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ABSTRACT

The potential utilization of fine glass powder (GP) as an eco-cementing material in
concrete was experimentally investigated based on the strength, durability, and interface bond
characteristics. The current research utilized hybrid GP, combining two micron-sized GPs with
different particle sizes in equal proportions, to produce well- graded mixes of M30, M40, and
M50. Strength and performance characteristics were experimentally investigated to arrive at a
better partial replacement level of cement with hybrid GP. The shear strength of hybrid GP
concrete cubes with substrates and repair material of different concrete mixes was also
examined. Interface bond strength was evaluated by conducting the slant shear test on concrete
prisms with the normal concrete as a substrate and hybrid GP concrete as an overlay. Analyses
of the hardened properties revealed that 30% hybrid GP substitution produced the highest
compressive strength. The GP concrete mixes exhibited improved performance in the durability
indicators like sorptivity, chloride permeation, and moisture movement, but show a marginal
increase in drying shrinkage. Tests on the application of hybrid GP concrete as an overlay
concrete with conventional concrete as a substrate show a considerable improvement in the
interface shear bond characteristics. The studies confirm the recyclability of waste GP as a
partial substitute for cement in repair works.

Keywords: Durability characteristics; Glass powder; Glass recycling; Mechanical properties;
Supplementary cementing material

1. Introduction its mechanical and durability properties [1-

Feasibility of glass powder (GP) as a 12]. Recent works on the performance of GP
partial cement replacement material in concrete focused on the exposure of GP
mortar and concrete was revealed by several concrete to heat curing [13], resistance of
authors during the past decade by evaluating GP concrete to elevated temperatures [14],
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dissolution of calcium and sodium ions from
GP by the new mixing method [15, 16],
behavior of foam concrete with GP [17],
hygrothermal  properties of  concrete
containing GP [18], influence of GP in both
ultra-high-performance concrete [19] and
self-compacting concrete mixes [20], and the
combined effects of GP with other
supplementary ~ cementitious  materials
(SCM) like silica fume [21], fly ash [22],
ground granulated blast-furnace slag
(GGBS) [23], waste granite powder [24],
waste E-plastic [25] etc., engrossed the
researchers to explore furthermore about the
GP composite concrete. Critical review of
waste GP as a cementing material by Jiang et
al. discussed the effectiveness of GP in
cement-based materials, cement-less
composites, in sintering products and in heat
storage material [26]. The interface bond
strength and slant shear failure mode are
significant factors that need to be explored
before its application in the concrete sector.
Utilisation of waste glass as a building
material is studied in the present
investigation due to the commendable
properties which were reported in the past
research. The hydration of cement leads to
the formation of calcium silicate hydrate
(CSH) crystals and portlandite (Ca(OH),).
Among the hydration products, CSH which
imparts strength to the concrete is highly
preferable. One of the facts is that the
durability of concrete is adversely affected
due to crack formation caused by the
leaching of calcium [27, 28], while another
fact is that the reaction of calcium with
sulphates leads to the formation of CaSO4
which in excess is detrimental to concrete
[29]. Hence, to overcome the limitations of
ordinary Portland cement, silica- rich
blending materials which contribute to the
generation of CSH crystals are greatly
advisable for producing a durable high
strength concrete. Dense microstructure of
the cement paste containing GP with high
pozzolanic activity was observed due to the
formation of CSH structure with a low
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calcium/silicon ratio [30]. Therefore, non-
degradable fine GP, rich in silica, having
different particle sizes is considered as a
partial substitute for cement in the current
study to enhance the strength and durability
characteristics.

In order to strengthen the existing
concrete or in repair work, new concrete
must be placed over the prepared surface of
old concrete. Hence determination of
adhesion of the repair materials to the
existing concrete is of utmost importance in
ensuring good bond strength of repaired
structures. Since the bond plane forms the
weakest link of the repaired concrete
structure, parameters like strength of the
interface  bond, interface angle and
composition of both the substrate and overlay
of the repaired concrete structures greatly
influence its durability. Previous studies of
the interface bond characteristics between
light- weight aggregate concrete and normal
density concrete [31], self-compacting
concrete and normal concrete [32], fly ash
based alkali activated concrete and Portland
cement concrete [33], ultra- high reactive
powder and fiber reinforced concrete [34],
epoxy resin concrete and normal strength
concrete [35], engineered cementitious
composites and ordinary concrete substrate
[36] demonstrate that the bond strength
depends on the composition and the
compressive strength of the overlay concrete.
In 1978, Tabor was the first to propose a slant
shear test for the evaluation of the bond
strength of prismatic specimens [37]. The
composition of the concrete used for the
repair material affects the interface concrete
strength. Julio et al. mentioned that the added
concrete and the concrete substrate having
the same compressive strength cause an
increase in the bond strength [38]. Saldanha
et al. observed higher interface shear strength
values for high-density specimens compared
to the specimens with light weight aggregate
concrete [39]. Previous studies revealed that
the interface bond strength depends upon the
adhesion and friction along the concrete
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interface [31, 33, 40]. Gomaa et al. studied
the effects of interface angle on the frictional
resistance and failure pattern considering
alkali activated concrete as the repair
material [33]. Austin et al. suggested that the
interface angle of the bond plane influences
the ultimate load and failure pattern of the
test specimen [41]. A cohesive failure pattern
was noticed for the specimens with the
lowest interface angle [42] and with an
increased surface roughness [38]. Julio et al.
noticed the cohesive failure pattern of slant
shear specimens with different compressive
strength, but observed adhesive failure for
the specimens having the same compressive
strength [43]. Later on, Santos and Julio
found that both differential shrinkage and
differential stiffness influence the bond
strength of the slant shear test specimens.
[44]. The interface bond plane under
compression loading has both the
compression and shear stresses due to the
sliding of the top and bottom prisms at the
concrete-to-concrete joint [45, 46]. Thus, the
stress state acting on the bond plane affects
the bond strength significantly. The shear
force and the difference in the shrinkage
between the old substrate and the new repair
material produced shear stresses at the
interface [47]. Tensile and shear stresses are
induced in the repair material due to
restrained shrinkage [48, 49]. The shrinkage
of repair material or overlay can cause cracks
or debonding in the structure, reducing load-
carrying capacity and interface bonding,
ultimately leading to failure [50]. It is also
reported that the incompatibility between the
repair material and the concrete arising from
the high shrinkage levels results in the failure
of a repair material [51]. Studies conducted
by Sun et. al revealed that among the various
bond tests like direct tensile, slant shear and
push-out tests, the highest bonding strength
is for the slant shear test [35]. Due to the
better reliability of the slant shear test results
[46,47,52], it is considered as an appropriate
method to determine the interface shear bond
strength in concrete. Hence the slant shear
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test was chosen in the present study for
measuring the interaction of GP concrete in
the bond plane.

Though strength is the primary
factor of concern for concrete structures,
durability has a significant role in the
serviceability of the structures. Hence the
present study considered both strength
evaluation and determination of durability
parameters  like  sorptivity,  chloride
penetrability, drying shrinkage and moisture
movement of the hybrid GP concrete. No
standard test methods are available to
determine the shear strength of concrete
cubes. The present study attempts to evaluate
the shear strength of concrete cubes
consisting of substrates and a repair material
with hybrid GP concrete since it is not
available in any past research. From the
literature, it is seen that the slant shear test is
one of the possible methods to assess the
interfacial bond characteristics in concrete.
In the shear cube test, failure occurs along
two shearing surfaces under a compressive
load application, while in the slant shear test
failure occurs along an inclined plane slanted
at an angle of 30°. A combined effect of shear
and compression is encountered while
conducting the shear tests.

Factors like the compressive
strength of both the substrate concrete (old
layer) and the overlay concrete (new layer),
density of concrete and the inclination of the
bond plane with the loading axis influence
the bond characteristics. However, there is a
lack of information in the literature regarding
the bond effects of the GP concrete when
used as an overlay concrete. Hence, the
present study is intended to investigate the
bonding between the concrete containing
hybrid GP and the normal concrete (GP0) by
conducting a slant shear test. Tests were
conducted on specimens with three concrete
mix grades cured for seven and twenty-eight
days. Since the study focuses on the
determination of interface shear bond
behavior of GP concrete, the angle of the
interface bond plane was kept at 30° with the
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vertical plane for all the slant shear test
specimens to enforce adhesive failure in the
GP specimens.

A wider range of analyses were carried
out in the experimental program for studying
the effect of hybrid GP in the interface bond
strength characteristics of concrete. The
objectives include:

i) To assess the mechanical properties of
M30, M40 and M50 grades of concrete mixes
simultaneously incorporating hybrid GP, two
grades of GP in equal proportions (GP1:GP2
=0.5:0.5), as a partial cement substitute at 10
% increment by weight of cement for each
mix, till the attainment of better cube
compressive strength.

ii) To evaluate the durability characteristics
like sorption, chloride permeability, drying
shrinkage and moisture movement at the
same cement replacement levels and in the
same concrete mix grades as above.

iii)) To determine the interface shear bond
strength and slant shear failure mode of the
concrete composite specimens with normal
concrete (M30) as substrate and an overlay of
hybrid GP concrete with cement replacement
level providing better strength and durability
characteristics.

1.1 Research significance

Due to urbanization, the usage of glass
is increasing tremendously resulting in the
generation of a huge amount of waste glass.
On account of the high recycling cost
associated with the production processes of
the waste glass to produce new glass, it is
better to reuse waste glass as a concrete
ingredient which requires only crushing the
decontaminated waste glass in a ball mill to
the required size. Hence, a mass volume of
waste glass could be consumed by its
utilization in the concrete sector focusing on
a circular economy. Several studies were
done on GP concrete for the determination of
mechanical and durability properties.
However, investigation of concrete
containing GP on the shear strength of
concrete cubes, or the interface bond strength
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of GP concrete for its application in repair or
strengthening works or as an overlay for
pavement construction has not been carried
out. In the present study, strength of
composite GP concrete cubes in shear with
normal concrete as substrate (M30) and
hybrid GP concrete of different mix grades
(M30, M40 and M50) as repair material are
evaluated. Hybrid GP, which was obtained
by the combination of two particle sizes of
GP in equal proportions (GP1:GP2
0.5:0.5), was used to improve the filling
effect of the microstructure. To compare the
shear performance, specimens were also cast
with M30 grade concrete as substrate and
different mix grades as overlay concrete
(M30GP0O, M40GP0, MS50GP0). The
behavior of GP concrete as an overlay
concrete is not well-established, and the
concrete structures usually encounter a
combination of shear and compressive
stresses; hence, the present study attempts to
evaluate the bonding strength between
concrete-to-concrete  interface containing
hybrid GP by conducting a slant shear test. In
brief, the present investigation aims at
studying the effect of utilizing hybrid GP
concrete for repair purposes and as an
overlay material by assessing the interfacial
shear bond strength and slant shear failure
mode of concrete comprising normal
concrete of M30 grade as substrate, and
normal as well as hybrid GP concretes
having different compressive strengths as an
overlay. Furthermore, the repair or overlay
material should exhibit adequate strength and
durability apart from its interface bond
strength for ensuring the serviceability of
repaired concrete constructions. Hence it is
imperative to verify the strength and
durability characteristics in addition to the
interface bond strength of the hybrid GP
concrete.

2. Materials and Methods

2.1 Microanalysis of cementing materials
Cementing materials used consisted of

53-grade  ordinary  Portland  cement
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(designated as PC) according to ASTM
C150:2015 [53] and commercially available
GP with different fineness (designated as
GP1 and GP2). The two grades of GP were
included in the mix design to produce a well-
graded mix with increased packing density.
Manufactured sand (M-sand) of specific
gravity 2.65 was used as fine aggregate due
to its increased usage in the production of
concrete than river sand. The fine aggregate
conformed to zone II according to IS
383: 2016 [54]. The coarse aggregate
complying IS standards [55] had a maximum
size of 20 mm and a specific gravity of 2.7.
CERA Hyperplast XR-W40 having a
specific gravity of 1.2 was used as the
superplasticiser.

Physical properties of the cementing
materials comply with the ASTM
specifications [53] and are tabulated in
Table 1. Scanning electron microscopy
(SEM), X-ray diffraction (XRD), carbon-
hydrogen-nitrogen (CHN) analysis, energy-
dispersive  X-ray spectroscopy (EDS),
particle size analysis (PSA), loss on ignition
(LOI) and thermogravimetric analysis
(TGA) were performed to find the
microstructural features like the
morphological characteristics, amorphous
nature, fine particle size, reduced surface
area, non-evaporable water content, mass
loss and thermal behavior of the cementitious
materials used in the experimental analyses.

Table 1. Physical properties and elemental
composition of cement and glass powders.

Properties PC GP1 GP2
Specific gravity 3.15 2.73 2.7
Specific  surface 41905 3566 13606
area (m“/kg)

Mean particle size 2755 3157 738
(um)

Loss on ignition

%) 2.8 1.8 1
Si02 (%) 21.9 77.2 72.6
CaO (%) 64.5 7.65 9.98
Fe203 (%) 3.66 0 -
NaxO (%) 0.3 9.39 13.57
ALO;s (%) 3.67 1.2 1.02
MgO (%) 0.78 221 3.83
K20 (%) 1.47 0

SOs (%) 4.06 0

Fig. 1 provides the results of the analyses.
SEM images (

Fig. 1 la) reveal that GP2 specimen is
compact due to its larger surface area and
smaller particle size relative to GP1 and PC.
Both GP particles exhibit smooth surfaces,
while the cement particles exhibit size
variations and irregular shapes. The XRD
spectra (

Fig.1 1b) of GP1 and GP2 show broad peaks,
indicating their amorphous nature, whereas
the narrow peaks of PC indicate its
crystalline nature. Particle size distribution in
Fig. 11c displays well-graded curves for PC,
GP1 and GP2, representing a uniform
distribution of particles for all cementing
materials. Thermogravimetric analysis
(TGA) shown in

Fig. 11d reveals the decomposition of the
cementing samples up to 800 °C temperature
exposure. The results indicate that the GP
particles exhibit higher resistance to high-
temperature exposure compared to PC. CHN
analysis (

Fig. 1le) demonstrates lower levels of
carbon, hydrogen and nitrogen in GP1 and
GP2 compared to PC. This low CHN content
in GP1 and GP2 contributes to decreased
GHG emissions and promotes environmental
sustainability.
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d)TGA graph e) CHN analysis

Fig. 1. Microstructural features of cementing
materials.

It can be seen that the results of the
microstructural analysis of both the GP
particles are better or comparable to that of
the ordinary Portland cement. The elemental
composition of the cementing materials from
EDS analysis is displayed in

Table 11. It is obvious from the sample
analysis that the two grades of GP samples
used in the current experimental investigation
are micron-sized, amorphous, silica-rich

sustainable materials and hence an
appropriate partial substitute for cement.

2.2 Mix proportioning of concrete
composite

Concrete mixes of M30, M40 and
M350 grades were designed according to IS
10262 [56]. Details of the mix proportions
with different percentage levels of GP are
tabulated in

Table 2. The concrete composite mixes
with 0 %, 10 %, 20 %, 30 %, and 40 % by
weight of GP are designated as GPO, GP10,
GP20, GP30, and GP40, respectively.

Table 2. Details of concrete mix proportions (for 1 m?).

Glass Powder (kg) Fine Coarse

. . Cement . w/b

Designation aggregate aggregate Superplasticizer (kg) .
(kg) GP1 GP2 ratio

(kg) (kg)

M30 GPO 319.4 0 0 697.3 1171.5 1.6 0.48
M30 GP10 287.46 15.97 15.97 697.3 1171.5 1.6 0.48
M30 GP20 255.52 31.94 31.94 697.3 1171.5 1.6 0.48
M30 GP30 223.58 4791 4791 697.3 1171.5 1.6 0.48
M30 GP40 191.64 63.88 63.88 697.3 1171.5 1.6 0.48
M40 GPO 368.8 0 0 651.2 1163.4 1.84 0.4
M40 GP10 331.92 18.44 18.44 651.2 1163.4 1.84 0.4
M40 GP20 295.04 36.88 36.88 651.2 1163.4 1.84 0.4
M40 GP30 258.16 55.32 55.32 651.2 1163.4 1.84 0.4
M40 GP40 221.28 73.76 73.76 651.2 1163.4 1.84 0.4
M50 GPO 388.2 0 0 641 1157.4 1.94 0.38
M50 GP10 349.38 19.41 19.41 641 1157.4 1.94 0.38
M50 GP20 310.56 38.82 38.82 641 1157.4 1.94 0.38
M50 GP30 271.74 58.23 58.23 641 1157.4 1.94 0.38
M50 GP40 232.92 77.64 77.64 641 1157.4 1.94 0.38

To obtain a well-graded mix with
high packing density, the mean particle size
of GP1 and GP2 obtained from PSA (size
31.57 and 7.80 um, respectively), within the
range of particle size of cement particles
(27.60 um) was used. Combination of the
different grades of cementing particles used
in the study resulted in a compact concrete
mix with reduced voids, as smaller-sized
particles fill the space between larger-sized
particles.

2.3 Workability of concrete

Workability of the fresh concrete mix
was measured by conducting a slump cone
test based on ASTM C143-3:2003 [57].
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2.4 Evaluation of mechanical properties

The cube compressive strength,
flexural strength and split tensile strength
were obtained from tests according to IS
516:2018 [58] using cube (150 mm sides)
and prism (100 x 100 x 500 mm)
specimens. Cylindrical (150 x 300 mm)
specimens were used for obtaining the
indirect tensile strength [58].

2.5 Evaluation of density of concrete
Mass of the oven-dried concrete
cubes at 28-days age was recorded for the
evaluation of density of GP concrete
specimens. Density was calculated by
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taking the ratio of mass to volume in
compliance with ASTM C642:2013 [59].

2.6 Evaluation of durability
characteristics

2.6.1 Sorptivity

Three identical specimens were

prepared corresponding to each proportion of
the mix (Fig. 2(a)). The curved surface of the
pre-conditioned specimens was sealed as in
Fig. 2(b) to enable one-dimensional sorption
during immersion in water and the initial
mass of the samples was taken. A schematic
diagram of the test setup for conducting the
sorptivity test following ASTM 1585-
04:2007 [60] is shown in Fig. 2(c). The
specimens were supported on rods to allow
uniform exposure to water across the exposed
surface with the intention of maintaining the
water level at a depth of 5 mm as shown in
Fig. 2(c). The gain in mass was observed
initially at regular intervals of 1, 5, 10, 20, 30,
and 60 minutes, then at an interval of 1 hour
up to 6 hours, and later, at an interval of 1 day
for up to 8 days. Finally, the water absorption
and sorptivity were calculated using
equations Egs. (2.1)-(2.2) respectively.

_ Am
axd’

I
@.1)

where [ is water absorption of the tested
specimen in mm, Am is increase in mass of
the tested specimen in grams, a is contact
area in mm’> and d is density of water -
0.001g/mm’.

2.2)

where S is Sorptivity coefficient in mm/s",

a) Surface sealed specimens b)—Speéimens on rods
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| 100 mm ‘ Sealing material

Pan

mm
1 to 3 mm
| —

Specimen support

c) Sogpl‘iyity test setup ASTM 1585-04:2007

d) Vacuum saturation
Fig. 2. Durability test setup and conditioned test
specimens.

e) RCPT test setup

2.6.2 Rapid Chloride Penetration
Test (RCPT)

Cylindrical specimens with 100 mm
diameter and 200 mm depth were cut into
50 mm thick slices as illustrated in Fig. 2(a)
and the surface was coated with epoxy to
prevent the loss of moisture. The specimens
were subsequently set to vacuum saturation
with de-aired water as shown in Fig. 2(d).
Then the specimens were placed in the
RCPT setup, where one face of the sample
was in contact with a 0.3 N NaOH solution
and the other face was in contact with a
solution containing 3% NaCl as shown in
Fig. 2(e) and tested according to ASTM
C1202:2012 [61]. A potential difference of
60 V was maintained between the cathode
(NaCl) and anode (NaOH) solutions, and
the flow of electric charge was noted for 6
hours at an interval of 30 minutes. The total
charge transmitted through the specimen
was obtained using expression Eq. (2.3):

OQ=900(1, + Lygy +2(Lyy + I + Loy +++++ Iy, ),
2.3)

where Q is charge passed and / is current
passed in i minutes.

2.6.3 Drying and

moisture movement tests

shrinkage
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For conducting the drying shrinkage
test, ten concrete blocks (500 x 150 x 200
mm) of M30, M40 and M50 concrete mix
with hybrid GP varying up to 40 % were cast
and water-cured for 28 days. Three prisms of
size 75 x 75 x 150 mm were cut from each
concrete block and steel balls of 5 mm
diameter were cemented at the centre of both
ends of each specimen in accordance with IS
2185-1:2005 [62]. The specimens were then
immersed in water for four days and were
taken out and the initial length of each wet
prism sample was measured using the length
comparator to an accuracy of 0.0025 mm as
shown in Fig. 3 (a). Then, the specimens were
kept in a drying oven for 44 hours (Fig. 3 (b)).
The length of the specimens was measured
after cooling for four hours in a desiccator
and the difference between the wet and dry
length as a percentage of dry length was
calculated. Similarly, the moisture movement
test was conducted on the same specimens
after being immersed in water for 4 days,
complying with IS 2185-1:2005 [62].

a) Test setup

b) Specimens in drying oven

Fig. 3. Drying shrinkage test.

2.7 Evaluation of bond by shear test

Shear tests were performed on 150 mm
size shear cube specimens having 25 mm
projections at the centre of one face and a
cavity of 25 mm deep at the centre on the
opposite face, both throughout the width of
the specimen as shown in Fig. 4(a).

The casting of the shear cubes was
done in two steps. Initially, two substrates of
size 50 x 150 x 150 mm were cast at the two
end portions of the cube moulds. After 14
days of curing, repair material was cast at the
intermediate portion which is one-third width
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of the specimen. The two substrates were
made of conventional concrete and the repair
material with GP concrete of the same grade
with better compressive strength. Three
substrate-overlay combinations of the shear
cubes were prepared, cured for 28 days and
designated as M30 GP0O- M30 GP30, M40
GPO - M40 GP30 and M50 GPO - M50 GP30.
Shear under direct compression was applied
and the load at which shearing takes place at
the two interfaces was observed. Companion
conventional concrete shear specimens of
corresponding grades (M30 GPO, M40 GPO,
M50 GPO) as well as GP shear cubes (M30
GP30, M40 GP30, M50 GP30) were
monolithically cast, cured and tested for
comparison. A photograph of the typical test
specimens is shown in Fig. 4(b).

b)Photograph of test specimens

Fig. 4. Shear cube specimens.

Shear strength of cubes is calculated
using Eq. (2.4).

Load
Shear strength = Za ,

where A; = Area of shear surfaces
=(150-25-25)x 150 x 2
= 30000 mm?>.

2.4

2.8 Evaluation of interface bond by slant
shear test
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The slant shear test under compression
in accordance with British standards [63] and
ACI concrete repair guide [64] was
conducted on the specimens considering two
curing regimes. Rectangular prismatic
specimens of cross-section 100 x 100 mm,
height of 400 mm and having an interface
angle of 30° with the direction of applied
force were cast.

il
b) Completed specimen

a) Initial substrate

Fig. 5. Photograph showing the preparation of
slant shear specimens.

Effects of three different grades of
concrete (M30, M40, M50 grades) under 7
days and 28 days of curing as an overlay for
the repair process, with and without GP,
were investigated. In the case of all the slant
shear test samples, the substrate was normal
M30 grade concrete with a compressive
strength of 39.04 N/mm?. The surface of the
substrates was prepared slightly rough and
hand-brushed  without exposing the
aggregates so as to attain adequate bonding
with the repair concrete layer or overlay.
The overlay concrete selected for each test
sample was normal as well as hybrid GP
concrete with varying concrete grades such
as M30, M40 and M50. The hybrid GP
concrete with the highest compressive
strength was used as the overlay.
Accordingly, there are six substrate —
overlay combinations in the investigation
which are designated as M30 GPO - M30
GPO, M30 GP0O - M30 GP30, M30 GPO -
M40 GP0, M30 GPO - M40 GP30, M30
GPO0 - M50 GP0 and M30 GPO - M50 GP30.
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Four slant shear specimens were cast for
each considered combination under two
curing ages. The image showing the
preparation of slant shear specimens is
shown in Fig. 5.

Testing was conducted after 7 days and
28 days for the overlay concrete with a
loading rate of 5 kN/s. Slant shear bond
strength was determined using equation Eq.
(2.5) and the interface normal strength was
calculated using equation Eq. (2.6) [33, 41,
65].

Fcosasina
fo=— (2.5)
b
Fsin’a
=05 (2.6)

where f; is slant shear strength in N/mm?, F is
failure load in N, o is average normal stress at
the interface in N/mm?, « is interface angle
with the vertical axis = 30°, b is width of the
cross-section = 100 mm.

3. Results and Discussions
3.1 Workability of concrete

Workability of fresh concrete mix
grades with varying cement replacements by
slump cone procedure according to ASTM
C143-3:2003 [57] is shown in Fig. 6.

1104
100 -

90+

Slump (mm)

80

70

T T T
20 30 40
GP content (%)

Fig. 6. Workability of concrete mixes.

Medium to high workability ranges
were observed with the slump values between
70 to 110 mm, for the M30, M40 and M50
grade hybrid GP concrete mixes with GP
percentage from 10% to 40%. The increase in
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slump with an increase in the GP content was
due to the smooth surface and low water
absorption of GP. This low water demand of
hybrid GP allows excess water availability in
the concrete mixes. The slow hydration of
hybrid GP in the concrete mix also enhanced
the workability. The lower specific gravity of
GP1 and GP2 than PC (refer

Table 11) led to an increase in friction
between the particles in the GP blended
mixes due to its comparatively higher volume
than GPO mixes and hence the increased
workability. The results confirm the previous
findings [66, 67]. Thus, the addition of the
two types of GP with different fineness
enhances the workability of the concrete mix.

3.2 Concrete and mix
proportion

Inclusion of hybrid GP as a cement
substitute increased the hardened properties
of the M30, M40 and M50 GP concrete mixes
compared to the conventional mix at 30%
cement  replacement. = The  strength
characteristics of the M30, M40 and M50
concrete grades with various percentages of
hybrid GP content are tabulated in Table 3.
The relationship of modulus of elasticity (E)
of M30, M40 and M50 hybrid GP concrete
grades with respective 28 days of
compressive strength (fx) was calculated

using the expression E =5000,/f,, and is
shown in Table 3.

properties

Table 3. Strength characteristics of hybrid GP concrete.

Hybrid GP 7 days 28 days 90 days 28 days 28 days
Grade of content (GP1 + compressive compressive compressive  split tensile  flexural ~ Elastic modulus
concrete GP2) strength strength strength strength strength
(%) N/mm? N/mm? N/mm? N/mm? N/mm®  N/mm?
0 26.07 39.04 40.81 3.54 432 31239.81
10 25.41 38.37 41.70 3.82 4.88 30971.91
M30 20 27.26 40.59 4422 3.96 4.96 31856.16
30 28.74 43.04 47.11 4.25 5.18 32801.31
40 25.63 38.81 42.07 3.11 3.68 31150.77
0 31.56 50.22 52.59 4.1 4.8 35433.82
10 30.07 48.59 52.67 4.25 4.8 34854.19
M40 20 31.11 49.93 54.44 4.53 5.2 35329.14
30 33.19 52.74 57.78 4.67 5.44 36311.41
40 29.48 48.15 52.07 4.03 4.64 34694.43
0 38.81 59.85 61.93 4.6 5.2 38681.99
10 37.19 58.37 62.52 4.95 5.44 38200.25
M350 20 39.85 60.15 64.59 5.24 5.6 38777.62
30 40.59 62.52 68.07 5.31 5.84 39534.33
40 36.15 58.07 61.19 4.39 4.8 38103.17

The study of hardened properties
revealed that 30% replacement of cement
with hybrid GP (GP30) produced better
performance for all the mix grades in the
study. Significant increase in the compressive
strength of the hybrid GP concrete confirmed
the pozzolanicity of the GP concrete due to
the formation of calcium-silicate-hydrates.
From the oxide composition of GP1 and GP2
(refer

Table 11), both glass powders are
considered as pozzolans according to
physical and chemical requirements
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specified in ASTM C618.2014 [68]. The
dense filling effect of the cementing
particles also contributed an improvement in
the compressive strength of GP concrete,
which is substantiated by the well-graded
particle size distribution curves of PC, GP1
and GP2 (

Fig. 11¢c). Moreover, the improvement
in compressive strength of hybrid GP
concrete over normal concrete at 7 days and
28 days of age is observed at 30% cement
replacement, while that at 90 days of age is
observed at 10%, 20% and 30% cement
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replacement levels for all concrete grades.
This long-term strength gain is attributed to
the delayed hydration process in hybrid GP
concrete as confirmed by the previous studies
[67, 69]. Furthermore, it is found that the
compressive strength, split tensile strength,
flexural strength, and modulus of elasticity
increased with the increase in the percentage
of replacement of cement up to 30% (GP30
mix) and thereafter decreased with a further
increase in GP for all the grades of concrete.
The decreased strength for a GP substitution
of 40% was due to the inadequate quantity of
calcium available in the mix for pozzolanic
reaction. Hence, 30% GP substitution is
regarded as the best level of cement
replacement out of the considered grades of
concrete under study.

3.3 Density of concrete

Variation of density for the oven-
dried GP concrete cubes at 28 days is
presented in Fig. 7. The decrease in the
density of the GP concrete cubes with
increase in the GP content (GP1:GP2 =
0.5:0.5) than the cubes of respective mixes
without GP is observed. The reduced density
of GP cubes is attributed to the low specific
gravity of both GPs compared to Portland
cement. It is clear from the results that the
percentage variations in density between GP
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and normal concrete cubes are below 3% (up
to 30% cement replacement) due to the
increased packing effect of GP grains. The
low variation in density of the GP concrete
cubes is on account of the formation of the
additional CSH crystals resulting in a dense
microstructure with improved filling effect.
The increased variation in density observed
for GP40 for all the mix grades is due to
reduced CSH crystal formation and
consequent reduction in packing.
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Fig. 7. Variation in density of GP concrete cubes.

3.4 Durability characteristics

3.4.1 Sorptivity

The penetration of water into the
concrete pores by capillary suction was
measured by placing the test specimens with
only one surface exposed to water according
to ASTM C1585-04:2007 [60].
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Fig. 8. Sorptivity results.

Fig. 8(a)-(b) shows the effect of GP on
the initial water sorptivity and secondary
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water sorptivity of concrete. The initial
sorptivity and the secondary sorptivity
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reduced substantially upon addition of the
GP. Fig. 8 indicates a significant reduction in
the sorptivity of M30, M40 and M50 grades
with GP additions due to the improved
surface layer characteristics of GP concrete.
The reduction in the initial sorptivity is at a
faster rate compared with secondary
sorptivity. It is clear from the results that the
use of GP effectively restricts the entry of
water into the concrete. This reduction in
sorptivity of GP concrete is a strong
indication of its durability improvement.

3.4.2 Rapid Chloride Penetration Test
(RCPT)

Results of  the chloride-ion
penetrability test, the charge passed (in
Coulombs) versus GP content (%) plot for the
test specimens of various concrete mix grades
(M30, M40, M50) are rendered in Fig. 9.
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Fig. 9. RCPT results.

The total charge passed for six hours is
graphically represented in Fig. 9. The
maximum  resistance to  chloride-ion
penetrability of the M30, M40 and M50
concrete mix grades is obtained for the
specimens with 40 % replacement of cement
by GP. The increased chloride-ion resistance
is obtained from the filling effect of very fine
GP particles in the concrete, which leads to a
denser and less permeable microstructure.
The refined microstructure of concrete is
caused by the pozzolanic reactivity of GP in
the concrete. It is inferred that since the
chloride-ion penetrability is reduced to half
for GP40 specimens, the GP concrete offers
higher resistance to chloride-induced
corrosion. The hydration of cement and GP

169

renders increased resistance to chloride-ion
penetration.

3.4.3 Drying shrinkage and moisture
movement

The variations of shrinkage
parameters with varying GP content of the
M30, M40 and M50 mixes are shown in Fig.
10(a)-(b) respectively. The drying shrinkage
values for all the mix grades increase with
an increase in the GP content. The increase
in GP percentage increases the presence of
excess water due to the non-absorbent
property of GP and this excess water was
not used for the hydration of GP. The excess
water surrounding the GP particles led to
higher drying shrinkage deformation of the
GP concrete compared to normal concrete.
The expulsion of water held in the fine CSH
gel of GP concrete results in a change in
volume [48]. Since GP concrete is expected
to have higher amounts of CSH gel, a higher
amount of water is released which is the
cause for increased drying shrinkage of GP
specimens. Furthermore, M30 concrete
grade experienced higher shrinkage
compared to the higher concrete grades like
M40 and M50. The high shrinkage values
observed in M30 are attributed to the higher
water content used for the M30 concrete mix
preparation compared to that for M40 and
M50 mix grades (refer

Table 2). Hence, M30 concrete mix
contains more water and exhibits higher
drying shrinkage compared to M40 and M50
concrete grades for all cement replacements.
However, it is observed that the drying
shrinkage values are within the threshold
limits of 0.06 % complying with Indian
standards [62].

The percentage variation in shrinkage
parameters of GP concrete is tabulated in
Table 4. Moisture movement, which is a
rewetting process, measures the reversible
shrinkage of concrete. A decrease in the
diffusion of water into the specimens with
increased GP content as shown in Fig. 10(b)
is due to the decreased pore spaces present in
the GP concrete. The reduction in moisture
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movement of the GP specimens compared to
the normal concrete specimens is presented in
Table 4. The impermeability of the mixes
with an increase in the GP content is obvious
from the results. The non-absorbent property
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—a— M50
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of the GP also adds to the decreased moisture
absorption. The moisture movement values
obtained for all the test samples are within the
permissible limit of 0.09 % based on Indian
standards [62].
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Fig. 10. Variation in shrinkage parameters.

Table 4. Percentage variation in shrinkage parameters of GP concrete.

Specimen designation

Increase in drying shrinkage (%)

Reduction in moisture movement (%)

M30 M40 M50 M30 M40 M50
GP10 9.24 5.12 13.32 12.6 21.16 24.45
GP20 19.29 18.96 23.71 36.37 33.08 45.02
GP30 29.95 29.42 459 48.01 51.46 35.15
GP40 36.06 35.78 54.1 72.78 66.05 7431

3.5 Shear cube test

Shear strength of the shear cube
specimens under compression shows the
failure of the two shearing surfaces as
depicted in Fig. 11. The failure of the shear
specimens occurred along the known shear
plane. Linear increase in the shear strength is
observed for the M30, M40 and M50 grade
GP concrete cubes in proportion to the
compressive strength. The reduced water
content in the corresponding higher grade
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concrete mixes also contribute to the increase
in shear strength. The test specimens were
subjected to shear stress along the bond plane
with a slight bending stress. Monolithically
cast shear cubes have continuous bonding
since no interface plane exists in the cubes.
The bond strength results of shear cubes
demonstrated that the continuous bond cubes
exhibited higher strength values than the
repair shear cubes.
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a) Shear failure of cubes with substrates and repair material

b) Shear failure of monolithically cast specimen
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Fig. 11. Shear cube test results.

elastic modulus, packing effect, hybrid GP

1.8 { —=— Substrate & repair material
---@--- Monolithically cast specimen
1.6
"2 144
E
Z 124
=
21.04 -
i e
2084 .-
..?:’ d /"
“ 0.6+ P
-
044 ¥
3.6 Slant shear test
Fig. 12 shows the slant shear

compressive strength test results of overlay
GP concrete with different compressive
strengths, viz., M30, M40 and M50. In the
investigation, the substrate for all the
specimens is the M30 concrete grade without
GP (normal concrete). Referring to the test
results, it is observed that the compressive
strength of the overlay concrete is an
effective parameter that influences the slant
shear bond strength. It is observed that the
interface shear strength increases with an
increase in the compressive strength of
overlay GP concrete. The percentage increase
in the slant shear strength for the M40 grade
concrete at 28 days is 28.64% (for GP0) and
35.09% (for GP30) more than the substrate
(M30 GPO0), while that for M50 grade an
increase of 53.30% (for GP0) and 60.14%
(GP30) is observed. Parameters like
compressive strength, drying shrinkage,
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content, etc. influence the slant shear
strength. Increased bond strength observed
for higher grades (M40 and M50) of hybrid
GP concrete than M30 concrete grade is
attributed to the decreased drying shrinkage
for the higher grades of the GP concrete, as
confirmed by the previous works [50, 51].
Higher elastic modulus observed for the
higher GP concrete grades (M40 and M50)
compared to M30 grade also influences the
slant shear strength. There is no significant
variation between the interface bond
strengths for the mixes with higher overlay
compressive strengths of M40 and M50,
compared to the M30 concrete grade as
shown in Fig. 12(d). This is due to the
occurrence of partial failure of substrate
concrete associated with an interface failure
at high overlay compressive strengths of the
GP concrete.
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Fig. 12. Slant shear specimens.

From the results, it can be inferred that
the wusage of repair concrete (overlay
concrete) with higher compressive strength
than the substrate is advisable. In the present
study it is observed that an increase of 35%
in the compressive strength of overlay GP
concrete gives better interface shear
performance. The joint angle of the interface
is inclined at 30° with the direction of the
applied compressive force, hence, the

interface is exposed to a combination of shear
and compression and enforces adhesive
failure. As both the substrate and overlay
combinations of slant shear specimens of
M30 grades, M30GPO - M30GPO and
M30GPO - M30GP30 possess the same range
of strength, pure interface debonding
(adhesive failure) occurred under loading in
the test specimens as shown in Fig. 12 (a) and
(c). The slant shear specimens with different
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compressive strengths of substrate and
overlay combinations, M30GP0O - M40GPO,
M30GPO - M40GP30, M30GPO - M50GPO
and M30GP0-M50GP30, experienced
interfacial failure along with partial substrate
crushing as shown in Fig. 12(b), because the
substrate has a lower strength than the
overlay. There is no significant variation in
the slant shear strengths for specimens with
high strength overlay concrete which is due
to the possibility of partial substrate crushing
rather than the pure bond failure.

The ratio of overlay GP to substrate
concrete compressive strength as a function
of slant shear strength is shown in Fig. 12(e).
It is obvious from the results that the slant
shear strength has a significant effect up to
the  overlay = GP/substrate  concrete
compressive strength ratio of 1.29, while for
higher ratios only a marginal increase is
observed. According to the equations, Egs.
(2.5)-(2.6), the correlation between the shear
and normal stresses at the interface is shown
in Fig. 12(f) [33, 41, 65].

4. Conclusion

The present study was carried out to
assess the mechanical properties, durability
characteristics and interface shear bond
strength of the GP concrete incorporating two
different fineness of GPs as partial cement
substitute. Three grades of concrete mix were
prepared for the experimental investigation.
Based on the results, the following
conclusions are drawn:

. The GP concrete possesses enhanced
mechanical properties with the highest
strength obtained for a cement replacement
level of 30 % for all the concrete mix grades.
Further addition of GP deteriorates the
strength of concrete due to the inadequate
amount of calcium present in the composite
mix to form a secondary CSH structure.

. The percentage variation in density
of the GP concrete is below 3 % for cement
replacement levels up to 30 % due to the
formation of additional CSH crystals,
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resulting in a dense microstructure with
improved filling effect.

The potential of GP as cement
substitute is clearly established from the
durability characteristics. The generation of
CSH gel is obvious from the dense
microstructure of GP concrete as observed
from the chloride permeability and sorptivity
studies. The longevity of GP concrete
resulting from the low chloride penetration
values indicate that GP concrete offers high
resistance to corrosion.

The shear cube strength of GP
concrete as a repair material under
compression is also improved with an
increase in the grade of concrete.

The enhanced performance of hybrid
GP concrete in terms of mechanical,
durability and interface shear bond strength
ensure that the concrete incorporated with 30
% hybrid GP is suitable for retrofitting and
strengthening works in addition to its
application in new concrete works.

Thus, a viable waste management
solution for discarded glass materials is
aimed at by the utilisation of fine glass
powders in hybrid form as a partial cement
substitute.
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