity of RC
beams simultaneously made with TWW, RCA, and FA.

2. Materials and methods
2.1. Materials

2.1.1. Mixing water

The concrete mixing water investigated was fresh water and TWW.
The fresh water used is typically utilized for concrete manufacturing
applications in Qatar. On the other hand, the TWW used was of tertiary
TWW type and was supplied by a sewage treatment plant in Qatar.
Table 1 includes the chemical characteristics of fresh water and TWW,
which were evaluated according to the standard methods for the ex-
amination of water and wastewater [21]. The chemical characteristics of
TWW and fresh water were as per the allowable limits for RC members
as per Qatar Construction specification (QCS 2014 [22]), ASTM C1602
[23], and BS EN 1008:2002 [24] specifications. However, TWW is
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characterized by higher concentrations of chloride, zinc, total dissolved
solids, phosphate, iron, and sulfate than fresh water.

2.1.2. Coarse and fine aggregates

The investigation included two coarse aggregate types: gabbro ag-
gregates (GA) and RCA. GA are a natural type of aggregates, whereas
RCA were obtained from demolished concrete with a compressive
strength of 50 MPa. Moreover, natural washed sand was used in all RC
beams as fine aggregates. The physical properties and particle gradation
of the coarse and fine aggregates are presented in Table 2 and Fig. 1,
respectively. It could be seen that all properties of RCA, excluding the
water absorption, were below the maximum limits specified by QCS-14
[22]. In principle, RCA had 388% and 17% higher water absorption than
GA and QCS-14 [22] limits, respectively, owing to the adhered mortar of
RCA. Furthermore, it could be observed from Fig. 1(b) that GA and RCA
had approximately similar particle gradation and sizes (4.75 to 19 mm)
and were within the specified limits of ASTM C33/C33M-18 provisions
[25].

2.1.3. Cement, FA, and steel

Conventional OPC type I and class F FA with specific gravities of 3.15
and 2.18, respectively, were used as binders in this study. The particle
size of OPC and FA ranges between 10 and 90 pm and 3 to 55 pm,
respectively. The FA used had a moisture content of 0.5% according to
ASTM C311/C311 M - 18 [26]. The binders’ oxides were obtained using
X-ray fluorescence (XRF) analysis and presented in Table 3. The XRF
results showed that the amount of silica in FA is significantly higher than
that of OPC, indicating a higher capacity for FA to react with Ca(OH),
hydrate to densify the cement matrix. In addition, all OPC and FA oxides
were within the specified limits of ASTM C150/C150M-20 [27] and
ASTM C618-19 [28], respectively. On the other hand, conventional steel
bars of 8, 10, and 12 mm diameters were used. The mechanical speci-
fications of steel reinforcement are shown in Table 4, as obtained from
the manufacturer datasheet.
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Fig. 1. Sieve analysis for sand and coarse aggregates used.

Table 3
OPC and FA oxides with ASTM C150/C150M-20 [27] and ASTM C618-19 [28]
guidelines’ limits.

Oxide (% OPC ASTM C150/C150M — FA ASTM C618 - 19
weight) 20 [27] [28]
Y,03 - - 0 -
ZrO, - - 0.07 -
Nio - - 0.02 -
MgO 2.5 Maximum 5 1.57 -
Al,O3 3.48 Maximum 6 28.49
SO3 2.8 Maximum 3 0.51 Maximum 5
P05 - - 0.62 -
Cry03 0.05 - 0.04 -
CL 0.05 - 0.12 -
K0 047 - 1 -
CaO 68.91 - 2.74 Maximum 18
MnO 0.09 - 0.09 -
V205 0.05 - 0.04 -
NaO - - 0.06 -
TiO, 0.28 - 1.95 -
SiO4 15.84 Minimum 20 55.97 Minimum 50*
SrO 0.05 - 0.06 -
Fe,03 4.8 Maximum 6 6.63
Note: * for SiO,, Fe;03, and Al,03.
Table 4
Mechanical properties of steel reinforcement.
Bar Modulus of Yield tensile Yield Ultimate tensile
diameter elasticity (GPa) strength (MPa) strain strength (MPa)
(%)
8 191 512 0.268 551
10 193 515 0.267 555
12 194 519 0.268 553

2.2. Concrete mixes

As shown in Table 5, four concrete mixes were prepared in this study
with a constant water-to-cement ratio of 0.45. Concrete mixes were
labeled based on the investigated parameters. The first letter (‘F’ and ‘T”)
refers to the type of mixing water as fresh water and TWW, respectively.
The second letter (‘G’ and ‘R’) refers to the type of coarse aggregates as
GA and RCA, respectively. The third letter refers to the type of binders
used (O for 100% OPC and F for the blend of 80% OPC and 20% FA).
Fresh water and GA were replaced completely by TWW and RCA,
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Table 5
Concrete mix proportions.
Proportion (kg/: ms) Mix
FGO TGO TRO TRF
Fresh water 156.4 0 0 0
TWW 0 156.4 156.4 156.4
GA 1075.5 1075.5 0 0
RCA 0 0 942.4 942.4
Sand 708.1 708.1 708.1 708.1
OPC 349.2 349.2 349.2 279.3
FA 0 0 0 69.8
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Fig. 2. The beams’ geometrical and reinforcement details. All dimensions
in mm.

respectively, while OPC was replaced at 20% by FA. GA were replaced
with RCA using the direct volume replacement method, whereas both
TWW and FA were incorporated by weight of fresh water and OPC,
respectively. For all concrete mixes, GA and RCA were in the saturated
surface dry (SSD) condition upon casting by immersing them in water
for 24 h, followed by surface drying by a moistened cloth. In addition,
0.2% superplasticizer by cement weight was added to achieve a mini-
mum slump of 80 mm. Immediately after casting, concrete slump was
measured according to ASTM C143/C143M-15a provisions [29].
Moreover, concrete compressive strength was measured at 28 days using
three cylinders (100 x 200 mm) following ASTM C39/C39M-20 pro-
visions [30]. In addition, concrete flexural strength was determined by
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(b) Schematic setup

Fig. 3. Beam testing setup and instrumentations.

testing three prisms (100 x 100 x 500 mm) at 28 days according to
ASTM C78/C78M-18 guidelines [31].

2.3. RC beam specimens

Four RC beams with dimensions of 180 x 250 x 2000 mm were
prepared to evaluate the influence of TWW, RCA, and FA on the flexural
behavior of RC beams. The only test variable considered in the tested
beams was the concrete mix. The beams followed the same nomencla-
tures used for concrete mixes. That is, beams FGO, TGO, TRO, and TRF
were prepared with concrete mixes FGO, TGO, TRO, and TRF, respec-
tively. The beams’ geometrical, reinforcement, and loading details are
illustrated in Fig. 2. The beams’ reinforcement was chosen to achieve a
ductile-flexural failure mode as per ACI 318-19 design codes [32]. The
beams were reinforced in the longitudinal direction with 3¢$12 at the
bottom and 2¢:8 at the top. Moreover, the beams were reinforced in the
transverse direction with ¢$10 steel stirrups spaced at 100 mm. A con-
stant clear cover of 20 mm from all sides was maintained for all beams.
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2.4. RC beam test setup

All beams were tested under a four-point bending setup until failure
using a 1500-kN universal testing machine. The beams’ setup and in-
strumentations are presented in Fig. 3. The beams were loaded under a
displacement rate of 1 mm/min. For each beam, two concrete strain
gauges were mounted at the compression mid-span to measure concrete
strains. Moreover, two steel strain gauges were attached at the middle of
the longitudinal tensile reinforcement before casting to record steel
strains. In addition, two linear variable differential transducers (LVDTSs)
were placed at the midspans to record the maximum deflections.
Furthermore, the crack widths were captured using a crack transducer
placed at the tensile mid-span section. All instrumentations were linked
to a data logger system, and the recording was performed at a rate of 1
reading per second. It is worth noting that the flexural test was stopped
when the rapture of the first bar occurred.
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Table 6
Concrete fresh and hardened mechanical properties.

Mix Slump Compressive strength Flexural tensile strength
(mm) (MPa) (MPa)

FGO 86 57.03 3.77

TGO 91 53.50 3.29

TRO 89 48.04 3.43

TRF 136 40.54 2.96

3. Results and discussion
3.1. Concrete mechanical properties

3.1.1. Slump

Concrete slump results are illustrated in Table 6. It could be observed
from the results that mix TGO slightly varied by about 6% from the
reference mix, implying that TWW has no significant effect on concrete
workability. This might be attributed to the comparable suspended
solids in TWW and fresh water, which resulted in achieving similar
TWW concrete weight to that made with fresh water. It could also be
noticed that the slump of mix TRO was only 2.2% lower than that of mix
TGO. The slump of mix TRO was decreased insignificantly because GA
and RCA were in SSD condition upon casting, and hence the water ab-
sorption and open pores of both aggregate types were unified. Alnahhal
and Aljidda [13] also pointed out that utilizing RCA in the SSD condition

, 135 5070 165 6570 85
H——
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resulted in no distinct discrepancy between the slump of RAC and NAC.
Furthermore, mix TRF showed 53% higher slump than mix TRO, owing
to the smaller size particle of FA, which decreased the friction between
the binders and other ingredients. The enhancement in the slump of mix
TRO could also be related to the reduced fresh hydration products of
OPC, as the OPC content was decreased. Similar results were also
observed by Alnahhal and Aljidda [13] and Lima et al. [19].

3.1.2. Compressive strength

According to the results in Table 6, mix TGO had a 6.1% lower
compressive strength than mix FGO. This might have occurred due to
the delayed hydration of C3A and C3S, caused by the high concentrations
of zinc and phosphate in TWW. The drop in the compressive strength of
concrete with TWW could also be ascribed to the high concentration of
chloride of TWW compared to fresh water, which increased the sus-
ceptibility to salt crystallization. The salt crystals, in turn, increased
concrete voids and degraded the interfacial transition zone (ITZ) of
concrete. The results also revealed that the compressive strength of mix
TRO was 10.2% lower than that of mix TGO. This is commonly linked to
the adhered mortar on RCA, which developed more internal cracks and
voids in the matrix and thus weakened the ITZ layers [1,9,14]. It should
be noted that the reduction in the compressive strength was insignificant
because the replacement of coarse aggregates was performed as per the
direct volume replacement method, which ensures a constant volume of
GA and RCA in 1 m® of concrete [13]. Furthermore, mix TRF recorded

oy
T —t

105 65 100 303075
k +—+ -+

70 S 653540 65 65 85 105 100 . 115
ORRTRRR0,93,90, 88 t t

t i

Fig. 4. Cracking patterns and failure modes of the beams (crack spacing is in mm).
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Fig. 5. Load-crack width responses of the beams.

15.6% lower compressive strength than TRO. That was because OPC
content was reduced and thus decreased the hydration products of OPC.
These observations are in line with results reported by Asadollahfardi
et al. [6], Sunayana and Barai [20], and Anike et al. [33].

3.1.3. Flexural tensile strength

The flexural tensile strength of all concrete mixes at 28 days is pre-
sented in Table 6. Similar to the compressive strength results, prism TGO
recorded 12.7% lower flexural tensile strength than prism FGO due to
the high concentrations of zinc and phosphate in TWW. Besides, the
results showed that RCA had no significant influence on the flexural
tensile strength of concrete, as prism TRO recorded only 4.3% higher
prism TGO. Moreover, it could be recognized that prism TRF achieved
13.7% lower flexural strength than prism TRO. This is attributed to the
decreased OPC hydration products with the 20% reduction of OPC in
mix TRF. The results obtained are in conformance with Alnahhal and
Aljidda [13] and Abushanab and Alnahhal [14].

3.2. Cracking patterns and failure modes

The cracking patterns and failure modes of all tested beams are
presented in Fig. 4. The cracking responses of the beams were captured
during testing through a naked eye. It could be seen that all beams
displayed a similar cracking pattern, regardless of concrete mix. That is,
the first flexural crack in all beams was initiated within the flexural
region at the early loading stage. With a further augmentation in the
applied load, the cracks were widened and propagated vertically toward
the compression side of the beam and additional cracks were developed
in the shear zone.

Table 7
loads, deflections, and ductility indices of the tested beams.

As could be observed in Fig. 4, beam TGO recorded approximately
similar cracking spacing to beam FGO. On the other hand, the crack
spacing of beam TRO was closer than that of beams FGO and TGO. This
is ascribed to residual mortar on RCA, which degraded the ITZ layers
between the aggregates and cement matrix and thus weakened the
aggregate interlocking and shear strength of the beams. It is to be
emphasized that the weak ITZ layer of RAC implies that RCA have
inferior durability properties compared to NA. Arezoumandi et al. [16],
Sunayana and Barai [20], and Al Mahmoud et al. [34] also reported that
RAC-RC beams exhibited closer crack spacing than NAC-RC beams.
Likewise, beam TRF displayed closer crack spacing than beams FGO,
TGO, and TRO. The closely spaced cracks in beam TRF are attributed to
the reduced flexural strength of mix TRF. Furthermore, Fig. 5 shows that
beam TRO recorded relatively comparable crack widths to beam FGO,
whereas beam TRF recorded about 50% higher crack width at yielding
than beam TRO. The increase in the crack widths of beam TRF before
yielding is fundamentally ascribed to the decreased flexural strength of
mix TRF relative to mixes FGO, TGO, and TRO. However, the crack
width of beam TRF at failure was similar to beams FGO, TGO, and TRO,
ascribable to the similar axial stiffness of all beams. The results are in
conformance with the findings of Yoo et al. [35], who revealed that FA
decreased the crack spacing and increased crack widths of the beams. It
should be mentioned that the load-crack width response of beam TGO
was excluded from Fig. 5 because the largest crack width did not occur at
the crack transducer zone.

Likewise, varying cracking loads were recorded with different con-
crete mixes. As could be seen in Table 7, the first cracking load was in the
order of beams TRO, TGO, TRF, and FGO, respectively. In particular, the
use of TWW and RCA in beams TGO and TRO decreased the cracking

Beam ID P (kN) Pr/360 (KN) Py (kN) P, (kN) Ptaiture (KN) Ay(mm) Afaiture (MmM) Ductility index
FGO 30 90.40 123.50 133.35 115.09 8.25 68.62 8.32
TGO 28 80.17 113.22 115.12 110.94 8.42 63.99 7.60
TRO 24 73.69 112.24 117.09 100.85 9.55 60.42 6.39
TRF 28 67.13 110.09 122.90 96.96 8.80 56.58 6.43

Note: P, Py, and P, are the cracking, yielding, and ultimate loads, respectively.

2072



A. Abushanab and W. Alnahhal

Structures 45 (2022) 2067-2079

160 |
Concrete | Reinforcement
140 A
120 1
—
100 4
z
£ 80 A
3
—FGO
-
60
—TGO
40
—TRO
20 4
| TRF
0 } T T T T T T
-5000 0 5000 10000 15000 20000 25000 30000 35000

Strain (n)

Fig. 6. Load-strain responses of the beams.

load by 6.7% and 14.3%, respectively. The drop in the cracking load of
beams TGO and TRF compared to the reference beam is attributed to the
decreased flexural strength of the mixes compared to mix FGO. On the
other hand, beam TRF achieved 16.7% higher cracking load than beam
TRO, owing to the pozzolanic reaction between FA and Ca(OH),, which
densified the cement matrix and strengthened the weak ITZ layers. The
obtained results are in line with Kang et al. [17].

Furthermore, the results indicated that the failure mode of the beams
was independent of the concrete mix. All beams experienced a flexural
tension failure mode, which started with the concrete cracking, followed
by the tensile reinforcement yielding, and finally concrete crushing at
the compression face. This was because the failure mode depends mainly

140

on the reinforcement configuration, which was identical in all beams.
This observation agrees with almost all studies of RCA and FA
[13,16,20].

3.3. Load-strain response

The variation in concrete and reinforcement strains with respect to
concrete mix is provided in Fig. 6. As depicted in the figure, all beams
reported similar reinforcement and concrete strain responses with
loading, regardless of concrete mix. Prior to cracking, concrete and
tensile strains were relatively small and comparable in all beams.
However, reinforcement strains upon cracking were significantly

120 A
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o0
oS

[
(=}
1

40 -
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Deflection (mm)

"

0 10 20 30

40 50 60 70

Deflection (mm)

Fig. 7. Load-deflection responses of the beams.
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Table 8
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List of code-based expressions used to predict the cracking and ultimate moments and instantaneous deflections of conventional RC beams.

Cracking moment

Design code Moment capacity (Nemm)

Relevant formulas

ACI 318-19 [32] )

M., :‘%f, = modulus rapture of concrete, (MPa)
t
I; = gross moment of inertia, (mm*)
¥ = distance from the centroid to the tensioned face,
(mm)
CSA-A23.3-14 [39] M., :]%f, = modulus rapture of concrete, (MPa) ®
t
I, = gross moment of inertia, (mm“)
y: = distance from the centroid to the tensioned face,
(mm)
Eurocode 2 [40] femly
(h—Xu)
concrete, (MPa)
I, = moment inertia of uncracked
section transformed to concrete, (mm*)
h = height of the cross-section
X, = neutral axis depth of uncracked section, (mm)

(5)

M, = fetrm = mean tensile strength of

Ultimate moment
As per the stress and
strain distribution

M, = Ad,(d 72) FAfy(d—ds) 10

A, = tensile steel reinforcement (mm?)

A;2 = compression steel reinforcement (mm?)

d = distance from extreme compression to tensile
reinforcement (mm)

d; = distance from extreme compression to
compression reinforcement (mm)

fy = yield strength of the tensile reinforcement
(MPa)

fs = stress in the compression reinforcement (MPa)
a = depth of the compressive block (mm)

Instantaneous deflection

~ Pa
" 48E,
a = shear span (mm)

E. = modulus of elasticity of concrete (MPa)
I, = effective moment of inertia (mm*)

L = effective length (mm)

(15)

Ai (3L% — 4a®)P = total applied load (N)

fr= 0462,1\/,751 = a modification factor = 1 (for normal-weight concrete) @
f. = concrete compressive strength, (MPa)
fr = OAGA\/EA = a modification factor = 1 (for normal-density concrete) “
fC = concrete compressive strength, (MPa)
bh? (6)
03f067 7+(fle*1)(Asd+Aszd2)
=0.3f. " X,=
Jam = O X G e~ 1)(As 1 A) @
1 7@+bh(h—x P + (e —1)|As(d — Xu)* +As2 (Xy — da)?
u= 15 5~ Xu e s u s2(Xy — da ®)
a, = a factor = Estea
concrete—effective ©)
A, = tensile steel reinforcement
A, = compression steel reinforcement
d = distance from extreme compression to tensile reinforcement
d, = distance from extreme compression to compression reinforcement
A
a= S—fyb = width of the beam an
af.b
a = a stress block parameter. The value of a can be calculated as follows:
a = 0.85 (ACI 318-19 [32])
a = 0.85-0.05 (f, —28)/7(CSA-A23.3-14 [39])
12)
1wheref, < 50 13)
o = { _50 . (Eurocode 2 [40])
— <f, <
1 200 where50 < f, <70
a4
(16)
E. = 4700 ACI 318-19 [32
: VA [321) o
E. = 4500, /f.(CSA-A23.3-14 [39])
M \* M \* 18)
I = (ﬁ) I + [1 —(ﬁ) ]Ic, < L,(ACI 318-19 [32])
M3
I =1, + (I; - I")(ﬁ"> < I;(CAN/CSA-A23.3-14 [39]) 19)
4
bx® 2 2 . .
Iy = 3 +(2n—1)Ag(x — d2)” + nAs(d — x)“x = distance from the compression
face of the beam to the neutral axis (mm) (20)
n = modular ratio :%
E; = modulus of elasticity of steel (MPa) 21

developed with the applied load until yielding. After yielding, rein-
forcement strains were further increased with a negligible increment in
the load, taking a bi-linear shape. However, concrete strains after
cracking were sharply increased with loading until concrete crushing. It
could be seen that all beams exhibited similar concrete and tensile
strains at yielding, regardless of concrete mix. This was because rein-
forcement was identical in all beams. On the other hand, it could be seen
that beam TRF recorded 12.2% higher compressive strain at failure than
beam TRO, indicating that concrete mix TRF is more densified and has
better bond strength with reinforcement compared to mix TRO. The
results are supported by the experimental results of Alnahhal and
Aljidda [13], Kang et al. [17], and Yoo et al. [35].

3.4. Load-deflection response

Fig. 7 presents how the load-deflection response of the beams was
affected by the concrete mixes. A summary of service, yielding, ultimate,
and failure loads with the corresponding deflections are presented in
Table 7. It is worth noting that the service load refers to the load

corresponding to the displacement under serviceability conditions,
which was calculated according to ACI 318-19 design code [32] as L/
360, where L is the effective length of the beam. Moreover, the ductility
indices of all beams were calculated as the ratio between the failure and
yielding deflections in accordance with ACI 363R-10 [36] and listed in
Table 7. It could be seen in Fig. 7 that all beams responded with similar
load—deflection behavior, regardless of concrete mix. Overall, the
load-deflection response of all beams consisted of three stages: linear
pre-cracking, linear post-cracking with reduced stiffness, and non-linear
post-yielding with reduced stiffness.

As anticipated, Fig. 7 shows that the variation in the flexural capacity
of beams TGO and FGO was in agreement with the compressive strength
results. The service, yielding, ultimate, and failure loads of beam TGO
were 11.4%, 8.3%, 13.7%, and 3.6% lower than those of beam FGO,
respectively. In addition, at the service load of beam FGO (P = 90.40
kN), beam TGO recorded about 17.1% higher deflection than beam FGO.
Moreover, beam TGO exhibited an 8.7% lower ductility index than beam
FGO (Table 7). The drop in the flexural capacity and ductility with the
use of TWW is ascribed to the high concentrations of zinc and phosphate
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Table 9
Experimental and predicted cracking moments of the beams.

Structures 45 (2022) 2067-2079

ACI 318-19 [32]

CSA-A23.3-14 [39] Eurocode 2 [40]

Beam Mo (KNom) My preg (KNom) Mo, Mey_preq (kNom) Mo, Mer_preq (kNem) Mer g
M.r_pred. Mr_pred. Mer_pred.
FGO
10.50 8.78 1.20 8.50 1.24 11.56 0.91
TGO 9.80 8.50 1.15 8.23 1.19 11.15 0.88
TRO 8.40 8.06 1.04 7.80 1.08 10.50 0.80
TRF 9.80 7.40 1.32 7.16 1.37 9.56 1.03
Mean 1.18 1.22 0.90
SD 0.12 0.12 0.09
COV% 9.87 9.87 10.35

Note: M,_gxp. = experimental cracking moment, M _pr.q, = predicted cracking moment, SD = standard deviation, and COV = coefficient of variance.

in TWW, which delayed the hydration of C3A and consequently
decreased the compressive strength of concrete. On the other hand, it
could be observed from Table 7 that there was no significant difference
between beams FGO and TGO in terms of yielding and failure de-
flections. This was expected since deflection at yielding and failure
stages depends mainly on reinforcement properties and configuration,
which were the same in all beams.

Furthermore, it could be noticed that the flexural stiffness of the
beams was slightly decreased after cracking when GA was replaced with
RCA. Even though beams TGO and TRO exhibited comparable ultimate
loads, beam TRO recorded 8.1% and 9.1% lower service and failure
loads than beam TGO, respectively. Moreover, beam TRO presented
11.9% and 5.6% smaller deflection at failure than beams FGO and TGO,
respectively. In addition, the results revealed that the ductility index of
beam TRO was 15.9% lower than that of beam TGO, indicating that the
brittleness of the beams increased with RCA. The decreased service and
failure loads and ductility of RAC beams is attributed to residual mortar
on RCA, which developed multiple ITZ layers in concrete matrix and
consequently reduced the modulus of elasticity of RAC [9,13]. It was
also observed that the yielding and ultimate loads of beams TRO and
TGO were comparable, indicating that the yielding and ultimate loads
depend mainly on the properties and configuration of steel
reinforcement.

Meanwhile, it could be recognized from Fig. 7 that beam TRF had
approximately a similar load-deflection response to that of beam TRO
before yielding. However, the results showed that beam TRF achieved
higher flexural capacity than beam TRO. Whereas beams TRO and TRF
recorded comparable yielding and failure loads, beam TRF recorded
6.8% and 4.9% higher ultimate load than beams TGO and TRO,
respectively. Furthermore, beam TRF exhibited 6.4% lower deflection at
failure than beam TRO. In addition, the ductility of beam TRF was
negligibly increased (<1%) compared to that of beam TRO. The higher
flexural capacity and ductility with the addition of FA might be

explained by the pozzolanic reaction between FA and Ca(OH), which
produced C—S—H gel and consequently densified the cement matrix
and improved the cohesion between concrete and reinforcement. The
improvement observed in beam TRF could also be related to the small-
size particle of FA, which penetrated the aggregate-cement matrix
interface and coated RCA, and accordingly improved the interlocking of
RCA. Yoo et al. [35] and Hashmi and Baqi [37] also observed that the
partial replacement of OPC with FA enhanced the load-deflection
response and ductility of the beams.

Moreover, it is to be emphasized that in seismic design provisions,
structural ductility plays a significant role in achieving an earthquake-
resilient design. That is, structures with sufficient ductility are ensured
to remain intact during minor earthquakes, minorly damaged during
moderate earthquakes, and partially damaged with no collapse during
major earthquakes [38]. However, as presented above, ductility
marginally. Though, the results demonstrated that FA improved the
beams’ ductility. Thus, it is anticipated that FA could improve the
earthquake resistance of the TWW and RCA concrete structures.

4. Code provisions

The available design-guideline equations have not yet addressed the
effect of TWW, RCA, and FA on the flexural capacity and deflection of
simply supported RC beams. Therefore, to address the approximation
degree of the available design-code expressions to the tested RC beams, a
comprehensive comparison between the experimental and predicted
results in terms of cracking and ultimate moments and instantaneous
deflections was performed in this study. The design-code equations to
predict the cracking and ultimate moments and load-deflection re-
sponses are summarized in Table 8.
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Fig. 8. Distribution of stresses and strains for a typical RC beam.
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Table 10
Experimental and predicted ultimate moments of the beams.

Structures 45 (2022) 2067-2079

ACI 318-19 [32]

CSA-A23.3-14 [39] Eurocode 2 [40]

Beam My (kNem) My preq (kNom) My pop My preq (kNom) M iy My preq (KNem)) M
My _pred. My pred. My _pred.
FGO
46.67 45.80 1.02 45.21 1.04 46.02 1.03
TGO 40.29 45.68 0.89 45.15 0.90 45.94 0.89
TRO 40.98 45.46 0.91 45.02 0.92 45.78 0.91
TRF 43.02 45.06 0.96 44,76 0.97 45.45 0.96
Mean 0.95 0.96 0.94
SD 0.06 0.06 0.06
COV% 6.54 6.61 6.59

Note: M,_gxp. = experimental ultimate moment and Mu_prq = predicted ultimate moment.

4.1. Cracking moment

The cracking moment (M) of the tested beams was computed using
the design-code equations of ACI 318-19 [32], CSA-A23.3-142 [39],
and Eurocode 2 [40] (Egs. (1) to (9)). The experimental-to-predicted
cracking moment (Mr.gxp./Mcr-preq) ratios are listed in Table 9. As
could be noticed, the Mcr-gxp./Mcr.pred. Tatios of beams FGO, TGO, and
TRO were within the range of 1 + 0.20, except for the CSA-A23.3-142
[39] prediction of beam FGO, which exhibited an Mcr.gxp./Mcr-preq ratio
of 1.24. On the other hand, it could be seen that ACI 318-19 [32] and

100

2 4
Midspan Deflection (mm)
(a) FGO
0 i i
0 2 4 6

Midspan Deflection (mm)
(c) TRO

CSA-A23.3-142 [39] provisions significantly underestimated the
cracking moment of beam TRF with My gxp./Mcr.preq ratios of 1.32 and
1.37, respectively. The excessive over conservation of beam TRF is
related to the influence of FA in enhancing the cracking load, which was
not considered in any of the guidelines. However, Eurocode 2 [40]
guidelines showed a less conservative prediction for beam TRF with an
Mer-Exp./Mcr-pred Tatio of 1.03. This might have occurred because the
tensile strength of concrete calculated by Eurocode 2 [40] was higher
than those calculated by ACI 318-19 [32] and CSA-A23.3-142 [39]
provisions (see Egs. (2), (4), and (6)), and hence Eurocode 2 [40]
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Fig. 9. Experimental and predicted load—-deflection responses as per ACI 318-19 [32].
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Fig. 10. Experimental and predicted load-deflection responses as per CSA-A23.3-14 [39].

exhibited higher cracking moment than ACI 318-19 [32] and CSA-
A23.3-142 [39]. Even though the cracking moment of beam TRF was
accurately predicted by Eurocode 2 [40], the overall prediction of
Eurocode 2 [40] was unconservative, as it recorded an Mr.gxp./Mcr-pred
ratio of 0.9. By contrast, the overall prediction of ACI 318-19 [32] and
CSA-A23.3-142 [39] provisions was conservative and safe, and, in
particular, ACI 318-19 [32] exhibited the most accurate prediction of
the cracking moment for the tested beams with a mean, standard devi-
ation (SD), and coefficient of variance (COV) M.gxp./Mcr-pred. ratio of
1.18, 0.12, and 9.87%, respectively.

4.2. Ultimate moment

The ultimate moment capacity (M,) of the tested beams was calcu-
lated considering the stress and strain distribution approach as per ACI
318-19 [32], CSA-A23.3-142 [39], and Eurocode 2 [40] provisions. The
distribution of stresses and strains of a typical RC beam under flexure is
presented in Fig. 8. A shown in Fig. 8, the width of the compression
stress block is represented by o f;, where a is the stress block parameter
and f; is the compressive strength of concrete. Based on the distribution
presented in Fig. 8, the M, can be calculated using Eq. (10) (see Table 8).
In addition, the value of a can be calculated using Egs. (12), (13), and
(14) as per ACI 318-19 [32], CSA-A23.3-142 [39], and Eurocode 2 [40]
provisions, respectively. For each expression of a, the ratio of the
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experimental-to-predicted ultimate moment capacity (My.gxp./My.pred.)
was calculated and listed in Table 10. It could be seen that ACI 318-19
[32], CSA-A23.3-142 [39], and Eurocode 2 [40] provisions provided
accurate My prediction for beam FGO with My.gxp./My.preq. ratios of 1.02,
1.04, and 1.03, respectively. Nonetheless, the M,, of beams TGO, TRO,
and TRF was slightly overestimated by all design codes. Overall, all
design codes yielded unconservative predictions for M, with My._gxp /M.
pred. Tatios 0.94 to 0.96. The overestimation of the beams’ flexural ca-
pacities might be because the available design codes have not yet
included the influence of TWW, RCA, and FA. In this work, the least
prediction error for the M, was for CSA-A23.3-142 [39] with a mean,
SD, and COV My, gxp./My.pred, ratio of 0.96, 0.06, and 6.61%, respectively.

4.3. Load-deflection response

The theoretical load—deflection responses of the tested beams were
calculated up to the service load as per ACI 318-19 [32] and CSA-
A23.3-142 [39] provisions using Egs. (15) to (21). Prior to cracking, the
beams were assumed to have a gross moment of inertia (I;). However,
upon cracking, the I is gradually decreased to the cracking moment of
inertia (I;). To account for the transition between the I; and I, the
effective moment of inertia (I,) was calculated using Eqgs. (18) and (19)
as per ACI 318-19 [32] and CSA-A23.3-142 [39] provisions, respec-
tively. The theoretical load-deflection responses predicted by ACI
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318-19 [32] and CSA-A23.3-142 [39] provisions are compared to the
experimental ones in Fig. 9 and Fig. 10, respectively. The analysis
showed the predicted load-deflection responses by ACI 318-19 [32] and
CSA-A23.3-142 [39] provisions were overall congruent with the
experimental responses, except for the maximum deflection, which was
slightly underestimated by both provisions. CSA-A23.3-142 [39] was
marginally less conservative and more accurate than ACI 318-19 [32] in
predicting the maximum deflection, suggesting that CSA-A23.3-142
[39] is more applicable in predicting the maximum deflection RC beams
made with TWW, RCA, and FA.

5. Conclusions

This study presented experimental and analytical investigations on
the flexural behavior of RC beams made with TWW, RCA, and FA. Four
concrete mixes using different mixing water types (fresh water and
TWW), coarse aggregate types (GA and RCA), and FA replacement ratios
(0% and 20%) were investigated. In addition, four RC beams made from
the four concrete mixes were prepared and tested under a four-point
bend flexure until failure. The study’s findings are summarized in the
following points:

1- The use of TWW and RCA showed no significant influence on con-
crete slump. However, replacing 20% of OPC with FA increased
concrete slump by 53%. In addition, the compressive strength of
concrete was reduced by 6 to 16% when TWW, RCA, and FA were
used. Furthermore, TWW and FA decreased concrete flexural tensile
strength by about 13%, whilst RCA showed no significant effect on
concrete flexural strength.

The use of TWW demonstrated no effect on the number and spacing
of cracks. Nevertheless, the use of FA and RCA resulted in a higher
number of closely spaced cracks. Moreover, the cracking loads were
decreased by 6.7% and 14.3% when TWW and RCA were used,
respectively. Conversely, the addition of FA increased the cracking
loads by 16.7%. Furthermore, the beams’ crack widths and failure
mode were not influenced by the concrete mix. In addition, FA
increased the maximum compressive strain by 12.2%.

TWW decreased the service, yielding, ultimate, and failure loads by
11.4%, 8.3%, 13.7%, and 3.6%, respectively, and increased the mid-
span deflection by 17.1%. Furthermore, TWW decreased the beams’
ductility by 8.7%. Likewise, RCA decreased the service and failure
loads and ductility of the beams by 8.1%, 9.1%, and 15.9%,
respectively. On the other hand, FA decreased the deflections at
yielding and failure by 7.9% and 6.4%, respectively, and negligibly
enhanced the beams’ ductility.

The obtained results were analytically compared with the available
design-guideline equations. The most accurate prediction of the
cracking moments was governed by ACI 318-19, whilst CSA-
A23.3-14 showed the least prediction error for the beams’ ultimate
moments. In addition, CSA-A23.3-14 yielded the most accurate
prediction of the beams’ load-deflection responses.

N
)

N
T

Finally, it should be mentioned that the results obtained from this
study are based solely on the characteristics of the TWW, RCA, and FA
used. Accordingly, further studies should be performed to confirm the
obtained results and to address the influence of TWW, RCA, and FA in
the available analytical formulations in order to accurately predict the
beams’ flexural capacities. It is also recommended to investigate the
long-term durability of RC beams with TWW, RCA, and FA
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