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Abstract: Reactive Powder Concretes (RPC) are well known for their exceptional strength properties
and durability properties. The use of Supplementary Cementitious Materials (SCM) is the best way
to enhance the strength and durability characteristics of RPCs further. Among various SCMs, the
potential of Ground Granulated Blast-furnace Slag (GGBS) is proven by many researchers. How-
ever, the effect of GGBS on the fracture toughness of RPCs, especially under the tearing mode, is
not explored. This study investigates the effect of partial replacement of OPC with GGBS in non-
fibrous and fibrous RPCs, on its mode I (pure opening), mode III (pure tearing), and mixed-mode
I/III fracture behaviour. A significant improvement in mode I, mode III, and mixed-mode I/III frac-
ture toughness was observed due to incorporating GGBS and fibres in RPCs. The fibrous mix with
30% OPC, replaced with GGBS, exhibited the highest values of mode I and mode III fracture tough-
nesses, which were 2.35 MPa-m®? and 0.98 MPa-m®3, respectively, and significantly high compared
to the control non-fibrous and fibrous RPC mixes. The study reveals the ability of GGBS as an SCM
to improve the fracture toughness of RPC mixes, thereby delaying the failure of the process of struc-
tural components.

Keywords: reactive powder concrete; GGBS; fracture toughness; third mode fracture;
mixed-mode fracture

1. Introduction

The construction industry has been the principal driver of urbanization and indus-
trial growth in recent years. This industry employs 5-10% of the worldwide workforce
and accounts for 5-7% of global gross domestic product [1]. Concrete is the most fre-
quently used, and widely recognized, construction material. The consumption rate of con-
crete on a global scale is reported as being next to that of water. There is a growing de-
mand for concrete with increased strength and durability properties to extend the life of
structures. As a result, Ultra High-Performance Concretes (UHPC), also known as Reac-
tive Powder Concretes (RPC), are in high demand. The RPCs are produced with ultra-fine
reactive powders. The RPCs are distinguished with the excellent particle distribution,
dense microstructure, and thus low porosity. RPCs possesses compressive strengths rang-
ing from 120 to 800 MPa, tensile strength ranging from 25 to 150 MPa, and flexural
strength ranging from 30 to 140 MPa[2,3]. The production of RPCs is based on a micro-
structural engineering approach that comprises the elimination of coarse aggregates from
mix, adoption of a very low water-to-binder ratio, usage of silica fume to reduce the CaO
to SiOz ratio, and the incorporation of steel fibres.

According to the reports, the construction industry utilizes around 40% of global en-
ergy and 20-50% of natural resources [4-6]. In addition, the construction industry is re-
sponsible for 40% of CO:2 emissions and 30% of garbage production. Cement production
alone is responsible for 7-9% of worldwide CO: emissions [7]. It can be observed from the
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recent researches that RPCs consume a large quantity of cement, often 800-1000 kg/m?, to
obtain the desired strength and durability [2,8]. However, thermogravimetry analyses re-
veal that only a part of the added cement participates in hydration, as the water-to-binder
ratios are significantly lower. The degree of cement hydration in RPCs ranges from only
40 to 60% [9]. The unhydrated cement will act as a filler to densify the microstructure.
Owing to the environmental issues, the usage of a large volume of cement is not recom-
mended. Over the years, concrete researchers have been focusing on the development of
techniques to reduce carbon emissions associated with cement manufacturing. These so-
lutions include replacing coal fuel with natural gas, establishing an effective clinker grind-
ing mechanism, and utilizing Supplementary Cementitious Materials (SCM). The employ-
ment of SCMs is considered to be the most viable among all these strategies. Fly ash,
Ground Granulated Blast-furnace Slag (GGBS), silica fume etc., are the commonly used
SCMs. GGBS is a by-product of blast furnace iron ore production, which can be used as
an alternative cementitious material to reduce Green House Gas (GHG) emissions signif-
icantly [10-14]. Adding GGBS to concrete improves its workability, bleeding resistance,
hydration heat, later-age strength, steel corrosion inhibition, porosity control, and imper-
meability [13,15-17]. According to studies, the global production of GGBS is around 530
million tonnes, with the building industry using only 65% of that. This study focuses to
evaluate the effects of replacing OPC partially with GGBS on properties of RPCs. Accord-
ing to Kim et al., GGBS is a viable SCM for improving the flowability of Ultra-High-Per-
formance Concrete (UHPC) without sacrificing strength [18]. In a recent research, Ganesh
and Murthy discussed the tensile properties and durability characteristics of UHPC made
with high volume GGBS as an SCM. The authors concluded that the addition of GGBS can
significantly improve the workability, compressive strength, tensile strength and tensile
fracture energy (opening mode) of UHPC mixes [5]. To explore further, this study inves-
tigates the effect of replacement of OPC partially with GGBS on the pure and mixed modes
I/III (opening and tearing mode) fracture toughness of RPCs. Furthermore, RPCs are rel-
atively very strong in compression but significantly weak in tension. This is mainly due
to the inherent brittleness of RPCs due to the densified matrices. The addition of SCMs
such as GGBS to the mix will further densify the matrix, and the mixes will become more
brittle. This brittle behaviour is usually mitigated by the addition of fibres that enhance
the concrete’s energy dissipation capacity and ductility. In this study, the pure and mixed
mode I/III fracture toughness of non-fibrous and fibrous mixes, with GGBS as SCM, are
evaluated.

Failure of concrete is a multi-stage process that is mainly influenced by the intensity
and type of imposed external loads and the internal structure of the composite [19-21].
According to Meyer and Peng, failure of concrete is because of its anisotropy [22]. This
anisotropy of concrete can be mainly due to its high heterogeneity and micro cracks. In
addition, most of the concrete structural components have complex geometries and are
subjected to complex stress conditions in practice. As a result, structural cracks and dis-
continuities are common with such components. Cracking of concrete adversely affects
the structural integrity, and further loading of such components will lead to the propaga-
tion of cracks [23]. This will become a reason for the complete failure of the structures.
Hence, to predict the failure of such structures, knowledge of the process of crack initia-
tion and propagation is essential [24]. Thus, the fracture toughness is a critical feature
which can crucially control the structural performance [25].

In fact, many practical cases of failure are initiated due to the combined tension and
in-plane shearing (mixed mode I/II) [26-30] or the combined tension and out-of-plane
shearing (mixed mode I/III) of concrete [31,32]. In some cases, the failure was observed
due to the mixity of all the three modes (mixed mode I/II/IIT) [33]. In the case of structural
those elements that undergo torsion, it is critical to evaluate concrete’s tearing resistance
(mode III fracture toughness). Ring beams, T-beams, spiral stairs, etc., are a few of such
structural components. In addition, components such as bridge girders, industrial floors,



Buildings 2022, 12, 599

3 of 21

etc., will undergo mixed mode I/III loading, mainly due to the significant mass irregular-
ities. As an ultra-high-performance material, RPCs are identified as a promising material
for the construction of such components. Hence, it is essential to evaluate the behaviour
of RPCs under mixed mode I/III loading. Several studies have addressed the failure of
RPCs under mode I (opening mode) fracture and mode II (in-plane shear) fracture. In a
recent article, Ganesh and Murthy have investigated the effect of incorporating high vol-
ume GGBS on mode I fracture toughness of UHPCs and found that the fracture toughness
had significantly improved up to 60% cement replacement with GGBS [5]. In recent re-
search, Xu et al. studied the mode II shear fracture performance of RPCs and concluded
that the final failure occurred at 74 to 83% of peak load [34]. However, no known research
outputs are available on the performance of RPCs under pure mode III (tearing mode)
and mixed-mode I and mode III loadings. As the mode III and mixed mode I/III fracture
of RPCs is an unexplored area of research, this study evaluates the pure mode I, mixed
mode I/IIl and pure mode III fracture toughness of fibrous and non-fibrous RPCs admixed
with GGBS. The value of mode III fracture and mixed-mode I/III fracture toughness of
RPCs will aid designers in assessing the load-bearing capacity and resistance to crack
growth of structural components.

Edge Notched Disc Bending (ENDB) specimens are proven candidates for testing
concretes for fracture toughness under pure mode I, pure mode III, and mixed-mode I/III
loading conditions. This simplified way of evaluating pure opening, pure out-of-plane
shearing, and mixed modes of fracture toughness of concretes were introduced by Aliha
etal. [35]. In this study, mode I, mode III, and mixed mode I/III fracture toughness of plane
and fibred reinforced RPCs are evaluated using ENDB specimens. The pure and mixed
loading conditions were simulated by varying the notch inclinations with reference to the
loading line. In addition to the fracture toughness of RPCs, the essential characteristics of
the mixes, such as flowability, compressive strength, and split tensile strength, are dis-
cussed. Further, Scanning Electron Microscope (SEM) images of modified RPC mixes are
analysed to ascertain the potential of GGBS in improving the strength and toughness of
RPC mixes.

2. Materials and Methods
2.1. Materials Used

Hydraulic cement, sand, silica fume, and quartz filler are the common constituents
of RPCs. Steel fibres are generally used to strengthen the matrix, which improves the
mixes’ strength and ductility. In this investigation, the principal binder was 53 grade Or-
dinary Portland Cement (OPC) that met IS 12269 [36] requirements. The cement used had
a specific gravity of 3.15 and a 260 m%/kg surface area. GGBS, with a specific gravity of
2.85 and a specific surface area of 390 m¥/kg, was used as a partial substitute for OPC in
this investigation. Silica fume (SF) with a specific gravity of 2.29 and a silica (5iOz) content
of 98.70 percent was used in the mixes. Silica fume has a specific surface area of 29,000
m?/kg. River sand, conforming to IS 383 [37], with particles passing through a 2.36 mm
sieve and being held on a 150 um sieve, was employed as fine aggregate in the mixes.
Quartz powder (QP) was used as a fine filler in the mixes. QP has a specific gravity of 2.65
and 229 m¥/kg surface area. QP particles ranged in size from 2.0 to 75 pm. The hydration
of cementitious constituents was done with potable water. The workability of mixes was
improved using a polycarboxylate ether-based medium viscosity high range water re-
ducer (TecMix 640 from Techny Chemy, Tiruchirappalli, Tamil Nadu, India), which has a
solid content of 35% and a relative density of 1.08 at 25 °C. The elemental composition of
the constituent powders was determined using X-ray fluorescence (XRF) test. Table 1
shows the findings of the XRF analysis. The Particulate Systems Nano Plus was used to
analyse the particle size of the constituent powders, while a normal sieve set and labora-
tory sieve shaker were used to analyse the particle size of the sand. Figure 1a shows the
particle size distribution of the constituents. The matrices were reinforced with crimped
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steel fibres with a tensile strength of 1100 MPa. The steel fibres have an aspect ratio of
27.78 (0.45 mm diameter and 12.5 mm length). Figure 1b depicts the profile of the fibres
used in this study. Figure 1c,d provides the SEM micrographs of GGBS at different mag-
nification levels, which illustrates the morphology of GGBS particles used in this study.
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Figure 1. Material properties: (a) particle size distribution of constituent powders; (b) profile of
crimped steel fibres; (¢) SEM micrograph of GGBS at 3000x magnification; (d) SEM micrograph of

GGBS at 5000x magnification.

Table 1. Chemical composition of constituent powders.
Oxide OPC (%) GGBS (%) SF (%) QP (%)
Calcium oxide (CaO) 63.23 43.10 0.29 0.01
Silicon dioxide (SiOz) 24.63 32.40 98.70 99.50
Aluminium oxide (Al20s) 6.76 15.70 0.29 0.08
Magnesium oxide (MgO) 2.19 6.62 0.11 0.01
Sulfur trioxide (SOs) 1.54 1.61 0.03 -
Iron oxide (Fe20s) 0.53 0.48 0.03 0.04
Sodium oxide (Naz0) 0.44 0.23 - -
Potassium oxide (K20) 0.68 054 88 PPM! -

IPPM stands for parts per million.
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2.2. Preparation RPC Mixes

Models based on particle packing theories are widely accepted for optimizing RPC
mix proportions. In this study, numerous trial mixes were made in the laboratory based
on the proportions commonly addressed in the research literature, taking into account the
delicate nature of particle packing-based mix design. OPC, SF, RS, and QP were used to
make the reference mix for this investigation. The binder component of the mix was then
altered by partially replacing OPC with GGBS. The replacement was done at four levels:
10, 20, 30, and 40% by mass. The effect of steel fibres on the behaviour of mixes was stud-
ied. For all of the mixes, the water-to-binder ratio was 0.17, and the HRWR dosage was
3.5 percent of the binder mass. Table 2 presents the specifics of mix proportions.

To avoid a reduction in workability, fine aggregate in Saturated Surface Dry (SSD)
conditions was used to prepare mixes. This will also aid in the formation of stronger
bonds. High shear mixing of the constituent powders was done in a laboratory planetary
mixer. First, a dry mix of all ingredients (binder and fillers) was made. HRWR is dissolved
in the mixing water and then added to the dry constituent mixture in three stages. The
addition of water-HRWR solution was followed by thorough mixing. Figure 2 describes
the scheme of the mixing program.

Table 2. Mix proportions.

OPC SF GGBS RS QP Water SP Fibres

MIXID 1 ofm?) (kg/m?) (kg/m) (kg/m?) (kg/m?) (Limd) (Limd) (vol. %)
NFO ! 960 144 - 1017 115 163 34 -
NF10 864 144 9% 1017 115 163 34 ;
NF20 768 144 192 1017 115 163 34 :
NF30 672 144 288 1017 115 163 34 :
NF40 576 144 384 1017 115 163 34 :
FO 960 144 - 1017 115 163 34 2
F10 864 144 9% 1017 115 163 34 2
F20 768 144 192 1017 115 163 34 2
F30 672 144 288 1017 115 163 34 2
F40 576 144 384 1017 115 163 34 2

! In the mix ID NF represents non-fibrous mixes and 0 represents the percentage of GGBS in the mix.

" Low speed | " Low speed |
(60 s) 1 (605)
,,,,,,, AL SN \-edd SN
. . ! [ Mixing fillers | | [ Adding 1/3% of
Mlxm%I;S with |_y » with cement and ——»{  (water + SP)
SCMs mixture
,________. Lowspeed |
[ (1205)
Addition of another
1/31 of (water + SP)
mixture
] ' Low speed !
! L_(1205)
Addition of
Finish 4 Addition of fibers [€5—| remaining mixture
' E of water and SP
i Low speed (120 s) ! r High speed
! High speed (180s) | i (180s)

Figure 2. Scheme of the mixing program.



Buildings 2022, 12, 599

6 of 21

2.3. Evaluation of Workability of RPC Mixes

The workability of RPC mixes was evaluated by performing a flow table test, as per
ASTM C1437 [38]. The flow table used for the study was in accordance with ASTM C230
[39]. The diameter of the spread was noted as flow diameter. The average flow diameters,
measured along four different diametral lines, are the mix’s final flow diameter. The per-
centage increase in the spread diameter, regarding the base diameter of the conical mould,
is presented as the flow percentage.

2.4. Preparation and Testing of Specimens

Cubes of side 70.7 mm were used for evaluating the compressive strength of mixes.
Thirty cube specimens (three cubes per mix) were cast and provided with normal water
curing for 28 days. The specimens were tested on a Compression Testing Machine (CTM)
of capacity 3000 kN, conforming to IS 516 [40]. Cylindrical specimens of diameter 50 mm
and height 100 mm were used to evaluate the splitting tensile strength of the mixes. Thirty
cylinders (three cylinders per mix) were cast and exposed to normal water curing for 28
days. A splitting tensile test was also conducted on CTM, conforming to ASTM C496 [41].
Average test results (average of three results per test per mix) were considered for further
analysis. Circular disc-shaped specimens with a diametral notch are identified as an effi-
cient candidate to evaluate the first and third-mode fracture toughness. The specimens
are called Edge Notched Disc Bending (ENDB) specimens.

Preparation and Testing of ENDB Specimens

This study used disc specimens with diameter, 2R = 150 mm and depth, B = 40 mm.
Diametral notches provided in the specimens were a width of 2.2 mm and depth, a =16
mm. The span for the bending test (25) was maintained as 142.5 mm. The geometry of the
ENDB specimens is shown in Figure 3a. The arrangement of supports and the spreader is
explained with the help of Figure 3b. The specimens will undergo mode I fracture (open-
ing mode) when the loading and the geometry of the specimens are symmetrical with
reference to the crack plane. Hence, to attain the pure mode I fracture, the angle made by
the notch (crack plane), with reference to the axis of support (), is maintained as zero
degrees. When the inclination of the crack plane, with reference to the loading line (also
with reference to the supports), is changed from 0°, a component of mode III fracture
(tearing mode) can also be observed in addition to the mode I fracture. The parameters
which are governing the mixity of modes are 3, a/B, and S/R. Finite Element Models (FEM)
for ENDB specimens were developed by Aliha et al. in their recent research [35]. They
analysed the models and stated the suitability of ENDB specimens to evaluate mode I,
mode III, and mixed-mode deformations. The analysis found that, when 8 = 0°, both Ku
and K were absent in the crack front. When 3 possesses a non-zero value, the specimen
will undergo an anti-plane loading, producing in-plane and out-of-plane shear defor-
mations (corresponding fracture toughnesses are Ki and Kum, respectively). This is mainly
due to the development of three-dimensional stress states along the crack front [42-48].
The researchers also observed that, at the corners of crack flanks, the value of Ku was sig-
nificantly high, which will decrease when approaching the mid-sections. In the mid-sec-
tions, the value of Ku was considerably less compared to the Kiand K values. In contrast
to the trend followed by Ku, the magnitudes of Ki and Kt were found to increase when
approaching the mid-sections. Thus, at the mid-sections, the magnitudes of Kiand K are
found to be maximum, and that of Ku is minimal. For attaining mode III fracture, the mag-
nitude of {3 is to be maintained between 60° and 65°. In this study, the angle chosen to
manipulate mode III was 63°. The angles between 0° and 63° provided the mixed fracture
modes. In this study, 20° and 50° were used to evaluate mixed-mode I/mode III fracture
toughness. Figure 3c presents the scheme of loading for pure mode I loading, whereas
Figure 3d shows the loading scheme for pure mode III and mixed modes. Totally, 120
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numbers of ENDB specimens (three specimens per mix per notch angle) were cast and

provided with normal water curing for 28 days.
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Figure 3. Scheme of experimental setup: (a) geometry of ENDB specimens; (b) arrangement of sup-
ports and load spreader; (c) scheme of loading ENDB specimens for pure mode I; (d) scheme of
loading ENDB specimens for pure mode III and mixed modes I/III.

Figure 4a—d are the images of cured ENDB specimens before the test. The images
indicate the variation in the value of 3 for fracture tests under various modes. Figure 4e
presents the experimental setup for the three-point bending test of ENDB specimens un-
der various loading modes.
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Figure 4. Experimental setup: (a) pure mode I (3 = 0) specimen; (b) mixed mode I/III (3 =20°) spec-
imen; (c) mixed mode I/III (8 = 50°) specimen; (d) pure mode III (3 = 63°) specimen; (e) experimental
setup for testing ENDB specimens.

The stress at the peak load was calculated as given in Equation (1). The stress inten-
sity factors for mode I and IIl were calculated in Equations (2) and (3). The effective stress
intensity factor was found for the mixed modes as per Equation (4).

6PS (MPa) 1)
0= —>7, a
RD?
K;= ovma Y;, (MPa-m03) 2)
K= ovma Yy, (MPa-m?03) ®)
Kei =JK12 + Ky, (MPa-mos) )

where 0 is the stress at the peak load, P, S is the span for the test, R is the radius of the
specimen, and D is the depth of the specimen. The parameter a represents the depth of
the notch provided. Ki and Kin are the stress intensity factors under mode I and mode III
loading. Kertis the effective stress intensity factor for the mixed modes of loading. Y1 and
Y are the geometry factors for mode I and mode III, respectively, which are functions of
[, a/B and S/R. The magnitudes of the geometry factors were obtained from the research
article authored by Mansourian et al. [49] and are given in Table 3.

Table 3. Geometry factors for different loading modes.

Mode I I/I11 I/IT1 II1
B 0° 20° 50° 63°
Yi 0.323 0.269 0.1 0
Y 0 0.056 0.083 0.073

The mixity ratio (M) is a parameter used to pronounce the contribution of the differ-
ent loading modes to the failure. The mixity ratio for pure mode I loading is 1, whereas
that of pure mode III loading is 0. For the mixed mode (mode I/III at 3 = 20° and 50°), the
mixity ratios are calculated using Equation (5).

M= %tan‘1 (ﬁ) ®)
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3. Results and Discussions
3.1. Workability of RPC Mixes

The flow test results conducted on RPC mixes are plotted in Figure 5. Figure 5a,b
present the variation in flow, due to the increase in GGBS content in non-fibrous and fi-
brous mixes, respectively. A notable improvement in the flow of the mixes, due to the
addition of GGBS, was evident from the flow test results. However, the addition of fibres
to the matrix had an adverse effect on the flow of mixes.

140 295 = Flow diameter -4~ Flow Percentage 140
. - - __r 120;\;‘ /5200 1 - - __ e k 120;\3
98 Lgos 5. | i --fa - T T
2 94 94 97 80 £ B | - - 18 = o o5 80 2
L60 £  Eio { B0 83 L 60 2
= 875 &
F40 ' T T - 40 &
S 5 50 4 5
F 20 = = 95 F20 =
v v v T T 0 0 T T T T T 0
0 10 20 30 40 0 10 20 30 40
GGBFS content (%) GGBFS content (%)
(a) (b)

Figure 5. Flow test results of RPC mixes: (a) non-fibrous mixes; (b) fibrous mixes.

Among the mixes without fibre reinforcement, the one with 40% OPC replaced with
GGBS (mix NF40) exhibited better workability. The flow percentage of this mix was 6%
higher than that of the control mix (NFO0). Further, a significant reduction in the flow was
observed due to the addition of fibres to the matrix. Among the fibrous mixes, the mix
with 40% OPC replaced with GGBS (mix F40) showed a higher grade of workability. The
flow percentage of this mix was improved by 13% compared to that of the fibrous mix
containing 0% GGBS (mix F0). Though fibres adversely affected the flow of mixes, the mix
F40 showed a better flow than the control mix NFO.

One of the reasons for the improved workability is the morphology of added GGBS
grains. GGBS particles are spherical and smooth. Excellent dispersion of GGBS particles
due to high shear mixing is also a reason for the improved workability. In addition, the
slow hydration of GGBS also contributed to the improved workability of mixes [11,50].
Fibre interlocking and reorientation during the placement (spreading) is the reason for
reduced flow in the case of fibrous RPC mixes [51].

3.2. Compressive Strength

Cube specimens were tested under compression after 28 days of normal water cur-
ing. The compression test results of the developed RPC mixes are presented in Figure 6.
Figure 6a,b present compressive strength variations due to increased GGBS content in
non-fibrous and fibrous mixes, respectively. The variation in the strength values due to
the addition of GGBS to the matrix is plotted. The percentage variation in the strength
values of various mixes, with reference to the respective control mixes, is also plotted. A
notable improvement in compressive strength was observed up to a replacement of 30%
OPC with GGBS. Further addition of GGBS leads to the reduction in compressive strength.
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Figure 6. Compression test results of RPC mixes: (a) non-fibrous mixes; (b) fibrous mixes.

In the case of non-fibrous mixes, the mix with 30% OPC replaced with GGBS (mix
NF30) showed a higher compressive strength value. The compressive strength of this mix
was 115.6 MPa, which was 5.1% higher than that of the control mix. The control mix with
0% GGBS (mix NF0) showed a compressive strength of 110 MPa. The mix with 30% OPC
replaced with GGBS (mix F30) had the highest compressive strength among the fibrous
mixes. The mix F30 exhibited a compressive strength of 124.3 MPa. The strength of this
mix is 4.5% higher than that of the fibrous mix with 0% GGBS in it (mix F0). Further, the
strength of the mix F30 was 7.5% higher than mix NF30 and 13% higher than mix NFO. It
is noted that the mixes F10, F20, and F40 have also achieved a strength higher than the
target level of 120 MPa.

It was clear from the observed results that the added GGBS has a significant role in
improving compressive strength. The well-dispersed fine particles of GGBS can fill the
pores in the matrix. This phenomenon will help in improving the density of the micro-
structure of mixes. The pozzolanic reaction of GGBS leads to the production of supple-
mentary C-S-H (Calcium Silicate Hydrate) gel, which will further densify the matrix and
thereby contribute to the improvement in compressive strength [5]. The substitution of
more than 30% OPC with GGBS showed a reduction in the compressive strength. This is
attributed to the low-density C-S-H gel produced by GGBS and the absence of free cal-
cium hydroxide, which is essential for the pozzolanic reaction [50].

Further, SF particles also participated in pore filling, thereby helping refine the mi-
crostructure of the mixes. The addition of fibres also affected the compressive strength of
mixes. Well-dispersed and properly oriented fibres in the matrix will result in improved
integrity and improved compressive strength of mixes.

3.3. Splitting Tensile Strength

Similar to the compression test, the splitting tension test was also carried out after 28
days of normal water curing. The average splitting tensile strength test results of the de-
veloped RPC mixes are presented in Figure 7. Figure 7a shows the variation in splitting
tensile strength of the non-fibrous mixes due to the addition of GGBS. The figure presents
the percentage variation of splitting tensile strength of the mixes with reference to the mix
NFO. Figure 7b shows the variation in the splitting tensile strength of the fibrous mixes
due to the addition of GGBS. The figure also presents the percentage variation of the split-
ting tensile strength of the mixes with reference to the mix FO.
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Figure 7. Splitting tension test results of RPC mixes: (a) non-fibrous mixes; (b) fibrous mixes.

Significant improvement in the splitting tensile strength of the mixes was observed
due to OPC replacement with GGBS. Among the non-fibrous mixes, the mix with 30%
OPC replaced with GGBS (mix NF30) exhibited the highest value of splitting tensile
strength. The strength exhibited by the mix was 7.92 MPa. This strength was 7.02% higher
than that of the non-fibrous mix with 0% GGBS (NFO0). The mix NFO exhibited a strength
of 7.4 MPa. The improved strength can be attributed to the production of supplementary
C-S-H gel due to the pozzolanic reaction of GGBS. Addition of GGBS beyond 30% leads
to the reduction in splitting tensile strength. The low reactivity of GGBS particles, in the
development of low-density C-5-H produced by GGBS, could thereby be a reason for this
reduction in strength [5]. This is mainly due to the poor hydration of GGBS at the early
ages and additional demand for free portlandite. However, the mic NF40 exhibited a
strength of 7.54 MPa, which is still higher than the control mix (mix NFO0).

The addition of fibres significantly improved the splitting tensile strength of RPC
mixes. Among the fibrous RPC mixes, the mix with 30% GGBS (mix F30) showed the high-
est value of splitting tensile strength. The strength exhibited by this mix was 19.39 MPa,
which is 8.32% higher than that of fibrous mix with 0% GGBS (mix F0). The mix FO showed
a strength of 17.9 MPa. The splitting tensile strength of mix F30 was 144.8% higher than
that of NF30 and 162% higher than that of the mix NF0.

The lower value of splitting tensile strength of non-fibrous mixes is mainly due to the
brittle failure of bonds offered by binders. In the case of fibrous mixes, even though there
was a sudden initial failure of bonds, fibres will come into action as the crack widens.
Fibres will bridge across the cracks, and they will undergo axial tension. The ability of
steel fibres to carry high tensile loads helped delay the failure process. Further stress re-
duction will happen as the fibres are pulled out of the matrix [52].

3.4. Fracture Toughness

ENDB specimens were subjected to the three-point bending test after 28 days of nor-
mal water curing. The influence of factors such as the GGBS content and presence of fibres
on mode I, mode III, and mixed-mode I/IIT were analysed from the test results.

3.4.1. Effect of Addition of GGBS on Pure Mode I Fracture Toughness

The effect of OPC replacement with GGBS on the pure mode I fracture toughness is
discussed in this section. Figure 8a,b present the variation in K due to the increase in
GGBS content in the non-fibrous and fibrous mixes.
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Figure 8. Effect of GGBS addition on mode I fracture toughness of RPC mixes: (a) non-fibrous mixes;
(b) fibrous mixes.

Analysis of the test results revealed that the trend in variation of Ki due to the addi-
tion of GGBS is concurrent with the compressive strength results. In the case of non-fi-
brous mixes, an increased Ki was observed up to a replacement of 30% OPC with GGBS.
The mix NF30 showed a Ki value of 1.38. It was 40.8% higher than the non-fibrous mix
with 0% GGBS (mix NFO0). The addition of GGBS beyond 30% led to a reduction in the Ki
value. The mix NF40 exhibited a toughness of 1.32 MPa-m°3, which was 34.6% higher than
the mix NFO. It is recorded that even 40% replacement also helped in the enhancement of
Kiin comparison with that of NFO. A similar trend was observed in the case of fibrous
mixes also. The mix with 30% OPC replaced with GGBS (mix F30) showed a higher value
of Ki. The mix F30 exhibited a mode I toughness of 2.35 MPa-m®3. This was 69.1% higher
than that of mix FO. The Mix F0 exhibited a mode I fracture toughness of 1.39 MPa-m?°3.

3.4.2. Effect of Addition of GGBS on Pure Mode III Fracture Toughness

The effect of OPC replacement with GGBS on the pure mode III fracture toughness
is discussed in this section. Figure 9a,b present the variation in K due to the increase in
GGBS content in the non-fibrous and fibrous mixes, respectively.
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Figure 9. Effect of GGBS addition on mode III fracture toughness of RPC mixes: (a) non-fibrous
mixes; (b) fibrous mixes.

As in the case of the mode I fracture test, the variation in Km values due to the addi-
tion of GGBS also was in concurrence with the trend observed in the compression test.
Among non-fibrous mixes, the mix NF30 exhibited the highest value of Ku, which was
0.83 MPa-m?°3. The value of K for NF30 was 84.4% higher than that of the mix NF0. The
mix NFO showed a mode III fracture toughness of 0.45 MPa-m®>. Among the fibrous mixes,
the mix F30 showed the highest value of K. The value of K for F30 was 0.98 MPa-m?°?,
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which was 40% higher than that of the mix FO. The mix FO exhibited a mode III fracture
toughness of 0.70 MPa-m®3. Further increase in GGBS content led to the reduction in frac-
ture toughness in the case of both non-fibrous and fibrous mixes. In addition, it is worthy
to note that mixes NF40 and F40 showed a higher mode III fracture toughness than NFO
and FO, respectively. This reveals the potential of high volume GGBS content in delaying
the failure process.

3.4.3. Effect of Addition of GGBS on Mixed-Mode I/III Fracture Toughness

The effect of the replacement of OPC with GGBS on the mixed-mode I/III fracture
toughness is discussed in this section. Figure 10a,b present the variation in effective frac-
ture toughness for 3 = 20° due to the addition of GGBS in the non-fibrous and fibrous
mixes, respectively. Additionally, Figure 10c,d present the variation in effective fracture
toughness for = 50° due to the increase in GGBS content in the non-fibrous and fibrous
mixes, respectively.
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Figure 10. Effect of GGBS addition on mixed mode fracture toughness of RPC mixes: (a) non-fibrous
mixes at 3 = 20° (b) fibrous mixes at 3 = 20°; (c) non-fibrous mixes at 3 = 50°; (d) fibrous mixes at
=50°.

A trend similar to that of mode I fracture toughness was also observed in the case of
mixed modes. An increase in the fracture toughness was observed when replacing 30% of
cement with GGBS. The mix NF30 exhibited an effective fracture toughness value of 1.27
MPa-mo3at (3 = 20°. This value was 24.5% higher than that of the mix NF0. The mix NFO
showed an effective fracture toughness of 1.02 MPa-m°5. The mix F30 showed an effective
fracture toughness of 1.63 MPa-m®?, which was 29.4% higher than that of the mix F0. The
mix FO exhibited an effective fracture toughness of 1.26 MPa-m%3. Further, for the angle 3
= 50°, the mixes NF30 and F30 showed almost similar fracture toughness results of 1.29
MPa'm?5 and 1.63 MPa-m9> respectively.
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The test results revealed that GGBS, an efficient SCM, has a significant influence on
the enhancement of fracture toughness of RPC mixes, thereby contributing to the slowing
down of the failure process. It was observed that, in all the loading cases, the fracture
toughness values were gradually increasing up to a 30% replacement of OPC with GGBS.
Further increase in GGBS content led to a decrease in fracture toughness. This can be at-
tributed to the poor hydration of GGBS and increased demand of portlandite [5]. The brit-
tle failure of non-fibrous mixes can be attributed to the densification of the matrices due
to the addition of GGBS [53]. Further, the addition of GGBS helped in attaining a better
bond with fibres. The observed value of mode I fracture toughness of RPC was in better
agreement with the results of previous research [54], where the value of Ki was in the
range of 1.74 to 2.25 MPa-m?5. This ascertains the suitability of ENDB specimens for the
evaluation of mode I fracture toughness of RPC mixes. However, there are no available
experimental results on pure mode III fracture toughness and mixed-mode I/III fracture
toughness of RPC (or UHPC) mixes. The lacking test results on mode III and mixed-mode
I/I11 signifies the necessity of this research.

3.4.4. Effect of Addition of Fibres on Fracture Toughness

Figure 11a—e present the variation in fracture toughness of non-fibrous and fibrous
RPC mixed with varying GGBS content. It was observed from the test results that fibrous
addition significantly helped in improving the fracture toughness of RPC mixes.

1

——Non Fibred —e—Fibred —e—Non Fibred —*—Fibred
_038 ERASSEE! 08 T
Z’E — | \\ gé \
206 \ 206 \
& \ & \
b \ )
0.2 N 0.2 \\
\
o N o N
0 02 04 06 08 1 12 14 16 0 02 04 06 08 1 12 14 16 18
K; (MPa-m®) K; (MPa-m®%)
(a) (b)
12 1.2 ; x
—o—Non Fibred —*—Fibred ——Non Fibred -—*—Fibred
1 P e 1 ¢—F ””ﬂ‘\
£ os o £ 08 1 \
g 0.8 = 0.8 \
o6 \ £ 06 \
= \ = \
F04 \- 504 \
S &
0.2 \ 0.2 P
\\ \\\
0 — 0 et
0 02040608 1 12141618 2 2224 0 02040608 1 12141618 2 222426
K; (MPa-m°%) K; (MPa-m°%)
(c) (d)



Buildings 2022, 12, 599

15 of 21

' | ——Non Fibred —e—Fibred
08

g
=N

Ky (MPa-m®)
(=]
.

S
o

=]

0 02040608 1 12141618 2 2224
K; (MPa-m®%)

(e)
Figure 11. Effect of addition of fibres on fracture toughness of RPC mixes: (a) mixes with 0% GGBS;

(b) mixes with 10% GGBS; (c) mixes with 20% GGBS; (d) mixes with 30% GGBS; (e) mixes with 40%
GGBS.

Among the mixes with 0% GGBS, the mix FO exhibited a mode I fracture toughness
of 1.38 MPa-m®3, which was 41% higher than the mix NF0. The mix NF0 exhibited a tough-
ness of 0.98 MPa-m®5. Among all the mixes, those with 30% GGBS showed better enhance-
ment of Ki due to the addition of fibres. The mix F30 showed a mode I fracture toughness
of 2.35 MPa-m°35, which was about 70% higher than the mix NF30. The mix NF30 exhibited
a toughness of 1.38 MPa'm?5. A similar trend was observed in the case of mixed modes
with 3 =20° and  =50°. The enhancement in mode I fracture, due to fibre addition, is due
to the fibres’ ability to bridge across the crack propagation path, slowing down crack
flanks” opening. Randomly oriented fibres are almost perpendicular to the crack flanks in
the matrix. Due to the applied load, fibres will undergo axial tension as crack propagation
begins. The high tensile strength of steel fibres thus helps in enhancing the post-cracking
behaviour of RPC mixes [55].

The addition of macro steel fibres did not help much to enhance the mode III fracture
toughness of RPC mixes admixed with GGBS. The K value of the mix FO was 0.69
MPa-m®® and 53% higher than that of the mix NFO. A gradual decrease in the percentage
enhancement was observed due to the addition of GGBS. The mix F30 exhibited a K
value of 0.98 MPa-m®?®, which was only 18% higher than that of mix NF30. The mix NF30
showed a Kt value of 0.83 MPa-m?3. This can be attributed to the higher brittleness of the
matrix due to the addition of GGBS and easy fibre pullout while undergoing out-of-plane
shear. It can also be due to short profiled fibres’ inability to bridge the wider curvilinear
failure planes under mode III loading.

3.4.5. Effect of Mode of Loading on Fracture Toughness of RPC Mixes

The mixity ratio (M) is a parameter used to pronounce the contribution of the differ-
ent loading modes to the failure. Figure 12a,b present the variation in the effective fracture
toughness of non-fibrous and fibrous mixes, respectively, for various values of mixity ra-
tios. For pure mode I, the value of M =1, whereas for pure mode III, the value of M =0.
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Figure 12. Effect of loading mode on fracture toughness of RPC mixes: (a) mixity ratio vs. effective
fracture toughness for non-fibrous mixes; (b) mixity ratio vs. effective fracture toughness for fibrous
mixes.

As described in Figure 13a,b, mode III loading is quite critical among all the modes
of loading (including the mixed modes). The effective fracture toughness values of all the
mixes for the mode III loading were lesser than those under the other loading modes.
Mode III toughness of mix NF30 was about 40% lesser than its mode I toughness. Never-
theless, in the case of fibrous specimens, the reduction was a little higher. Mode III tough-
ness of the mix F30 was 58% lesser than its mode I toughness. This can be due to the poor
crack bridging of fibres in out-of-plane shear. Failure planes are wider in the case of mode
III loading compared to the other modes. A facile pullout of fibres is possible in the case
of such failure planes. Hence, the fibre addition could help improve the mode III fracture
toughness of mixes. This can be observed in contrast with the opening mode (mode I),
where fibres can bridge over the narrow crack openings and delay the failure.

(d)
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Figure 13. Typical failure patterns of tested specimens: (a) non-fibrous specimens at 3 = 0°; (b) non-
fibrous specimens at 3 = 20°; (c) non-fibrous specimens at = 50°; (d) non-fibrous specimens at 3 =
63°; (e) fibrous specimens at 3 = 0°; (f) fibrous specimen at mixed modes and pure mode III.

3.5. Failure Patterns

Figure 13a—d present the failure pattern of non-fibrous specimens tested under vari-
ous loading modes. Figure 13e presents the pattern of fibrous specimens under mode I
loading, and Figure 13f describes the typical pattern followed by fibrous specimens under
mixed modes and mode III loading.

Sudden and brittle failure was observed in the case of non-fibrous specimens. As
shown in Figure 13a, under the pure mode I loading condition, the fracture path of non-
fibrous specimens extends along the initial crack front. As shown in Figure 13e, a similar
crack path was observed in the case of fibrous specimens tested under mode I loading.
However, unlike non-fibrous specimens, the propagation of the failure path of fibrous
specimens was gradual. As shown in Figure 13b—d, a twisted curvilinear failure path was
observed in the case of non-fibrous specimens tested under mixed modes and pure mode
III loadings. Though a similar pattern of failure was observed in the case of fibrous speci-
mens tested under mixed modes and mode III loading, the failure mechanism was grad-
ual. The gradual propagation of the failure path of fibrous specimens can be attributed to
steel fibres’ ability to bridge the crack, thereby slowing down the opening of crack flanks.
The failure patterns observed were in better agreement with those presented in similar
works [55].

3.6. Morphology Assessment by SEM

Figure 14a,b are the SEM micrographs of the mixes with 0% and 30% GGBS, respec-
tively.

WD: 10.06 mm L VEGAS3 TESCAN
SEM HV: 10.0 kV Det: SE
View field: 69.2 ym  Date(m/dly): 04/01/21 SASTRA View field: 69.3 ym  Date(m/dly): 04/01/21 SASTRA

Figure 14. SEM micrographs: (a) mix F0; (b) mix F30.
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The ruptured surfaces of the matrices were examined at a magnification level of
3000x to ascertain the potential of GGBS in improving the strength and toughness charac-
teristics of RPC mixes. As presented in Figure 14, the mix with 0% GGBS was with light
C-S-H phases. The presence Portlandite (CH) phases were also observed in this mix. In
addition, the presence of needle-shaped ettringite was also evident from the SEM micro-
graph of this mix. In contrast with these observations, in the micrograph of mix with 30%
GGBS, dense C-S-H phases were observed. In this mix, CH phases were not found, which
can be due to the low density of the same. The low density of CH phases can be due to the
better consumption of the same by the GGBS to produce supplementary C-5-H gel. The
micropores observed in the case of mix with 0% GGBS can be due to the hydration reaction
of Alite and Belite. Further, the density of micropores in the mix with 30% GGBS was
negligible compared to that of the mix with 0% GGBS. The compactness of this mix is due
to the pozzolanic action of GGBS, and this ascertains the ability of GGBS in pore filling,
thereby improving the density of the mix [56]. The microcracks observed in the matrices
can be due to the shrinkage. Other major cracks visible in the micrographs are due to the
rupture of matrices under loading.

4. Conclusions

This research investigates the performance of fibrous and non-fibrous RPCs under
the pure mode I, pure mode III, and mixed modes I/IIl loading conditions. The key find-
ings of the study are summarized below.

1. The compressive strength of RPC mixes was significantly improved due to the partial
replacement of OPC with GGBS. The non-fibrous and fibrous mixes with 30% OPC
replaced with GGBS showed the highest compressive strength values. This phenom-
enon is attributed to the pore filling ability of GGBS particles and the densification
matrices due to the production of supplementary C-S-H gel and pozzolanic action
of GGBS. Further fibres bridged across the cracks and helped improve the mix’s in-
tegrity, thereby contributing to the improvement in compressive strength.

2. The splitting tensile strength of RPC mixes was also highly influenced by the addition
of GGBS. Non-fibrous mixes exhibited considerably low values of splitting tensile
strength. This can be due to the high brittleness of the mixes associated with the den-
sification of matrices and pozzolanic action of GGBS. The fibrous mix with 30% OPC
replaced with GGBS exhibited the highest values of splitting tensile strength. In ad-
dition to the densification of matrices due to the action of GGBS, the ability of steel
fibres in bridging over the cracks, and thereby delaying the failure process, helped in
attaining a higher value of splitting tensile strength.

3. Partial replacement of OPC with GGBS significantly improved pure mode I, pure
mode III, and mixed-mode I/III fracture toughness of RPC mixes. Sudden brittle fail-
ure was observed in the case of non-fibrous specimens. However, ductile failure was
observed in the case of fibrous specimens. The fibrous mix with 30% OPC replaced
with GGBS exhibited the highest mode I, mode III, and mixed-mode I/III fracture
toughness values. This can also be attributed to the pozzolanic action of GGBS and
the ability of steel fibres in crack bridging.

4.  The addition of short macro steel fibres helped improve the mode I fracture tough-
ness significantly. However, it did not contribute much in the case of mode III load-
ings. This behaviour is due to the inability of fibres to bridge across the wider crack
paths in the case of tearing.

5. Significant microstructure refinement was observed in the SEM micrographs of
GGBS modified RPC mixes. This ascertains the better filling of micropores and
thereby the densification of matrices. Improved density will result in better strength
characteristics.

The results of the experimental program revealed that the partial replacement of OPC
with GGBS has a significant influence on the fracture toughness of RPC mixes. Hence, it
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can be summarized that GGBS is a potential SCM that can delay the failure process of
RPCs under pure mode I, pure mode III, and mixed modes of loading. Fibre reinforcement
also has a significant role in improving the fracture toughness of RPC mixes.
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