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Since the sustainability of concrete became a very important property in the past decades, 15 mixes of self-compacting concrete
(SCC), as well as control mixes, were examined to find out the effect of replacing natural aggregates with recycled blue glass (RBG)
waste on the rheological properties and permeability of self-compacting concrete. For this purpose, 3 series of SCCs were mixed:
the 1st group replaced the natural aggregate (NFA) with fine recycled waste blue glass (RFWBG), the 2nd group replaced the
natural coarse aggregate (NCA) with coarse recycled waste blue glass (RCWBG), and the last group replaced the natural aggregate
with recycled blue glass (RGA). Each group contains 5 ratios of replacement (0%, 20%, 40%, 60%, 80%, and 100%). The results
showed that the torque increased with the increase in recycled green glass replacement; for instance, it increased from 0.95 for
control mixes to 1.302, 1.384, and 1.459 Nm for 100% replacement in the 1st, 2nd, and 3rd groups. Meanwhile, the permeability
tests include chloride ion permeability (RCPT), a water sorptivity test, and a gas permeability test at 28 days; likewise, this study

showed that these characteristics increase with the increase of recycled blue glass.

1. Introduction

Sustainability is an innovation of new composite matters
which leads to a decrease in the great exhaustion of natural
resources. During the last two decades, considerable de-
velopment has been made to understand the attitude of SCC
toward recycled garbage materials, especially with glass,
since glass has high pozzolanic reactivity and chemical and
physical properties that are approximately similar to natural
aggregates [1].

SCC is a kind of high-performance concrete that, due to
its weight and stability, can flow without any vibration. Since
SCC has a high fill capacity, that property leads to low
honeycomb construction and high-quality structures [1, 2].

Rheology is a science that has many definitions. Mindees
et al. [3] define rheology as the science related to the de-
formation of flow under stress, while rheology is the science
related to the deformation and flow of matter according to
Daczko and Joseph [4]. Also, Cornman [5] defined rheology
as the science of the deformation and flow of materials.

Saak et al. [6] showed that the rheology of concrete is
determined by the fluidity of the matrix and the packing
density, volume, and particle size distribution of the ag-
gregate. They also foundthat the rheology of concrete is
enhanced at a cement paste yield stress and that the viscosity
simply rises sufficiently to avert segregation. However,
segregation resistance is improved for SCC at the highest
yield stress and viscosity during the self-flow zone.

The Bingham model is the best way to define the flow of
concrete mixtures because it assumes that there is a linear
relationship between shear rate and shear stress and cal-
culates initial yield stress.The Bingham model is the most
generally utilized model for clarifying the flow of concrete
mixes. It postulates a linear relationship between shear rate
and shear stress and counts initial yield stress, determining
the flow conductivity of concrete mixes more neatly than
other models. This model demands finding out two factors:
the dynamic yield stress and the plastic viscosity [7].

Fluid rheology is confirmed knowledge that is straightly
useable to the workability of fresh concrete. Yield stress
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explains a lower limit of force wanted to begin the concrete’s
flow. For plain concrete, vibration is that force. Plastic
viscosity could be qualified as the resistance to flow or the
stiffness of fresh concrete [8, 9].

Plain concrete has a higher yield stress than SCC, which
makes SCC easily flowable. Figure 1 shows differences in the
flow curves of plain concrete with various SCC mixes. Be-
cause plain concrete has a high dynamic yield stress, it
requires supplement power in the form of vibration for
compaction after it has been poisoned in various forms. The
SCC mixes have the least dynamic yield stress and compact
under their own weight, but the rheological characteristics
vary depending on the viscosity. The SCC with a high plastic
viscosity will be glutinous and hard to finish, whereas the
mixture with a minimum plastic viscosity will resort to
segregation. So, by utilizing various mix ratios and ad-
mixtures, the best evenness between resistance to segrega-
tion and resistance to segregation has to be realized for
satisfying behavior [10, 11].

Wang and Huang [12] explained that the utilization of
glass accounted for up to 30% of the durability properties of
self-compacting blue glass concretes (SCBGCs) since the
chloride ion penetration decreased to 100 coulombs (C) at
180 days, while Ling et al. [11] produced self-compacting
white cement mortar with 100% recycled glass as sand re-
placement. The results showed that the initial surface ab-
sorption and final water absorption of concrete increased as
the number of glasses increased.

Adhikary et al. [13] reported on the use of expanded glass
as a lightweight in concrete and the different properties of
various types of concrete.

Also, Mehta and Ashish [14] presented the utilization of
fly ash and waste glass as a powder on the workability,
strength, and durability properties of concrete in addition to
microstructural analysis, which was studied.

The purpose of this article is to study the attitude of SCCs
when using recycled blue glass (RBG). For this reason, 16
mixtures of SCBGCs were classified into 3 series, with 5
ratios of replacement used (20%, 40%, 60%, 80%, and 100%)
for each series. The 1% series contained RFWBG as a re-
placement for sand, the 2™ series contained RCWBG as a
replacement for gravel, and the final series contained RBG as
a replacement for both sand and gravel in addition to the
reference mix. The tests utilized in this article are rheology
for fresh SCGCs and hardening concrete, the rapid chloride
penetration test (RCPT), gas permeability, and water
sorptivity at 28 days.

2. Experimental Work

2.1. Materials. In this study, Portland cement used in whole
SCBGCs mixes was ordinary cement denotated as CEM 1
42.5 R, which is identical to the European EN 197-1 [15].
Three different series of SCBGCs were designed with a fixed
water/binder content of 0.35 and binder materials of 570 kg/
m® [16]. Blue bottles have been collected from the garbage
and then cleaned and crushed into a fine and coarse blue
glass. Moreover, fly ash (FA) was used in concrete as a
substitution material by weight of cement at a 20% level. The
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FiGure 1: Flow curves [10].

chemical and physical properties of cement, FA, and RBG
are registered in Table 1. The physical characteristics of RBG
and natural aggregates (NA) were as stated by ASTM C127
[17]. Under this consideration, a superplasticizer (SP) with a
specific gravity of 1.07 was utilized to gain the coveted
workability.

NA was replaced at various levels by the weight of RBG.
In such consideration, recycled fine waste blue glass ag-
gregate (RFWBG) had a particle size of 0-4mm and a
specific gravity of 2.58, while recycled coarse waste blue glass
aggregate (RCWBG) was used with a particle size of
4-11.2mm and a specific gravity of 2.62 (Figure 2). RBG’s
24-hour absorption ability was insufficient and could be
neglected. Meanwhile, river sand-type natural coarse ag-
gregate (NCA) and natural fine aggregate (NFA) stratifying
to the TS 706 EN 12620-A1 [18] were utilized. The ultimate
sizes of NCA and NFA were 16 and 4 mm, while their 24-
hour absorption abilities were 0.77% and 1.09%, respec-
tively. However, the physical control of RBG displayed a
sharp edge, smooth surfaces, and an angular shape. The
physical properties and sieve analysis of the aggregates
utilized in this investigation appear in Table 2. For this, 16
different SCBGC mixes were prepared, as presented in
Table 3.

2.2. Test Procedure. Rheology deals with the relationships
between strain, stress, rate of strain, and time [20]. One of
the pioneers of concrete rheology was Tattersall, and he
invented the way to describe the behavior of fresh concrete
using the Bingham model [21], as shown in Figure 3. The
next equation was used to calculate the shear stress for each
mix:

t=t,+uy (1)

where t denotes the shear stress [Pa], f, is the yield stress
[Pal],  is the plastic viscosity [Pa-s], and 9 is the shear rate
[s77].

The rapid chloride permeability test (RCPT), as rec-
ommended by ASTM C1202, was utilized to locate the
resistance of concrete to the permeation of chloride ions
[22], as shown in Figure 4.

The sorptivity test measured the rate at which water is
pulled into the pores of the concrete, as demonstrated in
Figure 5.
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TaBLE 1: Characteristics of cement, blue glass, and fly ash.

Chemical analyses (%) Cement Fly ash  Blue glass
CaO + MgO 67.16 4.63 8.15
SiO, 19.80 57.20 74.91
ALO; 3.87 24.40 0.05
Fe,05 418 7.10 0.03
Na,O — 0.38 15.72
B,0; - - 0.6
A5203 — — 0.244
CoO — — 0.45
Other oxides 2.35 2.65 —
Loss on ignition 0.89 1.50 —
Specific gravity 3.15 2.04 2.6
Specific surface area (m?/kg) 326 379 —

In the gas permeability test, the coefficients of apparent
oxygen gas permeability are specified, as stated by RILEM
[23], on totally dry specimens. As shown in Figure 6. Stratify
the next equation on each specimen to calculate apparent gas
permeability, and after the average of two specimens, we
obtain Ki=2P,QLu/A (P, —P,)% where K is the gas per-
meability coefficient (m?), P, represents the inlet gas pres-
sure (N/m?), P, represents outlet gas pressure (N/m?), A
represents the cross-sectional area of the specimen (m?), L
represents the height of the specimen (m), y represents the
viscosity of oxygen (2.02 x 107> Nsn/m?), and Q represents
the rate of flow of an air bubble (m®/s).

3. Results and Discussion

3.1. Rheology Test. Figures 7(a)-7(c) represent the torque
and rotational speed obtained from the ICAR rheometer for
the 1%, 2", and 3" series compared to the ref. mix. It can be
noticed that the torque values increased with the increase in
RBG since the rotational speeds stayed the same for each
mixture. However, there is a relationship between the torque
values and the amount of RBG. The torque values increased
as the amount of RBG increased. For example, the torque
values in mix 1 (ref. mix) were 0.95 compared to 1.302 Nm in
mix 6. Also, from Figures 7(a)-7(c), it appeared that the
intensity of shear thickening became remarkable whenever
RBG was present and/or its content increased, particularly
between 80% and 100% replacement levels. Moreover, series
no. 1 was less susceptible to shear thickening compared with
other series.

The rheology results declared that the yield stress values
of the tested SCBGCs were less than 10 Pa. However, the
plastic viscosity of SCBGCs changed between 36.3 and
52.3 Pa.s for the ref. mix and full replacement of BG con-
crete, respectively.

3.2. Rapid Chloride Permeability Test (RCPT). Figure 8
shows the results of the rapid chloride permeability
test, which was carried out on the average of 3 samples at
28 days’ age for SCBGCs. As illustrated in Figure 8, the
conclusions of the RCPT of SCBGCs categorized these
mixes as moderate according to ASTM C1202 [22]. From
Figure 8, the results obtained show an inverse

relationship between the amount of RBG and the total
charge passed. For paradigm, the total charges passed
over the ref. mix (mix 1) were 2074.89 coulombs, com-
pared to the total charges passed of 3130.308, 3326.74,
and 3512.4 coulombs for the 1%, 2°¢, and 3" series for
100% replacement of RBG (mix 6, mix 11, and mix 16).
This attitude may refer to the existence of microcracks
inside recycled blue glass during the pulverizing process.
Figure 8 also shows that the total charge passed through
series no. 2 and 3 was more than the total charge passed
through series no. 1. For instance, the total charge passed
through the 1% series was 33.7%, compared to 37.6% and
40.9% in series nos. 2 and 3, respectively. This attitude
may be due to the rise in the size and amount of
microcracks due to the particles of RBG.

3.3. Sorptivity Index. The average of water motion inside the
concrete specimens beneath the action of capillary strengths
is the definition of the water sorptivity test [25]. Figure 9
represents the sorptivity coefficient of SCBGCs in the av-
erage of 3 samples at 28 days, accounting for the type and
substitution ratios of recycled blue glass. The test results
showed that the substitution of BRG instead of NA hurt the
sorptivity coefficients. For instance, the sorptivity coefficient
for ref. mix (mix no. 1) was 0.07 mm/min®® compared to
(0.096, 0.1006, and 0.1076 mm/min®°) at 100% substitution
of fine, coarse, and both (mix 6, mix 11, and mix 16), re-
spectively. Since the blue recycled glasses have a corner
shape and an acute rim, which leads to a rise in the quantity
of air, resulting in a rise in the porosity due to a rise in the
continuity and quantity of air inside the concrete structure,
this rising of sorptivity may be due to capillary absorption of
SCBGCs.

3.4. Gas Permeability. The apparent gas permeability has
been studied, as mentioned by the Hagen-Poiseuille
connection for the laminar flow of a compressible fluid
inside a porous body with small capillaries under stable-
status conditions [24]. As per the demand of RILLIM [23],
the average of 2 samples according to RELIM of the gas
permeability coefficient was determined by using 150, 200,
and 300 kPa inlet pressures. Figure 10 illustrates the gas
permeability coefficients of SCBGCs tested at 28 days.
From Figure 10, it can be seen that the gas permeability
coefficient rises with the increments in recycled junk blue
glass quantity. For instance, the gas permeability coeffi-
cient of ref. mix (mix no. 1) was 1.9787x107'*m?
matched to 5.84 and 6.254x107'°m?> for 100% replace-
ment of NFA (series no. 1) and NCA (series no. 2). For
both substitutions (series no. 3), the gas permeability
coefficient was 5.3528 x 10" m* for an 80% replacement.
Since the amount of air was very large for
RFBGA100RCBGA100 substitutions (Mix 16, 100%
substitution of naturally fine and naturally coarse ag-
gregate by RFBGA and RCBGA), it cannot be calculated. It
could be noticed that the same direction of the sorptivity
index was coming back for gas permeability coefficients.
This attitude is due to raising the size of pores and pore
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FIGURE 2: Recycled glass coarse and fine aggregate.

TaBLE 2: Physical characteristics of natural and glass aggregates [19].

. . Natural aggregate Glass aggregate
Sieve sizes (mm)
NFA NCA RFWBG RCWBG
16 100 100 100 100
8 100 30.40 100 24.10
4 100 0 100 0
2 58.13 0 51.57 0
1 37.20 0 30.89 0
0.5 24.24 0 10.63 0
0.25 8.70 0 343 0
0.125 0 0 0 0
Fineness modulus 3.72 6.70 4.03 6.76
Specific gravity 2.39 2.69 2.53 2.55
TaBLE 3: Concrete mixture proportions.
Vol. fraction (%)
Series no Mix. no Mix ID Fine aggregate Coarse aggregate SP (kg/m?)
NFA RFGBA NCA RCBGA
Ref Mix 1 RFGBA 0 RCBGA 0 100 0 100 0 4.45
Mix 2 RFGBA 20 RCBGA 0 80 20 100 0 4.39
Mix 3 RFGBA 40 RCBGA 0 60 40 100 0 4.22
Series no. 1 Mix 4 RFGBA 60 RCBGA 0 40 60 100 0 4.13
Mix 5 RFGBA 80 RCBGA 0 20 80 100 0 3.99
Mix 6 RFGBA 100 RCBGA 0 0 100 100 0 3.88
Mix 7 RFGBA 0 RCBGA 20 100 0 80 20 4.39
Mix 8 RFGBA 0 RCBGA 40 100 0 60 40 4.33
Series no. 2 Mix 9 RFGBA 0 RCBGA 60 100 0 40 60 4.33
Mix 10 RFGBA 0 RCBGA 80 100 0 20 80 4.29
Mix 11 RFGBA 0 RCBGA 100 100 0 0 100 4.28
Mix 12 RFGBA 20 RCBGA 20 80 20 80 20 4.28
Mix 13 RFGBA 40 RCBGA 40 60 40 60 40 4.10
Series no. 3 Mix 14 RFGBA 60 RCBGA 60 40 60 40 60 3.99
Mix 15 RFGBA 80 RCBGA 80 20 80 20 80 3.88

Mix 16 RFGBA 100 RCBGA 100 0 100 0 100 3.76
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structure in concrete with an increment of the recycled  because of the low absorption of recycled blue glass. This
blue glass quantity since the glass has a corner shape and  surplus water turns into air pores within the concrete
acute rim. Also, supposedly, there is a different cause for  structure when the samples enter the oven, which leads to
the existence of water in surplus of the need for concrete  a rise in gas permeability coefficients.



8 Journal of Engineering

0.115 (iv) A cumulative increment was noticed in the chloride
ion penetration of the SCCs with the rising recycled
0.105 - blue glass aggregate quantity at 28days of test
2 results.
E 095 4 e (v) Because of the existence of recycled blue glass
é aggregate in the concrete, porosity is badly influ-
5 enced. As a result, the SCBGCs’ water sorptivity
g 0.085 1 values increased.
3 (vi) Increment in the quantity of recycled blue glass
0.075 7 aggregate results in an increment in the apparent
' gas permeability of SCC.
0.065 T i i i (vii) From the abovementioned conclusions, it will be
0 20 40 60 80 100

clear that the use of RFWBG at 20% does not lead to
Replacement a significant decrease in the permeability properties

of self-compacting concrete containing RBG.
—o— Series No.1

Series No.2

Data Availability

—A— Series No.3
All data used to support the findings of the study can be

FIGURE 9: Water sorptivity variations of SCBGCs. . .
PHVIY obtained from the corresponding author upon request.

8 Conflicts of Interest
. The authors declare that they have no conflicts of interest.
) References

x10°% (m?)

[1] O. M. G. Al-Kerttani, “Fresh and shrinkage properties of self-
5 compacted concrete when using recycled glass as aggregate,”
Structural Concrete, vol. 19, no. 4, pp. 1245-1254, 2018.

[2] D. K. Ashish and S. K. Verma, “Determination of optimum
0 - mixture design method for self-compacting concrete: vali-

20 40 60 80 100 dation of method with experimental results,” Construction
and Building Materials, vol. 217, pp. 664-678, 2019.

Apparent gas permeability coefficient

(%) of Replacement

[3] S. Mindess, J. Young, and D. Darwin, Concrete, pp. 135-138,

m Ref. = Series No.2 Prentice-Hall, New Jersey, NJ, USA, Second edition, 2003.
Series No.1 = Series No.3 [4] J. Daczko and A. Joseph, “Overview of self-consolidating
concrete,” in Proceedings of the Transportation Research
FIGURE 10: Gas permeability variations of SCBGCs. Board, 84th Annual Meeting, p. 28, Washington, DC, USA,

January 2005.

[5] C. Cornman, “Properties of self consolidating concrete in the
fresh state, W. R. Grace and Co,” in Proceedings of the TRB
84th Annual Meeting - Advances in Self-Consolidating Con-
crete, p. 22, Washington, DC, USA, January 2004.

[6] A.W. Saak, H. M. Jennings, and S. P. Shah, “The influence of

(i) The anatomy of the results acquired from the re- wall slip on yield stress and viscoelastic measurements of
lationship between the rotational speed and torque cement paste,” Cement and Concrete Research, vol. 31, no. 2,

display showed that increasing RBG content led to pp- 205-212, 2001. =~ )
higher torque values. [7] S. T. Erdogan, Determination of aggregate shape properties

using x-ray tomographic methods and the effect of shape on

4. Conclusions

Many conclusions were drawn from the results of the ex-
perimental investigation, as given in the following:

(ii) The results based on Bingham models detected that concrete rheology, the University of Texas, Ph.D. Thesis, 2005.
the shear-thickening attitude became more distinct [8] E. P. Koehler and D. W. Fowler, Development of a Portable
if RBG content increased in the SCC mixtures. Rheometer for Fresh Portland Cement Concrete, Aggregates

(iii) Test results on the rheologi'cal attitude qetegted that FX;;%?;?%;TH dng}\l;l:’loggk’ 1;83?“}1 and  Education
the flow curves were not linear, resulting in lower « . .

han 10 Pa vield hich ded [9] C.F. Ferraris, “Measurement of the rheological properties of
than a yleld stresses, which are recommendes high performance concrete: state of the art report,” Journal of
for Rerfect self-flow RBG Coqcretes. Thls affair is Research of the National Institute of Standards and Technology,
very important and provides high potential for such vol. 104, no. 5, p. 461, 1999.

concerts to be utilized for wider structural [10] Icar, ICAR Rheometer User’s Manual, ICAR, New Delhi,

purposes. India, 2008.



Journal of Engineering

[11] A.-B. R. Khaleel, Mechanical performance of self -compacting
glass concrete and its application in concrete filled steel tubular
members under compression, PhD. Thesis, Gaziantep Uni-
versity, Gaziantep, Turkey, 2017.

[12] H.-Y. Wang and W.-L. Huang, “A study on the properties of
fresh self-consolidating glass concrete (SCGC),” Construction
and Building Materials, vol. 24, no. 4, pp. 619-624, 2010.

[13] S. K. Adhikary, D. K. Ashish, and 7. Rudzionis, “Expanded
glass as light-weight aggregate in concrete — a review,” Journal
of Cleaner Production, vol. 313, Article ID 127848, 2021.

[14] A. Mehta and D. K. Ashish, “Silica fume and waste glass in
cement concrete production: a review,” Journal of Building
Engineering, vol. 29, Article ID 100888, 2020.

[15] Ts En 197-1, Cement- Part 1: Composition, Specifications and
Conformity Criteria for Common Cements, Turkish Standards,
Ankara, Turkey, 2002.

[16] D. K. Ashish and S. K. Verma, “An overview on mixture
design of self-compacting concrete,” Structural Concrete,
vol. 20, pp. 371-395, 2018.

[17] Astm C 127, “Standard test method for specific gravity and
absorption of coarse aggregate,” in Annual Book of ASTM
Standards, ASTM Standards, West Conshohocken, PA, USA,
2007.

[18] Ts 706 En 12620-Al, Aggregates for concrete, Institute of
Turkish Standards, Ankara, Turkey, 2009.

[19] R. K. Al, O. Al, and I. T. Kadhim, “Strengths and failure
characteristics of self-compacting concrete containing recy-
cled waste glass aggregate,” Advances in Materials Science and
Engineering, vol. 2017, Article ID 6829510, 12 pages, 2017.

[20] A. Hocevar, F. Kav¢i¢, and P. V. Bokan-Bosiljkov, “Rheo-
logical parameters of fresh concrete — comparison of rhe-
ometers,” Gradevinar, vol. 65, no. 2, pp. 99-109, 2013.

[21] G. H. Tattersall, Workability and Quality Control of concrete,
E&FN Spon, London, UK, 1991.

[22] Astm International and Astm C1202, Standard Test Method

for Electrical Indication of concrete’s Ability to Resist Chloride

Ion Penetration, ASTM Standards, West Conshohocken, PA,

USA, 2009.

Rilem and Tc 116-Pcd, “Permeability of concrete as a criterion

of its durability,” Materials and Structures, vol. 32, pp. 174

179, 1999.

M. Gesoglu, H.0.0z ErhanGiineyisi, M. TanerYasemin, and

ThsanTaha, “Durability and shrinkage characteristics of self-

compactin concretes containing recycled coarse and/or fine

aggregates,” Advances in Materials Science and Engineering,

Hindawi Publishing Corporation, vol. 2015, Article ID 278296,

18 pages, 2015.

P. Suvash and Z. Gideon, “Mechanical and durability prop-

erties of recycled concrete aggregate for normal strength

structural concrete,” International Journal of Sustainable

Construction Engineering & Technology, vol. 4, no. 1,

pp. 89-103, 2013,

[23

[24

[25





