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Dear Colleagues,

The Indian Concrete Journal (ICJ) is pleased to issue its 
current edition to the readership. As the infrastructure 
projects around the world are developing continuously, the 
need for new innovative materials to satisfy the increasing 
demand is rising. Concrete, as the most versatile material 
used in structural applications, has been improved 
throughout the last decades with the help of different types 
of fibers, which not only enhance the mechanical properties 
of concrete, but also contribute to the global sustainability. 
In the current issue of the ICJ, five papers, which deal with 
novel developments in concrete industry and rehabilitation 
of bridges towards more resilient infrastructures, have been 
published.

The first article has proposed an alternative strategy for 
rehabilitation of box-girder bridge decks without long 
disruption of traffic, which is usually necessitated by 
conventional construction. The proposed technique of 
rehabilitation has relied upon strengthening the bridge 
deck with near surface mounted (NSM) fiber-reinforced 
polymer (FRP) strips as additional reinforcement on the 
overhang region of the bridge deck. The purpose for such 
strengthening was to enable the placement of sound/
noise barriers without extensive modification of the existing 
structure. The experimental test has simulated the load 
pattern from the addition of the sound barrier wall, and 
assessed the failure mode and the adequacy for carrying the 
additional loads. The findings have demonstrated that the 
capacity of the strengthened section was significantly higher 
than the demand. Furthermore, the achieved final failure 
was ductile rather than sudden/brittle, based on which the 
proposed technique for rehabilitation was found efficient 
and cost-effective. The second article has investigated on 
the performance of sintered fly ash lightweight aggregated 
concrete, whose findings resulted in the formulation of 
Indian Standard IS: 9142 (Part-2) 2018. The experimental 
program has dealt with the characterization of the 
investigated material (i.e., evaluation of micro-structural, 
mechanical, and durability properties) and its suitability 
for application in structures. The results have indicated the 

suitability of using fly ash lightweight aggregate in structural 
concrete, which is not prone to wearing. However, the study 
has highlighted the need for establishment of various more 
stringent structural design codal provisions as compared 
to those recommended for normal weight aggregate 
concrete members. The third article has presented a novel 
cavity wall panel system, using textile-reinforced concrete 
(TRC)-cold form steel, for fast-track construction, which 
is becoming the need of the day. Several advantages of 
the proposed panel were stated such as: easy erection 
on site, less labor demand, fast-track construction, better 
thermal/ acoustic insulation, and more strength-to-weight 
ratio as compared to conventional masonry walls. The 
developed system consisted of a pre-fabricated TRC skin 
material and a profiled cold form steel sheet as a core 
material, both connected together using self-tapping screws 
integrated within the system. The experimental results have 
demonstrated the possible potential of TRC, integrated 
with cold form steel sheets, for load-bearing applications, 
rather than the limitation to non-load-bearing applications, 
which was found in the past studies. The fourth article has 
reported details of study carried out to investigate the 
fracture energy of fiber-reinforced rubcrete made using 
steel/ polypropylene fibers with partial replacement of 
fine aggregate with crumb rubber. The experimental work 
included three-point bending tests on beam samples cast 
from four different concrete mixes with/ without fibers/ 
rubber. A notable improvement in ductility was observed 
with steel fiber-reinforced rubcrete, which makes it suitable 
for application in structures that require significant energy 
absorption. Furthermore, it was concluded that the use of 
fiber-reinforced rubcrete results in limiting the exploitation 
of fine aggregates, and thus helps to ensure responsible 
utilization of precious natural resources. The last article 
has discussed the combined effect of high fiber content 
and constant dosage of polymer on properties of so called 
polymer-modified fiber-reinforced high-strength concrete. 
The experimental work has resulted in a considerable 
improvement in compressive, flexural, and shear strength, 
as well as ductility and toughness of concrete owing to the 
synergistic effect of polymer and fiber.

Thus, we are glad to issue this edition of the ICJ dealing 
with innovative technologies that could benefit the concrete 
industry as well as infrastructure resilience. The topics 
covered in this edition are of a great significance and will 
be useful for structural engineers towards making more 
developments in construction technology. Thank you.

Vasant Matsagar
Editor-in-Chief
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Congratulations to the winners!
To  enrich the contribution and to honour the contributors of outstanding merit, the ICJ Best Paper Awards were launched starting 2020.   
All papers published from January to December 2020 were considered for this annual award. Applying the key criteria of novel concept and  
well-documented paper, of the 92 published papers, the top fifteen papers were shortlisted. These selected top fifteen papers were further 
evaluated  by an independent jury panel consisting of three faculty members from academia with vast research experience and association with 
reputed international journals.

The jury panel carefully evaluated these shortlisted papers in categories such as : i) Numerical analysis ii) Experimental research iii) Experiments 
and model development and iv) Review papers. 

We are pleased to share with you top three ICJ Best Paper Awards - 2020 winners: 

We congratulate the winners and thank our jury panel who took time off their busy schedule to carefully evaluate each contribution and select 
the top three ICJ Best Papers - 2020. We also thank Dr Radhakrishna Pillai who has been instrumental in conceptualizing and instituting the 
ICJ Best Paper Awards.

We have made all these papers open access and available for our readers to read them online. Please visit our website to read these and 
many other open access papers.
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RILEM UPDATE
The International Union of Laboratories and Experts in Construction Materials, 
Systems and Structures

New RILEM State-of-the-Art Report 

A new State-of-the-Art report is now available: Non-destructive in situ strength assessment of 
concrete - Practical Application of the RILEM TC 249-ISC Recommendations, Edited by Denys 
Breysse and Jean-Paul Balayssac. You can purchase the hardcopy or ebook on the Springer website: 
bit.ly/3xWV2cr. The unedited electronic version is available for FREE on the RILEM website: bit.
ly/3erkXkK.

Online Doctoral Courses at the 75th RILEM Annual Week
The RILEM Educational Advisory Committee (EAC) has established 5 online doctoral courses to be given at the  
75th RILEM Annual Week in September this year. These courses target those individuals currently enrolled in a doctoral 
program willing to enhance their training and knowledge on: 
1)  HYDRATION AND MICROSTRUCTURAL CHARACTERIZATION OF 

CEMENTITIOUS SYSTEMS
2)  STEEL CORROSION; THEORY, PREVENTION, AND REPAIR
3)  ULTRA-HIGH PERFORMANCE CONCRETE
4)  ALKALI-ACTIVATED MATERIALS
5)  DURABILITY OF REINFORCED CONCRETE. 

Postdoc fellows and early-career researchers are also encouraged to 
attend. Learn more about lecturers, fees, and benefits of these courses 
here: http://rilemweek2021.uanl.mx/phd-courses/

NEW TCs
RILEM is proud to announce the establishment of 4 new Technical Committees 
(TCs) approved at the last RILEM Spring Convention in April:

•	 FEE-fume emissions evaluation for asphalt materials, Chaired by Johan 
BLOM

•	 PFC-performance requirements and testing of fresh printable cement-based 
materials, Chaired by Nicolas ROUSSEL

•	 ADC-assessment of additively manufactured concrete materials and 
structures, Chaired by Viktor MECHTCHERINE

•	 CNC-carbon-based nanomaterials for multifunctional cementitious matrices, Chaired by Florence SANCHEZ

More details about these TCs can be found here: bit.ly/2TAxUh4. If you are a RILEM member and you want to join 
these TCs, please send an email to assistant@rilem.org. Not a RILEM member yet? Please, consider to apply to 
become a RILEM member!

Report of the 4th RILEM Spring Convention
The report of the 4th RILEM Spring Convention and the 2021 RILEM Strategic Workshop is available online: www.rilem.
net/news/445. The videos of the opening ceremony can be watched for free on our RILEM YouTube Channel: youtube.
rilem.net.
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STRENGTHENING OF BRIDGE-
DECK OVERHANGS FOR SOUND 
WALL ADDITION USING NSM  
FRP COMPOSITES

Abstract
Increasing urban sprawl is resulting in buildings and inhabited 
areas being located closer to highways resulting in complaints 
regarding noise from traffic. Sound walls and noise barriers are 
often used to decrease noise. In the case of elevated bridges, 
the barriers have to be added to existing decks resulting in the 
need for substantial addition of overhang steel reinforcement 
to carry the additional load. In many cases related to older 
box-girder bridges, this either is not feasible structurally or 
requires substantial demolition of the existing structure with 
the consequent extensive disruption of traffic. The use of near 
surface mounted (NSM) fiber-reinforced composite (FRP) strips 
as additional reinforcement on the overhang region is shown 
to be an effective strategy enabling efficient and cost-effective 
rehabilitation of box-girder type bridge decks without extensive 
modification of the existing structure and much less disruption 
of traffic.

Keywords: Bridges, Fiber-reinforced composite, Near surface 
mounted, Noise barrier, Overhang, Strengthening, Sound walls.

1. INTRODUCTION
The increase in population and commerce in cities has resulted 
in increasing traffic. In the past, major roads carrying large 
amounts of traffic were away from residential areas as well as 
areas of business. However, urban sprawl and expansion through 
flyovers and elevated roadways has resulted in major highways 
and traffic routes carrying heavy traffic being situated in 
residential areas, next to schools, hospitals, and parks, causing 
significant disruption due to noise emanating from traffic. The 
noise is not only annoying but can result in other issues that 
affects the quality of life[1] and can also be the cause of issues 
that affect human wellness. Noise pollution from traffic increases 
as the volume of traffic increases and has become an aspect of 
significant concern globally resulting in it now being treated as 
an environmental issue of importance in planning. Increasingly, 
the level of noise and its effects are treated as important criteria 
in the placement of new roads and cities and have ordinances 
and policies associated with these. 

However, there are many instances where roads already exist, 
and traffic volumes have increased substantially, or there are 
no reasonable options for placement in order to enable the 
effectiveness of commerce. In such cases, mechanisms to reduce 
the level and transmission of noise become extremely important. 
Ohiduzzaman et al.[2] have reviewed a range of techniques to 
reduce noise and hence these will not be repeated here. Among 
the more popular techniques is the placement of noise barriers 
or sound walls constructed along the roadway to mitigate 
noise from vehicles as well as from the interaction between 
tires and the road surfaces[3]. These are structural elements 
placed between the road/highway and the area that needs to 
be shielded from the noise with the goal of the barrier being to 
reduce the overall levels to between 7 dB and 10 dB at locations 
closest to the roadway[4] through both absorption of the noise 
by the barrier and reflecting it back onto the roadway itself. 
Sound waves can, however, carry over and around obstacles 
such as barriers and hence their viability can be constrained by 
distance[5]. Effective barriers are able to reduce the level of noise 
by as much as 50% with a barrier capable of effecting a 10 dB 
reduction reducing the sound level of a tractor-trailer to that of 
a car[6]. Aspects such as materials used in the barrier, its height, 
and details of placement all impact effectiveness[4,7]. A historical 
perspective of noise control on highways as well mechanisms for 
attenuation of its effect and various forms of barriers have been 
discussed by Ekici and Bougdah[8]. 

While noise attenuation mechanisms can be affected through 
changes in road surfacing and placement of walls/barriers/
berms during the construction of new roads and highways, the 
modification of existing roadways continues to be a growing 
concern. In these cases the placement of sound/noise barriers 
can be complicated by issues such as space limitations and 
presence of K-rails, and in the case of elevated roadways, the 
lack of sufficient reinforcement in the existing overhang regions 
can cause further difficulties. As with a number of agencies, the 
California Department of Transportation has been retrofitting 
select roadways with sound barriers placing these on top of 
existing K-rails where necessary following their “memo to 

*Corresponding author : Vistasp M. Karbhari, Email: vkarbhari@uta.edu

ANNA PRIDMORE,
VISTASP M. KARBHARI*
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designers”[9]. Other similar guidelines are provided by Wassef 
et al.[10] and AASHTO[11]. Of special import is the rehabilitation 
of elevated roadways such as those on box-girder type bridges 
where the addition of sound walls on the overhang generally 
necessitates the addition of steel reinforcement to strengthen 
the overhang region primarily due to the substantial increase 
in dead-load on a narrow concentrated region at the extreme 
of the overhang in excess of the original design loads. The 
most common solution is to remove the entire edge region 
and rebuild it with additional reinforcement to accommodate 
the additional vertical and moment loading which results in an 
expensive and time-consuming process that also requires lane 
closures[12].

This paper investigates the use of near surface mounted 
(NSM) fiber-reinforced polymer (FRP) reinforcement as a 
means of rapidly and cost-effectively strengthening the 
existing overhang regions of box-girder type sections using 
the NSM FRP to provide the additional reinforcement without 
having to remove existing structural concrete or having to 
substantially delay traffic due to closures that might have been 
necessitated by conventional construction. Details related to 
the use of externally bonded FRP for strengthening of beams 
and slabs have been reported extensively in the literature and 
specifications were provided through a Transportation Research 
Board project[13, 14], and hence will not be repeated herein. 
Rather the focus is on experimental testing to show viability 
of use for rapid rehabilitation without necessitating extensive 
additional construction and lane closures, and to validate results 
of the design. In that vein, the assessment of load capacity, 
strain development, and failure modes are the primary focus of 
the research so as to assess the suitability of the technique for 
rapid and effective strengthening using near surface mounted 
FRP strips as an alternative to the extensive removal of existing 
concrete for the placement of additional steel reinforcement as 
would be done conventionally.

2. SPECIMENS AND TEST CONFIGURATION
In order to replicate field conditions where the placement of 
sound walls would be difficult using conventional rehabilitation 
measures, the case of a sound wall as required by code in the 
case of placement on the overhang of an existing box-girder 
bridge section on top of the K-rail was considered [9]. This is 
shown schematically in Figure 1.

The overall test specimen was configured to be a reinforced 
concrete two-cell box-girder [as shown in sectional view in 
Figure 2(a)] with a center-to-center span of 1830 mm between 
each of the girders and a length of 3660 mm. The specimen 
deck is 178 mm thick and the distance from the stem wall to 
the edge of the overhang is 483 mm. The bottom slab was 152 
mm thick and the widths of the outer and center girders were 
254 mm and 305 mm, respectively. All steel reinforcements 
were implemented as per AASHTO-LRFD specifications[15]. The 
deck steel reinforcement consisted of a top and bottom layer of 

Figure 1(a): Schematic of sound wall placed onto the overhang of a  
box-girder bridge deck

Figure 1(b): Details for the sound wall following Caltrans[9]  

(All dimensions are in mm. Note that #16 and #19 bars have nominal 
diameters of 15.875 mm and 19.05 mm, respectively)
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15.9 mm diameter (#5) rebar with the transverse rebar spaced 
at 203 mm on center and variable spacing for the longitudinal 
rebar in order to accommodate the location of the girder 
stems. The remaining steel reinforcement consisted primarily of 
15.9 mm diameter (#5) rebar for the bottom slab and the stem 
reinforcement, with two 22.2 mm diameter (#7) rebar at the 
bottom of each girder web and 9.5 mm diameter (#3) rebar used 
for shrinkage and temperature reinforcement in the longitudinal 
direction of the girder webs. Grade 60 steel was used for all the 
steel reinforcing bars. The specimen was constructed in two 
separate concrete pours with the initial pour for the bottom 
slab and the lower portion of the stems and the second pour for 
the deck slab and the upper portion of the stems using cement 
concrete with a nominal design compressive strength of f 'c = 34.5 
MPa at 28 days and an average aggregate size of 12.7 mm. In 
order to enable two representative tests, i.e. the as-built and the 
rehabilitated tests, two 203 mm deep cuts located 305 mm (12 
in) apart from each other were created that ran longitudinally 
along the entire width of the specimen as shown schematically 
in Figure 2(b). The two edge segments of the deck, bounded by 
the longitudinal cuts, were also removed so to allow for multiple 
independent loading on the edge slabs 1676 mm long. For 
purposes of comparison, two tests were conducted on adjacent 
sections of the test specimen, first in the as-built condition 
and then on the adjacent section, separated by the cuts, after 
placement of the NSM FRP strips to rehabilitate the specimen to 
meet the added demand from the sound wall.

The shear capacity of the existing overhang slab can be 
computed according to ACI 318[16] using both the general and 
the more detailed calculations. The general calculation given by 
Equation (1)

  (1)

where

fc' =  concrete compressive strength (psi),

bw  =  width of the concrete slab (in), and

d = distance from the extreme compression fiber to the 
centroid of the tension reinforcement (in).

results in a predicted capacity of 236 kN, which translates to an 
applied force of 118 kN per hydraulic jack, whereas the more 

detailed approach given by Equation (2) 

  (2)

where 

ρw =  steel reinforcement ratio of the slab in the direction 
perpendicular to traffic,

Vu =  factored shear in the slab at the edge of the outer vertical 
stem, and 

Mu = factored moment in the slab at the edge of the outer 
vertical stem.

results in the slightly more conservative result of 233 kN, for the 
slab, which translates to an applied force of 116 kN per hydraulic 
jack. The moment capacity of the slab was calculated as 97.0 
kN-m using ACI 318 [16] as

  (3)

where 

As  =  area of steel reinforcement in the direction perpendicular 
to traffic flow,

fy  =  yield stress of the slab steel,

d =  distance from the compression fiber to the centroid of 
the tension reinforcement, and

a  =  depth of the equivalent rectangular compression stress 
block.

A level of 117.2 kN-m is determined from a moment-curvature 
response calculation using RESPONSE [17], indicating that 
flexural failure would govern. Following Caltrans guidelines [9], 
the combined dead weight of a typical sound wall and traffic 
barrier used for bridges in California were determined to be 
13.5 kN/m and 8.1 kN/m, respectively, for a combined weight 
per unit length of 21.6 kN/m. The resulting total load applied 
to the specimen from the sound wall and traffic barrier can be 
determined as the product of the weight per unit length (21.6 
kN/m) and the length of the test specimen (1676 mm) to be 
36.2 kN, of which only the traffic barrier can be sustained by the 
original design. The loads due to the addition of the sound wall 
would traditionally be addressed through removal of concrete 
and addition of new steel in the overhang region followed by 
recasting of concrete in the area of repair. 

Figure 2(a): Cross-section of box-girder (all dimensions in mm)
Figure 2(b): Schematic of deck specimen on left without cuts and on 

right with the central cut separating the specimen for two tests
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Using criteria from Caltrans guidelines [9], the additional load 
with a moment demand of 10.91 kN-m using the recommended 
factor of three for new methods translates to an additional 
demand of 32.7 kN-m which would need to be provided by 
the rehabilitation strategy. As reported in the next section, the 
experimentally determined moment capacity of the as-built 
reinforced concrete deck slab overhang prior to rehabilitation 
was found to be 110 kN-m. Therefore, the new moment capacity 
after strengthening should be at least 142.7 kN-m, which 
corresponds to a minimum required moment capacity increase 
of 29.7% over the capacity of the as-built specimen.

For the purposes of the current investigation, Sika Carbodur 
S512 strips were selected as the FRP reinforcement to be used 
in near surface mounted form for purpose of rehabilitation. 
The strips have a width of 50 mm, thickness of 1.2 mm, a 
tensile modulus of 165 GPa, and mean and design tensile 
strengths of 3100 MPa and 2800 MPa, respectively [18]. The 
quantity of additional reinforcement can be estimated through 
determination of the additional moment capacity required. 
The increased moment capacity due to FRP-strengthening can 
be taken to be the sum of the contribution from the tension 
steel (compression steel is ignored for this calculation) and the 
contribution from the FRP reinforcement as

 (4)

where

As
 =  total area of tension steel in slab overhang test specimen,

fy  =  experimentally determined yield strength of steel 
reinforcement,

d =  distance from extreme compression fiber to tension 
reinforcement,

a =  depth of concrete compression block, assuming 
rectangular stress distribution,

Ψf  =  additional reduction factor from ACI 440[19],

df  =  distance from the compression fiber to the centroid of 
the FRP,

ffe  =  Ef·εfe effective stress in the FRP assuming elastic behavior,

Ef  =  experimentally determined modulus of elasticity of FRP, 
and

εfe  =  effective strain in FRP reinforcement.

A rearrangement of Equation (4) provides an expression for 
the area of FRP reinforcement required in order to achieve a 
specified moment capacity.

  (5)

Note that the area of FRP required is the total area needed for 
the specimen overhang and thus must be distributed along the 
width of the slab overhang.

Based on ACI 440 [19], as above, and manufacturer 
recommendations that center spacing of strips should be 
limited to no more than the lesser of 0.2 times the span length 
(L) or five times the slab thickness (h), the rehabilitation design 
consisted of 9 strips spaced at 203 mm centers with the strips 
extended past the point of inflection to achieve the necessary 
development length of 300 mm. Rectangular grooves were cut 
in the deck as shown in Figure 3(a) with a dimensional tolerance 
of 70-76 mm in width and 6-13 mm in depth of total length of 
2.74 m [(Figure 3(b)]. The grooves were maintained at a concrete 
surface profile (CSP) of 3 as defined by the ICRI surface profile 
guidelines. A high-modulus and high strength structural epoxy 
paste, Sikadur 30, was used to bond the strips to the concrete. 
The tensile strength and elastic modulus of the cured adhesive 
were measured through tests to be 25.29 MPa and 6.93 GPa, 
respectively, with standard deviations of 2.54 MPa and 0.48 GPa, 
respectively. The installed strips with strain gauges attached to 
the surface are shown in Figure 3(c). 

Vertical loads were applied to the edge region of the deck slab 
to simulate the load pattern from the addition of the sound wall 
using two hydraulic jacks spaced 1.83 apart and mounted below 

Figure 3(a): Saw being used to cut grooves for placement of the FRP strips

Figure 3(b): Grooves prior to placement of adhesive and FRP strips

Figure 3(c): Specimen with strips installed in grooves with strain gauges
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the strong floor of the testing facility. The load was transferred 

through two 44.5 mm diameter threaded rods to a steel loading 

beam positioned 76 mm on-center back from the end of the 

overhang section of the deck. A 51 mm thick and 152 mm wide 

elastomeric bearing pad was placed between the steel beam 

and the deck slab in order to reduce stress concentrations 

and provide more even loading of the test specimen as shown 

schematically in Figure 4(a), as a side view in Figure 4(b) 

indicating placement of the threaded rods in relation to the deck 

and specimen, as a front view showing linear potentiometers in 

Figure 4(c), and with the overall test setup viewed from the top 

in Figure 4(d). 

As seen in Figure 4(b), one of the threaded rods is set outside 

the deck specimen, whereas the second is inserted in the 

groove cut in the deck surface to separate the specimens. 

Instrumentation for purposes of measurement and monitoring 

consisted of linear potentiometers, load cells, and in the case 

of the FRP strips, strain gauges. 12 potentiometers were used 

to measure deflections of the slab as shown schematically 

in Figure 5(a). It is noted that the schematic represents the 

FRP-strengthened slab test section, but the configuration is 

a mirror image for the as-built test section. The deflection of 

the elastomeric bearing pad was measured using four linear 

potentiometers placed at each corner of the loading beam. Of 

Figure 4(a): Schematic of loading beam at the edge of the deck 
overhang (all dimensions are in mm)

Figure 4(c): Front view of test specimen showing the loading beam and 
linear potentiometers

Figure 4(b): Side view of test specimen showing position of threaded 
rods in relation to the deck and specimen

Figure 4(d): Top view of test setup

Figure 5(a): Schematic of positioning of linear potentiometers. The figure on the left is the plan view of the entire specimen and that on the right 
provides details on the deck section being tested. (all dimensions are in mm)
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the 12 potentiometers, 9 were in contact with the top surface 

of the overhang [rows 1, 2, and 3 in Figure 5(a)] and 3 were in 

contact with the bottom surface of the overhang [row 4 in Figure 

5(a)]. 47 strain gauges were applied to the top side of the FRP 

strips after they were bonded into the grooves cut in concrete. 

Two patterns were used as shown in Figure 5(b).

Load applied to the specimens was monotonically increased 

following the sequence shown in Table 1 with the load held 

briefly at each load level to enable observation of cracks and 

deterioration. 

3. TEST RESULTS
An overall comparison of the load-deflection response of the 

two specimens is shown in Figures 6(a) and (b). The load reflects 

the level in each hydraulic jack and the deflection is as measured 

at center of the overhang. For purposes of comparison with 

theory, the vertical deflections of the deck slab overhang were 

predicted using a piecewise linear structural analysis that 

employs varying sectional properties throughout the system 

incorporating moment-curvature data from RESPONSE 2000 [17], 

with the moment profile for the deck slab being determined 

using RISA-2D [20]. The deck slab was modeled as a beam which 

was placed on three pinned supports located at the center of 

each vertical stem. The deck slab was sectioned into multiple 

pieces that maintain continuity throughout the member in 

order to allow different properties to be assigned to each 

piece. Moment values at different points along the deck slab 

were determined from the moment profile due to a downward 

vertical load applied to the end of the overhang region of the 

deck slab. The average moment acting within each section was 

determined and the moment of inertia value for each section 

was changed based on the input from moment-curvature data to 

determine the deflections of the deck slab overhang as loading 

was increased. 

Figure 5(b): Strain gauge placement. Pattern and designation on the left and positioning on the deck at right (all dimensions are in mm)

Table 1: Loading protocol (steps 11-22 relate to the 
strengthened specimen only) 

LOAD 
STEP

LOAD PER
HYDRAULIC
JACK (kN)

EQUIVALENT 
UNIFORMLY 

DISTRIBUTED 
LOAD (kN/m)

LOAD LEVEL DESCRIPTOR
(WALL LOAD IS 21.6 kN/m 

AND LOAD LEVELS ARE 
INDICATED WHERE POSSIBLE 

AS APPROXIMATIONS OF 
MULTIPLES OF WALL LOADS 

AS DESCRIPTORS)

1 24 30

2 36 45 ~2 (Wall load)

3 48 60

4 60 75

5 72 90 ~4 (Wall load)

6 84 105

7 90 112.5 ~5 (Wall load)

8 96 120

9 102 126.3 Predicted moment capacity of 
as-built specimen

10 114 142.5 Ultimate capacity of as-built 
specimen 

11 116 145

12 130 162.5

13 136 170

14 142 177.5 ~8 (Wall load)

15 148 185

16 160 200 ~9 (Wall load)

17 166 207.5

18 172 215

19 178 222.5 ~10 (Wall load)

20 184 230

21 190 237.5

22 196 245 ~11 (Wall load)
Ultimate capacity of 

strengthened specimen
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For the unstrengthened specimen, the predicted moment 
capacity of 117.2 kN-m found via moment curvature analysis 
was within 6.5% of the actual moment applied, 110 kN-m, of 
the structure at the max loading of 114 kN per hydraulic jack. It 
is noted that the use of ACI 318 [16] results in a lower prediction 
of moment capacity of 97.0 kN-m. As seen in Figure 6(a), the 
predicted deflection values of the overhang compare well 
with the experimentally measured deflections through the 
loading range, with the predicted deflection of 6.03 mm at the 
ultimate load of 114 kN per jack being only 5.2% less than the 
experimentally measured value of 6.36 mm. In the case of the 
NSM FRP-strengthened specimen, predictions following ACI 440 
and moment curvature analysis were 166 kN-m and 185 kN-m, 
which were within 12% and 2% of the experimental results, 
respectively. The predicted deflections for the overhang provide 
good correlation till a load of approximately 160 kN/jack. The 
over-prediction past this load is due to the assumption that full 
composite action is maintained for the section throughout the 
loading range, whereas experimentally, it was noted that there 
was a level of concrete cracking directly adjacent to the NSM 
FRP after this load level.

The ultimate capacity of the NSM FRP strip-rehabilitated slab 
was reached at an applied load of 196 kN, equivalent to a 
uniform distributed load of 245 kN/m. This ultimate capacity is 
78% greater than that seen with the as-built specimen, which 
occurred at 114 kN per hydraulic jack, equivalent to a uniform 
distributed load of 142.5 kN/m. At the failure load level, the as-
built specimen had a center deflection under the loading beam 
of 6.36 mm, whereas the FRP-rehabilitated specimen deflected 
approximately half that of the as-built specimen, 3.33 mm. The 
level of ultimate deflection of the unstrengthened specimen is 
reached by the NSM FRP-strengthened specimen at a load level 
of about 170 kN/jack which is about a 49% increase in equivalent 
capacity at that level. At ultimate capacity of the NSM FRP-
rehabilitated specimen, the center deflection under the loaded 

beam was 8.73 mm, which indicates the rehabilitated specimen 
exhibited a 31.8% increase in deformation capacity over the 
as-built specimen with an increase in load of 72% per jack. In 
addition to increasing the overall load and deformation capacity 
of the system, the NSM FRP strips act to increase the stiffness 
and improve the stability of the system as can be seen from the 
increased stiffness and greater linear profile in Figure 6(a). 

It is instructive to further compare the behavior of the individual 
specimens in terms of deflections and cracking. The ultimate 
capacity of the as-built specimen was reached at an applied load 
of 114 kN per hydraulic jack, equivalent to a uniform distributed 
load of 142.5 kN/m, which is 6.33x the nominal wall load. As 
the loading of the edge of the slab was increased, the top 
layer of transverse reinforcement above the outer edge of the 
stem yielded, followed by loss of aggregate interlock resulting 
in failure. Cracking was first observed on the top side of the 
overhang at the 84 kN load level per jack in the form of thin 
discontinuous cracks which approximately followed the two top 
longitudinal steel reinforcement bars adjacent to the edge of 
the stem wall, as shown in Figure 7(a), along with minor diagonal 
cracks along the exterior edge. Additional small cracks were 
observed with increasing load across the width of the specimen, 
till the load reached 114 kN per jack at which point a large 
diagonal crack opened and quickly propagated along the width 
of the overhang as seen in Figure 7(b). After the loading of the 
specimen was completed, loose concrete was removed in order 
to better observe the failure surfaces which are shown in Figures 
7(c) and (d). Some yielding of the rebar in the areas of the crack 
was noted as well.

In comparison, the ultimate capacity of the NSM FRP- 
rehabilitated overhang was reached at an applied load of 196 
kN per hydraulic jack, equivalent to a uniform distributed load of 
245 kN/m. The first cracking observed in the as-built specimen 
occurred at the load level of 84 kN, whereas the first set cracking 
observed in the NSM FRP-rehabilitated specimen occurred at 

Figure 6(a): Comparison of load-deflection profiles Figure 6(b): Comparison of deck overhang deflection at key load levels
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116 kN, which corresponds to a 38% greater load. A comparison 
of the deflection profiles along the center of the specimens at 
these loading levels, as shown in Figures 9(a) and (b), shows the 
clearly evident stiffening and strengthening effect of the NSM 
FRP strips. 

At a level of 184 kN per jack, hair-line cracking was observed on 
the top of the overhang surface following the top longitudinal 
steel reinforcement bars. Minor diagonal cracks were noted 

along both the edges of the slab initiating from the top surface 

of the deck at this load level. At a load level of 196 kN per 

hydraulic jack, the ultimate tensile strength of the top concrete 

cover layer was exceeded and the bond between the FRP and 

the concrete was lost. This damage was quickly followed by the 

opening and propagation of a large diagonal crack along the 

strut formed, as shown in Figure 8(a), indicating attainment of 

ultimate capacity of the overhang for resisting vertical loads. 

(a) Initial cracking along the longitudinal rebar

(c) Overhang edge prior to removal of loose concrete

(d) Overhang edge after removal of loose concrete (b) Diagonal crack on edge going below concrete cover

Figure 7: Details of damage to overhang region

Figure 8: Damage at ultimate capacity showing concrete cracking and local debonding of the NSM FRP adhesive from the concrete in the right figure
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It is noteworthy that removal of loose concrete after testing 
showed that bond between the NSM FRP and concrete was 
largely maintained except in the area of diagonal cracking in 
the concrete [Figure 8(b)] in a manner similar to that of the 
as-built specimen but at a significantly higher load due to the 
strengthening action of the NSM FRP strips. The maximum 
strain value recorded in the CFRP strips at ultimate capacity was 
3846 microstrain indicating that the FRP itself was not close to 
rupture. 

It is of interest to compare deflection profiles as measured 
by the linear potentiometers between the as-built and 
strengthened specimens. Figures 9(a) and (b) compare profiles 
along the center line of the specimen denoted by line M in the 
layout in Figure 5(a), while Figures 10(a) and (b) compare profiles 
along line A in the layout in Figure 5(a) which is adjacent to an 
outer edge of the specimen.

It should be noted that position 2 [see Figure 5(a)] represents a 

location above the outer stem of the box-girder and therefore 

represents the end of the overhang. In all cases, it is seen that 

there is virtually no discernable deflection past this point. In 

both cases (center line and edge), the addition of the NSM FRP 

strips results in a decrease in deflection at comparable loads as 

measured by the two potentiometers closest to the overhang 

edge [points 3 and 4 in Figure 5(a)] with the deflections in the 

strengthened case as shown in Figure 10(b), as an example 

being between 68% and 78% of those in the unstrengthened 

case in Figure 10(a). The effectiveness of the NSM FRP strips is 

further highlighted by the fact that the deflection away from the 

edge is lower in the strengthened case even at the higher load 

levels. 

Figure 9(a): Deflection profile along center line of overhang [M-line in 
Figure 5(a)] in the unstrengthened state

Figure 10(a): Deflection profile along a line of linear potentiometers 
adjacent to the edge of the unstrengthened test specimen

Figure 9(b): Deflection profile along center line of overhang [M-line in 
Figure 5(a)] in the NSM FRP-strengthened state

Figure 10(b): Deflection profile along a line of linear potentiometers adjacent
to the edge of the test specimen in the NSM FRP-strengthened state
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This can be further elucidated through the strain measurements 
from the NSM FRP strips. Figure 11 shows strain development 
along the central NSM FRP strip at the same load levels as in 
Figure 9(b). These strain profiles indicate that the maximum 
strain in the FRP strips occurs directly above the edge of the 
stem wall adjacent to the deck slab overhang, referenced as 
location “B” in the figure [details of location are shown in Figure 
5(b)]. At ultimate capacity, the maximum strain measured across 
all strips was 3846 microstrain at a location along this line. 
The strains are noted to drop off sharply for distances further 
away from the end of the overhang, with the majority of the 
strain gages on the inner side of the stem wall (location “C”) 
exhibiting less than a third of the strain values shown at location 
“B”. The sharp drop in strain values at distances away from the 
stem wall and the minimal strains further away indicate that 
significantly shorter lengths of FRP strips could have been used 
to optimize material usage and improve constructability without 
affecting load transfer and overall system response. 

Details for strain development along line B, the location where 
the maximum strains occur in the specimen, are shown in Figure 
12, wherein it can be seen that the distribution of strains was 
even along the specimen until a load level of 116 kN per jack 
was reached. At this level, cracking was first observed in the 
specimen and higher loading levels resulted in less uniform 
strains along the specimen, as a result of local cracking and 
redistribution. The average strain along line B in the specimen 
at ultimate capacity was 3423 microstrain, whereas the minimum 
and maximum strains along line B were 2943 microstrain and 
3846 microstrain, respectively. Using the strain data throughout 
the specimen and following the procedure described by Siem 
et al. [21], the shear stress between the concrete and the CFRP 
strips was determined to be 1.75 MPa in comparison to a listed 
shear strength of 24.8 MPa [22] again indicating the effectiveness 
of the NSM FRP and its ability to ensure a non-brittle failure.

4. SUMMARY AND CONCLUSIONS
 The use of NSM FRP strips is seen to more than adequately 
strengthen the deck overhang to enable the addition of the 
sound barrier without premature failure. Failure was seen to be 
non-catastrophic within the concrete and at levels of moment 
capacity higher than required. The NSM FRP-rehabilitated 
specimen reached ultimate capacity under an applied load 
of 196 kN per hydraulic jack which is equivalent to an applied 
moment of 189.2 kN-m. This corresponds to a 72% increase in 
ultimate capacity over the as-built unstrengthened specimen, 
which failed under an applied load of 114 kN corresponding 
to an applied moment of 110.0 kN-m. In comparison with the 
unstrengthened specimen which showed significant drop in 
stiffness at the higher load levels after initial cracking, the NSM 
FRP-strengthened specimen showed better resilience and a 
progressive mode of failure based on separation of isolated 
individual strips within the concrete/adhesive. No fracture of the 
FRP strips themselves was seen.

The tests clearly show the viability of strengthening deck 
overhangs to allow for placement of additional weight on 
the edge such as would be required by sound/noise walls 
placed at the very edge of the overhang region due to space 
considerations. The ability to conduct rapid strengthening 
through the use of NSM FRP strips bonded to the concrete as 
an alternative to substantial removal of concrete and placement 
of additional reinforcing steel which would not require 
significant traffic disruption and time intensive construction is 
a major advantage. Since the FRP strips are prefabricated in 
long lengths which can easily be cut to size on site and then 
bonded into easily cut grooves with adhesives already used 
in the construction industry, the risk of the newer technique 
is extremely low since no special equipment or methods are 
needed. Rapid cure of the adhesive also results in faster opening 

Figure 11: Strain profile along the central FRP strip. Location A is closest 
to the edge as shown in Figure 5(b)

Figure 12: Strain along line B (483 mm from the edge of the overhang)
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of the rehabilitated structure to traffic. The test program 
validated both the concept and the design methodology and 
demonstrated that the failure levels are significantly higher than 
the capacities needed, and that final failure is staged rather than 
catastrophic.
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SINTERED FLY ASH LIGHTWEIGHT 
AGGREGATE - ITS PROPERTIES 
AND PERFORMANCE IN 
STRUCTURAL CONCRETE

Abstract
The paper presents study conducted on sintered fly ash 
coarse aggregate produced indigenously. The sintered fly ash 
coarse aggregate [Low Density Aggregate (LDA) / Lightweight 
Aggregate (LWA)] is lower in density in comparison to normal 
weight aggregate. In the current study, class F fly ash has been 
used. The two fractions of sintered fly ash coarse aggregates 
(8-16 mm and 4-8 mm) were evaluated. Experimental 
programme evaluated the micro-structural, physical and 
chemical properties of sintered fly ash coarse aggregates for 
its suitability in making concrete for masonry units, hollow and 
solid lightweight concrete blocks, and structural lightweight 
concrete (SLC) for non-wearing surfaces. The paper also 
presents the experimental study on suitability of sintered fly 
ash lightweight aggregate in structural concrete. Concrete 
with sintered fly ash aggregate has been made at two water-
cement ratios (0.55 and 0.45). The various mechanical properties 
such as compressive strength, flexural strength, split tensile 
strength, drying shrinkage, modulus of elasticity, and Poisson’s 
ratio have been determined. The durability properties has also 
been investigated conducting rapid chloride ion penetration 
test (RCPT), electrical resistivity, chloride migration test, water 
permeability, and sorptivity (absorption) index. The mechanical 
and durability properties of LWAC have been compared with 
corresponding test results of normal weight aggregate concrete 
(NWAC) at same water-cement ratio of 0.55 and 0.45. The 
finding of the study has been useful for formulation of a new 

Indian Standard for production of structural lightweight concrete 

(SLC) using sintered fly ash lightweight coarse aggregate.

Keywords: Durability, Lightweight aggregate concrete (LWAC), 

Mechanical property, Normal weight aggregate concrete 

(NWAC), Structural lightweight concrete (SLC).

1. INTRODUCTION
1.1 General
Earlier lightweight aggregates (LWAs) were of natural origin, 

mostly volcanic origin like pumice and scoria by mechanical 

treatment [1]. As large quantities of the fly ash remain unutilized 

in most countries of the world, the manufacture of good quality 

lightweight fly ash aggregates seems to be an appropriate step 

to utilize a large quantity of fly ash and also yield significant 

environmental benefits. The Indian coal is of low grade having 

high ash content of the order of 30-45% producing large 

quantity of fly ash at coal/lignite-based thermal power stations 

in the country. The fly ash generation during 2018-19 is 217.04 

million tonne due to combustion of 667.43 million tonne of coal/

lignite, and fly ash utilization is around 168.40 million tonne 

which suggests an effective usage of 77.59%. Fly ash used in the 

study was taken from silo of super thermal power plant. Class 

F contains CaO of less than 8-10% and mostly contributes in 

pozzolanic reaction during hydration process. The official figures 

published by the Central Electricity Authority (CEA) in the annual 

*Corresponding author : Brijesh Singh, Email: brijeshsehwagiitr96@gmail.com

Table 1: Fly ash consumption in India as per Central Electricity Authority (CEA)
DESCRIPTION

YEAR
2014-15 2015-16 2016-17 2017-18 2018-19

Number of thermal power stations 145.00 151.00 155.00 167.00 195.00

Coal consumed (million tons) 549.72 536.64 536.40 624.88 667.43

Fly ash generation (million tons) 184.14 176.74 169.25 196.44 217.04

Fly ash utilization (million tons) 102.54 107.77 107.10 131.87 168.40

% Utilization 55.69 60.97 63.28 67.13 77.59

P. N. OJHA,  
BRIJESH SINGH*,  
ASHOK KUMAR BEHERA



21THE INDIAN CONCRETE JOURNAL | JUNE 2021

TECHNICAL PAPER

report of 2018-19 regarding fly ash consumption in India is given 
in Table 1. Some figures outlining the actual sector wise usage 
has been mentioned in Figure 1.

1.2 Production Process of Sintered Fly Ash 
Aggregate
Past studies [2-3] have already been conducted on the 
manufacturing processes of artificial lightweight aggregates 
from fly ash. Agglomeration techniques and hardening methods 
have been well researched. A division is made according to the 
method of hardening: sintering, autoclaving, or cold bonding. 
It is concluded that the bond between the fly ash particles in 
general diminishes; this effect, however, can be compensated 
by improving the degree of compaction of aggregates. The 
production process of sintered fly ash aggregate can be divided 
into four stages given below (Figure 2).

Raw material handling: The detail of raw mix used for 
production of sintered fly ash aggregate is 1-1.5% bentonite, 
7-8% coal, and remaining class F fly ash. About 20-30% water 
is also mixed as binding agent during the production process. 
Fly ash, bottom ash, and grinded coal with binder are fed to 
continuous mixers. Fluidizing and blending in silos are required 

for homogeneous mixing. The dosage of binding agent is more 
important for making fly ash balls and the optimum range was 
found to be around 20% to 25% by the total weight of binders. 
Initially, some percentage of water is added in the binder as 
binding agent, and then poured in a disc; remaining water 
is sprayed during the rotating period because while rotating 
without water in the disc, the fly ash powder tends to form 
lumps and does not increase the distribution of particle size. The 
pellets were formed approximately in a duration of 20 min.

Pelletization: Some of the parameters, which need to be 
considered for the efficiency of production of pellet, include 
speed of revolution of pelletizer disc, moisture content, angle 
of pelletizer disc, and duration of pelletization. In this process, 
the wet mix is fed to pelletizers. Pelletizers make green pellets 
of various sizes. The disc pelletizer size is 570 mm diameter and 
side depth of the disc of 250 mm. It is fixed in a flexible frame 
with adjusting the angle of the disc as 35° to 55°, and to control 
for the rotate disc in vertical manner, speed should be varied as 
35 to 55 rpm. The pellets were formed by agglomeration. The 
size of pellets is regulated with tilt and speed of the pelletizers. 
The green pellets were carried over conveyors for feeding to 
sinter strand.

Sintering: The sinter strand has three sections; a) firing section, 
b) sintering or soaking section, and c) cooling section. Green 
pellets were spread over the moving sintering strand. The 
pellets travel to firing zone with temperature range of 1100 to 
1300 degree centigrade. The sintering happens in intermediary 
stage of sinter strand, and on the later part, they cool naturally. 
The burning of the carbon in the pellets and loss of moisture 
create a cellular structure bonded together by the fusion of fine 
ash particles.

Finish product handling: The cooled down pellets were passed 
through breaker to detach fused aggregates. The aggregates 
were then collected in different storage silos as per size, ready 
for onward dispatch to finish product yard. The particles formed 
were rounded in shape and range in size from 2 mm to 16 mm 
down to fines. These sintered aggregates were subsequently 
screened as per required sizes and were ready for use as per the 
requirement.

1.3 Properties of Sintered Fly Ash Aggregate
Research has already been done in past to evaluate engineering 
properties such as crushing strength, specific gravity, water 
absorption, particle size distribution, surface characteristics, and 
shear strength properties for the fly ash aggregates produced 
from fly ash and cement mixing by pelletization method. The 
experimental study showed that these aggregates were good 
alternative for wide range of civil engineering applications [4-8]. 
Internationally, ACI 213R-03 [9] and ASTM C 330 [10] are widely used 
as two standards for the use of lightweight aggregate (LWA) in 
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Figure 1: Major modes of fly ash utilization during the year 2018-19  
(CEA annual report 2018-2019)

Figure 2:  Schematic flow diagram for production of sintered fly ash 
aggregate
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SLC. As per ACI 211.2-91 [11], the weight method can be used for 
proportioning the concrete with lightweight coarse aggregate 
and normal weight fine aggregate, whereas volumetric 
method can be used for concrete with all lightweight as well 
as combination of lightweight and normal weight aggregates. 
Grading of aggregate plays an important role because, if all the 
particles of an aggregate were of uniform size, the compacted 
mass will contain more voids and it will affect the strength of the 
concrete. In general, the aggregate should be well graded so 
that it can produce better bond. The size distribution of LWA 
shall confirm to Table 1 of ASTM C 330. As per ACI 213R-03, the 
practical range of relative densities of lightweight aggregate 
varies from almost 1⁄3 to 2⁄3 that of normal weight aggregate. 
As per ASTM C 330 and ASTM C 331 [12], the maximum dry 
loose bulk density of the lightweight coarse aggregate is 880 
Kg/m3. LWA generally absorb from 5 to 25% by mass of dry 
aggregate, depending on the aggregate pore system. Neville [13] 
indicated that water absorption of good quality lightweight 
aggregate for use in structural concrete usually should not be 
more than 15%. Sintered fly ash lightweight aggregates have 
shown water absorption in the range of 13-14% according to 
Swamy and Lambert [14] and Teychene [15]. The rate of absorption 
in lightweight aggregates is a factor that has a bearing on mix 
proportioning, handling, and control of concrete, and depends 
on the aggregate pore characteristics. The maximum loss on 
ignition of lightweight aggregate is 5% as per ASTM C 330 and 
ASTM C 331.

1.4 Properties of Structural Lightweight 
Concrete (SLC)
The lightweight concrete have been proving more advantages 
than normal weight in terms of structural load-bearing, as 
acoustic, thermal insulation, and less cost for transportation 
and building as the dead load from superstructure was 
decreased [16-17]. As per ASTM C 330, the conformity of concrete 
to SLC is evaluated on the basis of combined property of 

density, compressive strength, and split tensile strength. From 
the same batch of concrete, one or more of the compressive 
strength and split tensile strength requirements need to be 
satisfied without exceeding the corresponding maximum density 
values which is given in Table 2.

As per ACI 318 [18] code, flexural strength, fcr = λ 0.55 √fck (N/mm2) 

where λ is the modification factor for lightweight concrete and 
equals 1.0 for normal weight concrete, 0.85 for sand-lightweight 
concrete, and 0.75 for all lightweight concrete. It indicates 
that in case of concrete made with normal weight sand and 
lightweight coarse aggregate, flexural strength value is 15% 
less than the concrete made with normal weight aggregate. 
In case of concrete made with all lightweight aggregates, the 
flexural strength value is 25% less than the concrete made 
with normal weight aggregate. Faust et al. [19] observed that 
ascending branch of stress-strain curve is comparatively linear 
in case of lightweight aggregate concrete in comparison with 
normal weight aggregate. They have also observed lower 
elastic modulus and less ductility in the post-cracking failure 
region. As per ACI 213R-03, generally, the modulus of elasticity 
for lightweight concrete varies between ½ to ¾ that of normal 
weight concrete of the same strength. As per ACI 213R-03, 
Poisson’s ratio determined by static method for lightweight 
and normal weight concrete varies between 0.15 and 0.25 and 
averaged 0.2. As per ASTM C 330, the drying shrinkage of 
concrete specimens shall not exceed 0.07%. In India, IS: 9142 [20] 

refers to Specification for Artificial Lightweight Aggregates for 
Concrete Masonry Units and IS: 2185 (Part-II) refers to production 
of hollow and solid lightweight concrete blocks. In view of 
the above, an attempt has been made in the present work to 
develop a concrete with partial replacement of aggregates by 
sintered fly ash aggregates. The investigation covers various 
mechanical and durability properties of lightweight aggregate 
concrete (LWAC). The mechanical and durability properties of 
LWAC were compared with corresponding test results of normal 
weight aggregate concrete (NWAC) at same water-cement ratio 
of 0.55 and 0.45.

Table 2: Density, compressive strength, and split tensile strength of structural lightweight concrete (SLC)
SL. 
NO.

AVERAGE AIR DRY 28-DAY  
DENSITY, MAX (kg/m3)

AVERAGE 28-DAY  
SPLIT TENSILE STRENGTH, MIN (MPa)

AVERAGE 28-DAY  
COMPRESSIVE STRENGTH, MIN (MPa)

All lightweight aggregate

1 1760 2.2 28

2 1680 2.1 21

3 1600 2.0 17

Sand/lightweight aggregate

4 1840 2.3 28

5 1760 2.1 21

6 1680 2.1 17
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2. EXPERIMENTAL PROGRAM
The experimental program consists of two parts wherein the 
first part deals with the evaluation and characterisation of 
sintered fly ash aggregate and second part deals with the 
experimental investigation on suitability of sintered fly ash 
lightweight aggregate for application in structural concrete. 
Under the section of evaluation and characterisation of sintered 
fly ash aggregate, petrographic examination of aggregate 
and evaluation of physical and chemical properties of sintered 
fly ash aggregate have been carried out. Under the section 
of experimental investigation on suitability of sintered fly ash 
lightweight aggregate for application in structural concrete, 
concrete using sintered fly ash aggregate has been made 
at two water-cement ratios (0.55 and 0.45). The specimens 
of different sizes and types as per relevant Indian codes / 
International codes / test methods / specifications were used 
in the investigation to determine the engineering properties of 
structural lightweight concrete. The mechanical properties such 
as compressive strength, flexural strength, split tensile strength, 
drying shrinkage, modulus of elasticity, and Poisson’s ratio have 
been determined. The durability properties studied include 
rapid chloride ion penetration test (RCPT), electrical resistivity, 
chloride migration test, and water permeability and sorptivity 
(absorption) index. The results of mechanical and durability 
properties of concerte made with sintered fly ash lightweight 
aggregates were also compared with normal lightweight 
aggregate concrete. 

3. EVALUATION AND CHARACTERISATION 
OF SINTERED FLY ASH AGGREGATE
The study consists of petrographic examination as per IS: 2386 
Part VIII for sintered fly ash aggregate of both fractions (8-16 mm 
and 4-8 mm) to check its suitability as an aggregate from the 
mineralogy point of view. After this, the physical and chemical 
properties of both the fractions of sintered fly ash aggregate 
were carried out as per the requirements of IS: 383-2016 [21].

3.1 Micro Structural Investigation on 
Properties of Sintered Fly Ash Aggregate
Petrographic analysis on both fractions of LDA (8-16 mm 
and 4-8 mm) were conducted under polarising type optical 
microscope. The minerals present were quartz, orthoclase-
feldspar, glass, semi-glass, and opaque minerals (Figure 3). Grain 
size of quartz varies from 2 µm to 206 µm with an average of 
102 µm. Majority of glass grains were in the size range of 70 µm 
to 100 µm. Grain size of glass varies from 2 µm to 161 µm with an 
average of 93 µm. Majority of glass grains were in size range of 
60 µm to 90 µm.

The pelletizing action provides a rounded, spherical, and semi-
spherical shape to the finished aggregate. The external grey 

colour and internal black core were related to carbon content 

and oxidation state of the iron present. The morphological, 

microstructural, and mineralogical characters of nodules give a 

clear picture of their pozzolonic characters which may enhance 

bond strength between cement paste and aggregate. The 

studies were also conducted in stereoscopic microscope for 

the in-situ nodules for the sintered fly ash aggregate for both 

fractions (8-16 mm and 4-8 mm). For fraction (4-8) mm, these 

LDA nodules were of various shapes and sizes with different 

morphological characters. Two types of nodules commonly 

present in this aggregate were as follows:

•	 Aggregate has rounded to semi-rounded nodules with 

corroded surface having numerous micro-cracks and 

voids. Outer surface of the nodule is light cream to grey 

in colour. Assemblage of grains of various shapes and 

sizes were clearly visible on the surface of the nodules. 

Majority of these grains were undigested material used for 

nodulization. Voids of various shapes and sizes were clearly 

marked on the surface of these types of nodules (Figure 4).

Figure 3: External appearance of sintered fly ash aggregate or LDA (30x)

Figure 4: LDA size (4-8) mm (Plate 1): Sintered fly ash aggregate. Nodule 
with corroded surface and open voids grains in agglomerated form (1.5x)
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•	 Aggregates have rounded to semi-rounded nodules with 
very smooth surface were tightly packed with sintered 
grains of the material used. Dark brown color glass grains 
of various shapes and sizes were developed on the surface 
and inner portion of nodule. Outer margins of glass 
clusters were tightly cemented which developed cohesive 
margins between the glass clusters and matrix (Figure 5).

•	 For fraction (8-16) mm, these LDA nodules were of various 
shapes and sizes with different morphological characters. 
Two types of nodules commonly present in this aggregate 
were as follows:

	 (1)	 Numerous continuous micro cracks of various 
thicknesses were present on the surface of nodule. 
Outer surfaces were well cemented on the sintered 
matrix. Very fine voids of shallow depth were present 
on the surface of the nodules (Figure 6).

 (2)	 In this nodule, rounded to semi-rounded clusters 
of molten glassy phase were cemented in matrix. 
Numerous pores and few discontinuous cracks of 
shallow depth were uniformly developed on the 
surface of the module. Surfaces of these nodules 
were very smooth in nature (Figure 7).

3.2 Physical and Chemical Properties of 
Sintered Fly Ash Aggregate
The representative samples of lightweight aggregate (LWA) 
(two fractions 8-16 mm and 4-8 mm) were collected and used 
for physical and chemical testing. The physical and chemical 
test results as obtained were presented in Table 3, Table 4, and 
Table 5.

Figure 5: LDA size (4-8) mm (Plate 2): Sintered fly ash aggregate. Nodule 
with smooth surface and cluster of sintered material (1.5x)

Figure 6: LDA size (8-16) mm (Plate 1): Sintered fly ash aggregate. 
Nodule with smooth surface and cluster of sintered material (2.5x)

Figure 7: LDA size (8-16) mm (Plate 2): Sintered fly ash aggregate. 
Nodule with smooth surface and few micro cracks (2.5x)

Table 3: Results of sieve analysis
SIEVE SIZE  

(mm)
PERCENTAGE PASSING

FRACTION-I  
(8-16 mm)

FRACTION-II  
(4-8 mm)

40 100 100

20 100 100

10 21 100

4.75 00 09

Table 4: Test results of physical & chemical properties 
of sintered fly ash lightweight aggregate
TEST CARRIED OUT FOR  

FRACTION  
4-8 mm

FOR  
FRACTION  
8-16 mm

Specific gravity 1.59 1.58

Water absorption, % 12.4 13.10

Abrasion, crushing, and impact value, % - 32, 44, & 32

Loose bulk density, kg/m3 810 845

Deleterious material  
(except coal & lignite), %

Nil Nil

Loss on Ignition (LOI), % - 3.55

Silica (SiO2) and iron oxide (Fe2O3), % - 59.13 & 3.57

Aluminium oxide (Al2O3), % - 28.76

Calcium oxide (CaO) and sulphate (SO3), % - 1.58 & 0.10

Magnesium oxide (MgO) and chlorides, % - 0.60 & 0.008

Alkalies: Na2O and K2O, % - 0.25 & 0.40
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One of important aspects of sintered fly ash low density 

aggregate is water absorption. The water absorption of sintered 

fly ash low density aggregate was determined by measuring the 

dry mass (mdry) and the wet mass after immersion in water as per 

IS: 2386 Part-III for different time intervals discussed here (this 

is the saturated-surface-dry mass, msat). The water absorption of 

both the fractions of LDA at different time interval, i.e. 5 minute, 

10 minute, 15 minute, 30 minute, 45 minute, 60 minute, 

1:15 hours (75 minute), 1:30 hours (90 minute), 1:45 hours 

(105 minute), 2:00 hours (120 minute), 3:00 hours (180 minute), 

4:00 hours (240 minute), 5:00 hours (300 minute), 6:00 hours 

(360 minute), and 6:30 hours (390 minute) was determined to 

analyse the rate of water absorption. The development of water 

absorption over time for selected fractions of the sintered fly ash 

aggregate is presented in Figure 8. The water absorption of the 

tested sintered fly ash stabilizes relatively quickly due to its more 

open pore structure and smaller differences between shell and 

interior of the particles in comparison with some expanded clays 

or shales.

The abrasion value of the LDA fraction (16 mm – 8 mm) is 

32% which is not satisfactory as per IS: 383 [21] for the coarse 

aggregate to be used in concrete for wearing surfaces. However, 

the abrasion value is satisfactory for the coarse aggregate 

to be used in other concrete. The crushing value of the LDA 
fraction (16 mm – 8 mm) is 44% which is not satisfactory as per 
IS: 383 for the coarse aggregate to be used in concrete for 
wearing surfaces. However, the crushing value is satisfactory 
for the coarse aggregate to be used in other concrete. The 
impact value of the LDA fraction (16 mm – 8 mm) is 32% which 
is not satisfactory as per IS: 383 for the coarse aggregate to be 
used in concrete for wearing surfaces. However, the crushing 
value is satisfactory for the coarse aggregate to be used in 
other concrete. The test results of deleterious material for both 
fractions of LDA were satisfactory as per IS: 383. The sieve 
analysis result of LDA fraction-I (16 mm - 8 mm) and fraction II 
( 8 mm – 4 mm) conforms to the grading requirements for 
lightweight aggregate for structural concrete with coarse 
aggregate of nominal size designation 19.00 mm – 4.75 mm 
and 9.5 mm – 2.36 mm as per Table 1 of ASTM C 330. Dry Loose 
bulk density of LDA fraction-I and fraction-II were 845 Kg/m3 
and 810 Kg/m3, respectively, and conforms to the ASTM C 330, 
ASTM C 331, and IS: 2185 (Part-II), as per which the maximum 
dry loose bulk density of the lightweight coarse aggregate is 
880 Kg/m3. Water absorption of LDA fraction-I and fraction-II 
were 13.10% and 12.40%, respectively, which were in agreement 
with the existing literature [5] for lightweight aggregates used 
for structural concrete. As per existing literature [5], lightweight 
aggregates generally absorb from 5 to 25% by mass of dry 
aggregate. Neville [13] indicated that water absorption of good 
quality lightweight aggregate for use in structural concrete 
usually should not be more than 15%. The initial rate of water 
absorption of both the fractions of LDA is quite high. In first 
hour, LDA fraction-I and fraction-II water absorption were 9.09% 
and 9.01%, respectively, i.e. the LDA absorbs almost 70% of total 
water absorption in the first hour. Loss on Ignition (LOI) of LDA 
fraction (16 mm - 8 mm) is 3.55% which conforms to the ASTM 

Table 5: Accelerated mortar bar test (as per ASTM 
C 1260)
SAMPLE TYPE 1N NaOH 80°C REMARKS

14 DAY EXPANSION%

Low density aggregate LDA-I 0. 02 Innocuous

Low density aggregate LDA-II 0. 01 Innocuous
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C 330 and ASTM C 331 requirement of maximum loss on ignition 
of 5%. The LOI value also conforms to the IS: 9142 requirement 
of maximum loss on ignition of 4%. Accelerated mortar bar test 
as per ASTM C 1260 indicates that the expansion at 14 days on 
LDA is 0.02% which is less than 0.1%. Therefore, the LDA sample 
can be classified as innocuous as per ASTM C 1260.

4. EXPERIMENTAL INVESTIGATION 
ON SUITABILITY OF SINTERED FLY ASH 
LIGHTWEIGHT AGGREGATE IN STRUCTURAL 
CONCRETE
The experimental investigation consists of the evaluation of 
concrete making materials and concrete mix proportioning, 
followed by casting and testing of concrete samples. Natural 
river sand conforming to zone-II of IS: 383, one brand of OPC-43 
Grade conforming to IS: 8112 [22], and Naphthalene-based super 
plasticizer conforming to IS: 9103 [23] were used in this study. 
The mix proportioning was done by absolute volume method. 

In this method, the volume of fresh concrete produced by any 
combination of materials was considered equal to the sum of 
the absolute volumes of cementitious materials, aggregate, 
net water, and entrained air. The slump of the fresh concrete 
was kept in the range of 50-75 mm. The concrete mixtures 
were prepared in pan type concrete mixer. The mix proportions 
details of LWAC are presented in Table 6.

4.1 Tests Conducted on Concrete Samples
Different sizes and types of specimens as per relevant Indian 
codes/ International codes/ test methods/ specifications 
were used in the investigation to determine the engineering 
properties of hardened concrete. The details of tests conducted 
on concrete samples were presented in Table 7.

4.2 Tests Results and Discussion
4.2.1 Mechanical properties of lightweight 
aggregate concrete

The results of various mechanical properties such as 
compressive strength, flexural strength, split tensile strength, 
drying shrinkage, modulus of elasticity, and Poisson’s ratio 
are presented in Table 8. The compressive strength of LWAC 
at 28 days for w/c-0.55 and 0.45 were 34.64 N/mm2 and 
44.19 N/mm2, respectively, which is in the same range as that 
of NWAC. The flexural strength of LWAC at 28 days for w/c-
0.55 and 0.45 were 3.79 N/mm2 and 4.25 N/mm2, respectively. 
As per IS: 456-2000 and past studies [31-34], the estimated 
values of flexural strength were 4.12 N/mm2 and 4.65 N/mm2 
corresponding to the actual compressive strength of 34.64 N/
mm2 and 44.19 N/mm2 of normal weight aggregate concrete, 
respectively. The main factors influencing the compressive 
strength in this study were found to be the volume of lightweight 
aggregates, maximum lightweight aggregate size, water-to-

Table 6: Mix proportions of LWAC
MIX CONSTITUENTS AT W/C-0.55,  

MIX  
PROPORTIONS  

(Kg/cum)

AT W/C-0.45,  
MIX  

PROPORTIONS  
(Kg/cum)

Cement (OPC-43 grade) 300 333

Water 165 150

Normal weight fine aggregate 657 662

Lightweight coarse aggregate 
Fraction-I 8 mm - 16 mm (65%)
Fraction-II 4 mm - 8 mm (35%)

502
270

505
272

Chemical admixture 2.40 litre
@ 0.80% by 

weight of cement

1.67 litre
 @ 0.50% by 

weight of cement

Table 7: Detailed test program with standards and specimens dimension
SL. 
NO.

TYPE OF TEST TESTING
AGE (DAYS)

STANDARDS/CODES/PROCEDURE SPECIMEN TYPE & SIZE ( mm)

1 Compressive strength 1, 3, 7, 28 IS:516 [24] Cube, 150 × 150 × 150

2 Flexural strength 28 IS:516 Beam, 150 × 150 × 700

3 Split tensile strength 28 IS:5816 [25] Cylinder, Dia = 150 and Ht = 300

4 Drying shrinkage 28 IS:1199 [26] Prism Bar, 75 × 75 × 300

5 Modulus of elasticity 28 IS:516 Cylinder, Dia = 150 and Ht = 300

6 Poisson’s ratio 28 IS:516 Cylinder, Dia = 150 and Ht = 300

7 Rapid chloride ion penetration 28 ASTM C 1202 [27] Cylinder, Dia = 100 and Ht = 200

8 Electrical resistivity 28 Four Point Wenner Probe Resistivity Meter Slab, 300 × 300 × 100

9 Chloride migration 28 NT Built 492 [28] Cylinder, Dia = 100 and Ht = 200

10 Water permeability 28 DIN:1048 (Part 5) [29] Cylinder, Dia = 150 and Ht = 150

11 Sorptivity (absorption) index 28 ASTM C 1585 [30] Cylinder, Dia = 100 and Ht = 200
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binder ratio, etc. For lightweight concrete, strength decreases 

substantially with increasing volume fraction of aggregates and 

aggregate size. The actual flexural strength of LWAC is lowered 

by 8% and 8.6%, respectively, which is in agreement with the 

existing literature [7,15] for LWAC. It may be noted that ACI 318 

estimates 15% lower value of flexural strength of SLC than that 

of normal weight aggregate concrete for the same compressive 

strength.

The moduli of elasticity (MOE) of LWAC at 28 days for w/c-0.55 

and 0.45 were 20694 N/mm2 and 22352.33 N/mm2, respectively. 

As per IS: 456-2000, the estimated values of MOE were 29427.88 

N/mm2 and 33237.78 N/mm2 corresponding to the actual 

compressive strength of 34.64 N/mm2 and 44.19 N/mm2 of 

normal weight aggregate concrete, respectively. The actual 

MOE of LWAC is lowered by 29% and 32.75%, respectively, 

which is in agreement with the literature [7,15] for SLC. It may be 

noted that as per ACI 213R-03, the MOE value of SLC can be 

lowered by 25% to 50% than that of normal weight aggregate 

concrete for the same compressive strength. The Poisson’s ratios 

of LWAC at 28 days for w/c-0.55 and 0.45 were 0.19 and 0.203, 

respectively, which is in agreement with the existing literature [7,15] 

for SLC. The drying shrinkage of LWAC at 28 days for w/c-0.55 

and 0.45 was 0.022% and 0.018%, respectively, which is less than 

the maximum limit of 0.07% specified in ASTM C 330. 

4.2.2 Durability properties of lightweight 
aggregate concrete

The durability properties such as rapid chloride ion penetration 

(RCPT), electrical resistivity, chloride migration, water 

permeability, and sorptivity (absorption) Index have been 

investigated. The testing has been done as per relevant 

standards and results are given in Table 9.

The rapid chloride penetrability test (RCPT) of LWAC at 28 days 

for w/c-0.55 and 0.45 were 5832.70 Coulombs (high) and 3829 

Coulombs (moderate), respectively. Corresponding RCPT 

values in case of normal weight concrete aggregate at same 

water-cement ratio were 2447 Coulombs (moderate) and 2298 

Coulombs (moderate), respectively. This test was conducted on 

saturated sample of LWA concrete which may have higher pore 

water inside aggregate due to higher porosity in comparison 

with normal weight aggregate. This could have been the 

reason of higher RCPT values. In view of higher RCPT values 

in case of lightweight aggregates, it is advantageous to be 

used in dry climatic conditions and also in structures where the 

concrete remains dry. Necessary precautions with respect to 

water-to-binder ratio and type of cement shall be considered 

for structures in wet conditions. The electrical resistivity values 

of LWAC at 28 days for w/c-0.55 and 0.45 were 4.61 KΏ-cm 

Table 8: Test results of mechanical properties of LWAC
TEST CONDUCTED AGE OF TESTING MIX ID

LWAC (W/C - 0.55) LWAC (W/C - 0.45)

Compressive strength (MPa) 1 day & 3 day 8.96 & 21.37 13.16 & 29.99

7 day & 28 day 27.78 & 34.64 34.73 & 44.19

Flexural  strength (MPa) 28 day 3.79 4.25

Split tensile strength (MPa) 28 day 3.13 3.50

Drying shrinkage (%) 28 day 0.022 0.018

Modulus of elasticity (MPa) 28 day 20694.00 22352.33

Poisson’s ratio 28 day 0.190 0.203

Table 9: Test results of durability properties of LWAC
TEST CONDUCTED AGE OF 

TESTING
MIX ID

LWAC AT W/C - 0.55 *NWAC AT W/C - 0.55 LWAC AT W/C - 0.45 *NWAC AT W/C - 0.45

RCPT at 28 days (Coulombs) 28 day 5832.7 (High) 2447 (Moderate) 3829 (Moderate) 2298 (Moderate)

Electrical resistivity at 28 days (KΏ-cm) 28 day 4.61 9.60 5.39 11.00

Chloride migration test at 28 days (m2/s) 28 day 26.42 × 10-12 22.37 × 10-12 21.14 × 10-12 12.85 × 10-12

Water permeability test at 28 days ( mm) 28 day 14.67 23.00 12.33 33.00

Sorptivity (absorption) (mm/sec1/2) 28 day Initial-0.0141,  
Sec.-0.0047

Initial-0.0057,  
Sec.-0.0047

Initial-0.0179,  
Sec.-0.0031

Initial-0.0039,  
Sec.-0.0024

* Mix using normal weight aggregate concrete (NWAC) is taken from NCB data bank.
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and 5.38 KΏ-cm, respectively. Corresponding electrical 
resistivity values in case of normal weight concrete aggregate 
at same water-cement ratio were 9.6 KΏ-cm and 11.00 KΏ-cm, 
respectively. This test was conducted on saturated sample 
of LWA concrete which may have higher pore water inside 
aggregate due to higher porosity in comparison with normal 
weight aggregate. This could have been the reason of lower 
resistivity values of LWAC. The chloride migration test results of 
LWAC at 28 days for w/c-0.55 and 0.45 were 26.42 × 10-12 m2/s 
and 21.14 × 10-12 m2/s, respectively. Corresponding test results 
vales in case of normal weight concrete aggregate at same 
water-cement ratio were 22.37 × 10-12 m2/s and 12.85 × 10-12 

m2/s, respectively. This indicates higher migration of chlorides in 
LWAC than normal weight concrete.

The water permeability values of LWAC at 28 days for w/c-
0.55 and 0.45 were 14.67 mm and 12.33 mm, respectively. 
Corresponding water permeability values in case of normal 
weight concrete aggregate at same water-cement ratio were 
23.00 mm and 33.00 mm, respectively. This result indicates 
that LWAC has better resistance against water penetration in 
comparison with normal weight aggregate concrete. It seems 
that the lower penetration value is because of better aggregate-
paste bond in interfacial zone in case of LWAC. The Initial and 
secondary sorptivity (absorption) values of LWAC at 28 days 
for w/c-0.55 were 0.0141 mm/sec1/2 and 0.0047 mm/sec1/2. 
Corresponding Initial and secondary absorption values in case 
of normal weight concrete aggregate at same water-cement 
ratio were 0.0057 mm/sec1/2 and 0.0047 mm/sec1/2, respectively. 
Similarly, initial and secondary sorptivity (absorption) values of 
LWAC at 28 days for w/c-0.45 were 0.0179 mm/sec1/2 and 0.0031 
mm/sec1/2 respectively. Corresponding initial and secondary 
absorption values in case of normal weight concrete aggregate 
at same water-cement ratio were 0.0039 mm/sec1/2 and 0.0024 
mm/sec1/2, respectively. It seems that higher absorption values 
were due to the cellular structure of LWA in upper layer of 
concrete specimen. However, lower water permeability indicates 
that porosity in the LWA is discontinuous and aggregate-paste 
bond is stronger in LWAC.

5. CONCLUSIONS
Based on the test results of the performed investigations and 
literature studied, it can be concluded that:

1. Micro-structural, physical, and chemical properties of 
sintered fly ash lightweight aggregates of fraction-I 
(16 mm - 8 mm) and fraction-II (8 mm - 4 mm) conforms 
to the criteria of IS: 9142, ASTM C 331, and IS: 2185 
(Part-II), and it can be used in concrete masonry units for 
production of hollow / solid lightweight concrete blocks. 
However, results of abrasion, crushing, and impact values 
indicate that lightweight aggregate shall not be used for 
concrete to be used in wearing surfaces.

2. The results on mechanical and durability properties of 
LWAC indicate that concrete made with lightweight 
coarse aggregate can be used as structural concrete. 
However, various structural design codal provisions need 
to be established for structural lightweight concrete 
since parameters such as flexural strength and modulus 
of elasticity values were lower than that of normal weight 
concrete for same compressive strength.

3. Codal provision such as minimum cement content, 
maximum water-cement ratio, concrete cover to the 
reinforcement, etc. shall be made further stringent than 
that of normal weight aggregate concrete to ensure similar 
level of durability in the same exposure conditions.

4. The findings of the study have resulted in formulation 
of Bureau of Indian standard IS: 9142 (Part-2)-2018 on 
sintered fly ash lightweight coarse aggregate in structural 
applications.
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NOVEL TEXTILE-REINFORCED 
CONCRETE-COLD FORM  
STEEL CAVITY WALL PANEL 
SYSTEM FOR FAST TRACK 
CONSTRUCTION V. RAMESH KUMAR,

SMITHA GOPINATH*

Abstract
Resilient infrastructure creation in a fast track manner is the need 
of the day. In this context, textile-reinforced concrete (TRC) is 
a highly promising construction material when integrated with 
cold form steel. This paper presents the development of a 
novel cavity wall panel system consisting of two prefabricated 
composite of TRC panels and profiled cold form steel sheet 
connected together using a spacer system. The novelty is 
hinged upon the spacer being used in this construction of cavity 
wall panel system facilitating an easy and efficient construction. 
Preliminary investigations were carried out on proposed wall 
panel system under axial compressive loading. Experimental 
results were examined with respect to response characteristics 
and failure modes for load-bearing wall panel applications.

Keywords: Axial compression, Cavity wall panel, Cold-form 
steel, Spacer system, Textile-reinforced concrete.

1. INTRODUCTION
Conventional cavity wall system generally consists of outer 
skins separated by a hollow space or cavity. The needs and 
functions of a good wall is to provide strength, stability, weather 
exclusion, thermal insulation, sound insulation, durability, 
fire resistance, and appearance. For the aforementioned 
requirements, the cavity wall tends to cater almost all the 
requirements with proper adoption of skin material, connection 
methodology, and insulation material. The most commonly 
used cavity wall construction is by using masonry with brick or 
concrete block as outer layers [1, 2]. Masonry being an absorbent 
material tends to draw rain water or even humidity into the 
wall from outside as well as inside the house. One of the main 
challenges with masonry cavity wall is that they act as a passage 
of moisture. Hence, materials with less moisture permeability 
and water absorption can be instrumental to bridge this gap. 
Yet another aspect is that the construction practices followed 

for conventional cavity walls are more time consuming. Faster 

construction methods are the need of the day, and the use of 

prefabricated building components can be instrumental for 

creating a resilient infrastructure. 

Use of non-conventional materials is gaining popularity for 

construction of prefabricated wall panels [3-6]. However, the 

information about prefabricated cavity wall panel systems in 

this context is limited in literature. A recent advancement in 

the prefabrication construction is by use of textile-reinforced 

concrete (TRC). It is a non-corrosive material consisting of 

fine grained cementitious binder and non-metallic textiles as 

reinforcement. Due to fine grained nature, the porosity and 

water absorption of TRC is considerably less. Though TRC has 

been implemented as non-load-bearing wall panels [7, 8], its 

application as load-bearing wall panel is not explored much. 

The present paper proposes a first-of-its kind cavity wall panel 

system consisting of TRC and cold formed steel, and the cavity 

is created using a spacer system. The spacer system developed 

in this paper is a novel technique, which helps towards easy 

assembly and installation of the cavity wall panel system at site. 

2. EXPERIMENTAL INVESTIGATIONS
Preliminary experimental investigations were carried out to 

determine the axial load-carrying capacity of textile-reinforced 

concrete-cold form steel cavity wall panel system. Pre-fabricated 

TRC was used as a skin material and a profile steel sheet with 

embossments were used as core material. Each TRC skin is of 

dimension of 800 × 1500 × 25 mm.The profile steel sheet used 

was of size 800 × 1500 × 1.2 mm. The connection between 

TRC and profile sheet was provided with self-tapping screws. A 

spacer connection using z-section was developed for connecting 

two sets of TRC-cold form steel, so that higher load-carrying 

ability can be achieved for the overall system. The overall load-

bearing wall panel system is of size 1500 × 800 × 250 mm.

*Corresponding author : Smitha Gopinath, Email: smithag@serc.res.in



32 THE INDIAN CONCRETE JOURNAL | JUNE 2021

TECHNICAL PAPER

2.1 Material Properties
TRC is composed of a thin layer of fine grained cementitious 
matrix as a binder and an alkali-resistant glass textile as 
reinforcement. The binder consist of Portland cement 
(578 kg/m3), fly ash (206 kg/m3), silica fume (41 kg/m3), quartz 
sand (589 kg/m3), quartz powder (354 kg/m3), water (330 kg/m3), 
and polycarboxylate-based superplasticizer. The maximum 
aggregate size used is limited to 0.6 mm to allow for more 
penetration of binder to glass textile. Superplasticizer was 
also added to obtain an improved flowing capability for the 
binder. The cube compressive strength of the binder is 44.5 
MPa (±4.2%) and the cylindrical compressive strength is 34 MPa 
(±3.2%).

In TRC used structures, the textiles are alkali-resistant and thus 
will not be affected due to corrosion. As a result, in which the 
excess protective cover is not required, ultimately being able 
to produce thin structures. The most advantageous property of 
this material is the control over the orientation of the textiles, 
which can be arranged easily in the direction of stresses. Alkali-
resistant glass textile was used as reinforcement in TRC panel. 
In the glass textile, all filaments were coated with poly acrylic 
to prevent the alkali silica reaction in cementitious binder. 
The textile is having a mesh size of 25 × 25 mm and weight of 
225 g/m2. Maximum tensile stress of the textile is 1420 MPa. 
The stress-strain response obtained from uniaxial tensile 
characterization of the textile is shown in Figure 1.

TRC coupons of size 500 × 60 × 10 mm were tested under 
uniaxial tension to determine the tensile response. Three layers 
of textile reinforcement were used in the specimens. The stress-
strain response of the textile obtained from uniaxial tensile 
characterization of TRC is shown in Figure 1.The tensile stress 
experienced by the textile in TRC is 910 MPa. Details about the 
experimental investigation can be seen in [9].

Profile steel sheet used is cold form sheet of grade Fe 250. 
Based on the uniaxial characterization on dumbelled shape steel 
specimen, the stress-strain behavior of cold form steel obtained 
from the experiment is shown in Figure 2. It is observed that, up 
to the stress of 202.59 N/mm2, a linear behavior is seen and after 
that behavior changes to plastic. The material used for spacer 
system as z-section is same as the cold-formed sheet profiled 
steel of grade Fe 250. Dumbelled shape steel specimen is used 
to carry out the uniaxial tension test. The stress-strain behavior 
of cold-formed steel obtained from the experiment is shown in 
Figure 2.

2.2 Prefabrication of Textile-Reinforced 
Concrete-Cold Form Steel Cavity Wall Panel 
System
For casting of TRC skin, first, the polythene sheet was laid with 
wooden planks provided on four sides of it. Then, the layer of 
10 mm thick cementitious binder was applied on sheet. After 
that, 3 layers of textile were laid. Subsequently, the final layer of 
TRC was cast till the desired thickness of 25 mm achieved. The 
TRC skins were cured with water by converting with wet gunny 
bags. After curing, in order to make the TRC composite wall 
panel, two skins of TRC were attached with profile steel sheet by 
using self-tapping screws. Screws were of 4 mm diameter, having 
13 threads. Length of screw used was 40 mm. Diameter of screw 
head was 12 mm. Screw strength was around 400 MPa. Total 4 
rows of screws were provided to attach top TRC with steel core. 
Two rows of screws were provided to attach bottom TRC with 
steel core. In each row, 8 screws were provided with center-to-
center dimension of 150 mm and end distance of 75 mm. Screws 
were drilled with their heads at the bottom.

The textile-reinforced concrete skins were attached to cold 
formed profile sheet using self-tapping screws to form textile-
reinforced cold formed profile sheet composite wall panels. Two Figure 1: Tensile characteristics of textile

Figure 2: Stress-strain response for steel used in profile steel
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such panels are interlinked together using cold formed steel 
z-shaped spacer system as shown in Figure 3. Various stages 
involved in the prefabrication of TRC-cold form steel cavity wall 
panel system are shown in Figure 4.

Two specimens were tested under axial compressive loading. 
The specimens were loaded using 100 ton Enerpac jack. The 
loading rate was controlled by adjusting the oil pump pressure. 
The specimen was tested under axial load condition. The 

Figure 3: Geometrical details of various components of TRC-Cold form steel cavity wall panel 

Figure 4: Various stages involved in the fabrication of TRC-cold form steel cavity wall panel system
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support condition provided is hinge-hinge condition. The 
system was loaded through a 100 ton load cell to capture the 
load being applied to the setup. The overall test setup is shown 
in Figure 5(a). LVDTs and strain gauges were used to capture 
displacement and strain at various locations in the cavity wall 
panel system. Locations of the instrumentation are shown in 
Figure 5(b). Two strain gauges (S2 and S3) were fixed in the 
middle of the panel; one parallel to the loading direction (S2) 
and the other perpendicular to the loading direction (S3) in 
order to capture the nature of bending of the panel. Strain 
gauge (S1) was placed near loading side of the panel to check 
for the uniformity of the loading and to monitor the amount of 
Saint-Venant effect being developed at the support. Two strain 
gauges, S4 and S5, were fixed to the profile sheet in order to 
monitor its behavior. One LVDT was provided at the mid-level 

of the panel to monitor the out of plane deflection of the panel. 
Two LVDTs (VR and VL) were provided at the loading side of the 
panel in order to check for any torsion being generated. 

3. RESULTS AND OBSERVATIONS
The stress-strain characteristics were captured for one of the 
specimens. The response obtained is shown in Figure 6. The 
strain gauge (S1) was located near the loading area of the 
specimen. After reaching the 100 kN load, local crushing of 
the panels occurred near the loading zone which is depicted 
in Figure 6. Among the two specimens tested, in one of the 
specimen, the test was stopped before reaching the ultimate 
load. The second specimen was tested up to ultimate load, 
and load vs. deflection behavior is shown in Figure 7. From the 

 (a) Test setup (b) Location of instrumentation

Figure 5: Test setup and instrumentation details

Figure 6: Stress-strain characteristics Figure 7: Load-deflection behavior

100 ton nerpac ackE j

200 ton loading ramef

100 ton oad elll c

TRC-cold form steel
cavity wall panel system

LVDT

0

20

40

60

80

100

120

140

-1500 -1000 -500 0 500

Lo
a
d

 (
kN

)

Strain µm/m

S1

S2

S3

S4

S5

0

50

100

150

200

250

0 2 4 6 8

Lo
a
d

 (
kN

)

Deflection (mm)

Tested upto ultimate load

Test stopped in between



35THE INDIAN CONCRETE JOURNAL | JUNE 2021

TECHNICAL PAPER

results obtained, it can be seen that the system exhibited elastic 
behavior till 50 kN. Beyond 50 kN, the systems' load-carrying 
capacity is influenced by the strain hardening of the steel as it 
is shown from the sudden change in the stiffness of the load-
deflection curve beyond 50 kN. From the experimental study, 
it was found that the buckling of the individual component of 
the panel was suppressed and the panel failed by cross-section 
yielding. From this, it can be seen that the spacer system 
prevented the buckling of the individual components and 
enabled the section to attain the full load-carrying capacity due 
to the increased inertia. From the strain data (S2 & S3) given 
in Figure 6, it can be seen that each component of the panel 
underwent two-way bending. Along the axial load direction, 
the bending occurred about the supports but in the direction 
perpendicular to the loading direction, and the spacer system 
acted as support creating two-bending action as shown in the 
strain profile. Hence, it can be observed that the spacer system, 
apart from preventing the individual buckling of the panel 
component, also acted as a support to create two-bending 
thereby improving the load-carrying capacity of the panel and 
also converting the panel into a stiffened system. 

From the failure pattern, shown in Figure 8, it can be seen 
that the failure occurred by local crushing of the TRC near the 
support at the yield local. Due to this crushing, the concrete 

Figure 8: Failure pattern

Figure 9: Conceptual fast track installations of TRC-coldform steel cavity wall panel system

was not able to provide the adequate stiffness to the steel 
plate resulting in local bending of the plate. Hence, it can be 
concluded that the spacer system, apart from imparting inertial 
strength and stiffness to the panel, also prevents the isolated 
buckling of the connected structural components and converts 
the one-way bending system into two-bending system which 
has better strength and stiffness characteristics compared to a 
one-way system.

The identification of parameters that influence the performance 
of the “spacer” with respect to the overall performance of 
wall panel and their extend of influence can be appropriately 
assessed and optimised to exploit the full potential of the 
proposed system. The proposed panels can be used in 
various applications such as: infill, industrial buildings, multi 
storied buildings, and external facades. The system can offer 
advantages such as: easy erection on site, less skill intensive, 
less labour intensive, fast track construction, In built space for 
services, better thermal /acoustic insulation, spacer system 
facilitates for adjustable wall thickness, and more strength-to-
weight ratio as compared to conventional masonry walls. A 
conceptual image for arrangement of TRC-cold form steel cavity 
wall panel system towards achieving faster construction is shown 
in Figure 9. 

TRC-cold form steel cavity wall installation panel

Steel channels Cavity wall panels placed in postion Multiple cavity wall panels placed in position
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4. CONCLUSIONS
In many applications, the use of TRC is limited to non-load-
bearing applications till date. However, the present study is the 
demonstration of possible potential of TRC by integration with 
cold form steel sheet for load-bearing applications. When the 
panels were tested under axial compression, the final failure of 
the panel system was by buckling of the cold form steel sheet, 
before compressive failure of the TRC. The spacer system 
conceived in the study facilitates fast track construction method 
and is instrumental for addressing functionality requirements 
in a building system. Simple connection between TRC skin 
with cold form steel using self-tapping screws and subsequent 
integration of spacer system is novel and has the potential in 
various applications for creating resilient infrastructure. The 
experimental studies conducted under axial compression can 
further be expanded for optimizing the system performance. 
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Abstract
This paper presents the details of studies carried out to 
investigate the fracture energy of fiber-reinforced rubcrete with 
an aim to assess the improvement in ductility. A three-point 
bend beam test was carried out using 18 mixes with compressive 
strength of 20 N/mm2 as per RILEM TC-50 FMC. Experiments 
were carried out on four rubcrete mixes (with 5, 10, and 15% 
replacement of fine aggregates with crumb rubber), three 
polypropylene fiber-reinforced concrete mixes (with 0.1, 0.2, 
and 0.3% of polypropylene fibers occupying the total volume of 
concrete), and four steel fiber mixes (with 0.25, 0.5, 0.75, and 1% 
of steel fibers occupying the total volume of concrete). The fiber-
reinforced rubcrete mixes included rubcrete mixes with 15% of 
fine aggregate replacement with crumb rubber. Fracture energy 
obtained using the work of fracture method provides an insight 
into the ductility and toughness of concrete. The results of the 
study indicated that for rubcrete beams, the fracture energy 
was increased by 14% for rubcrete with 15% crumb rubber. The 
fracture energy of steel fiber-reinforced concrete beam with 1% 
steel fiber content was 56% higher than the fracture energy of 
ordinary concrete. The fracture energy of steel fiber-reinforced 
rubcrete beam with 1% steel fiber content and 15% crumb 
rubber content was 92% more than the fracture energy of the 
ordinary concrete beam. For polypropylene fiber-reinforced 
concrete beam with 0.3% polypropylene fiber content, the 
fracture energy was improved by 27%. In the polypropylene 
fiber-reinforced rubcrete beam with 15% crumb rubber content 
and 0.3% polypropylene fibers, the enhancement in fracture 
energy was 57%. Significant improvement in ductility was 
achieved using steel fiber-reinforced rubcrete mix with 1% steel 
fibers and 15% crumb rubber when compared to concrete.

Keywords: Fiber-reinforced rubcrete, Fracture energy, 
Polypropylene fibers, Rubcrete, Steel fibers.

1. INTRODUCTION
The vast outreach of concrete as a construction material has 
been phenomenal [1,2]. Being the most prominent material used 
in the construction industry, concrete has been extensively 
researched [3]. One of the main drawbacks of using concrete is 
its brittle nature [4,5].The use of reinforced concrete in structures 

*Corresponding author : Anand Raj, Email: anandrajce@gmail.com

has been able to impart some amount of ductility to structural 
elements. But, still, the demand for improved ductility is rising 
owing to the urge of the designers to push the structures to 
their limiting strength. So, efforts have been undertaken to 
further improve the ductility of concrete [6,7,8]. One of the means 
to enhance the ductility of concrete is by using tyre crumb 
rubber as a replacement of fine aggregates in concrete [9,10]. 
The concrete in which the mineral aggregates are replaced 
with rubber particles is generally termed as Rubcrete [11]. Along 
with the improvement in ductility, enhanced energy absorption 
characteristics and toughness make rubcrete an attractive 
substituent to ordinary concrete. But, the compressive strength 
and tensile strength of rubcrete are lower than that of ordinary 
concrete when worn-out tyre rubber was used to replace 
aggregates [12]. The reduction in compressive strength and tensile 
strength could be compensated to some extent if the graded 
rubber particles used were pre-treated [13]. Improvements in 
energy absorption characteristics and toughness of concrete can 
be achieved by the addition of fibers. An increase in strength 
can be noticed by the addition of steel fibers in concrete [14]. 
Hence, when steel fibers are added into rubcrete, the resulting 
fiber-reinforced rubcrete possesses improved strength when 
compared to ordinary rubcrete. Presence of internal voids 
in rubcrete leads to a quicker generation of microcracks in 
rubcrete in comparison with ordinary concrete [15]. A remedy to 
this problem can be achieved by using polypropylene fibers 
in rubcrete. Polypropylene fibers suppress the generation 
of microcracks in concrete to an extent [16]. Cifuentes [17] have 
reported that the fracture energy of concrete increases with the 
addition of polypropylene fibers. Using fiber-reinforced rubcrete 
can result in saving precious natural aggregates. Utilising worn-
out crumb rubber provides a solution for problems associated 
with their disposal. Thus, using fiber-reinforced rubcrete sustains 
the natural resources for the use of future generations. 

But, before utilizing the materials in actual structures, a thorough 
understanding of the material behavior is essential. Fracture 
energy is an ideal tool for analysing the ductility of concrete [18,19]. 
Fracture energy is defined as the energy that has to be spent 
to generate a unit area of crack [20]. The work of fracture method 
proposed by Hillerborg [21] is considered as an effective method 
to determine the fracture energy of concrete [22-25]. Fracture 
energy is an effective tool to quantify the toughness of a quasi-
brittle material like concrete [26]. The characteristic fracture length 
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of materials obtained by using the work of fracture method gives 
an indication of the ductility of the material [27,28]. Though fiber-
reinforced rubcrete has the potential to be used in applications 
that require high energy absorption capacity and ductility, it is 
essential to prove its ability through scientific investigations. 
Hence, this paper highlights the fracture energy studies, as per 
RILEM TC-50 FMC, carried out on beams 60 × 100 × 500 mm [29] 
for steel and polypropylene fiber-reinforced rubcrete. 

2. EXPERIMENTAL INVESTIGATIONS
Fracture energy (Gf) of conventional concrete, rubcrete, fiber-
reinforced concrete, and fiber-reinforced rubcrete was found 
out using beams of dimension 60 × 100 × 500 mm. The effective 
span of the beam during loading was 400 mm. 

2.1 Materials and Mix Proportions
Portland pozzolana cement adhering to IS 1489 (Part 1): 1991, 
manufactured sand, 12.5 mm size coarse aggregate, crumb 
rubber, and fibers were used in the study. The specific gravity of 
manufactured sand and coarse aggregates were 2.67 and 2.79, 
respectively. The crumb rubber of density 650 kg/m3 was sieved 
to get the same particle size as that of the manufactured sand. 
The gradation curve for fine aggregates with crumb rubber 
is shown in Figure 1. Crimped steel fibers and polypropylene 
fibers have been used to enhance the energy absorption 
capacity of concrete. The properties of the fibers used in the 
study are shown in Table 1. Tables 2 and 3 show the details 
of the specimens and mix proportions for the mixes. The 
maximum percentage of replacement of fine aggregates with 
crumb rubber was limited to 15% since the preliminary study on 
the compressive strength of rubcrete with 20% crumb rubber 
indicated a reduction in strength of more than 30% of that of the 
conventional concrete. 

Initially, the aggregates were mixed thoroughly. Then cement 
was added, and mixing was carried out to obtain a uniform 
mix. The crumb rubber particles were immersed in polyvinyl 
alcohol solution, having 2% of polyvinyl alcohol of the weight of 
water used to dip them. After 30 minutes of soaking in polyvinyl 

alcohol solution, the crumb rubber particles were added to the 
fine aggregates and mixed thoroughly. Sufficient care was taken 
to obtain a uniform mixture during the addition of fibers. 

2.2 Testing of Notched Beams
The fracture energy (Gf) was determined by conducting 
experimental investigations on notched beam specimens of 
dimension 60 × 100 × 500 mm. A notch depth of 30 mm was 
provided at the center of the beam bottom. The load-deflection 
curve of the notched beam subjected to a three-point bend 
beam test can be used to determine the fracture energy of 
concrete as per RILEM TC-50 FMC. Figures 2 and 3 present the 
details of testing of notched beams. Testing of the notched 
beam was carried out on a displacement-controlled universal 
testing machine at a strain rate of 0.2 mm per minute. 

 Gf = 
W0 + mgδ0

Alig

 (1)

where Gf is the fracture energy in Nm/m2, W0 is the area under 
the load-deflection graph expressed in Nm, m is the sum of self-
weight of the beam between the supports expressed in kg, δ0 
is the deformation of the beam at failure in meter, and Alig is the 
projection of the fracture zone on a plane perpendicular to the 
beam axis expressed in m2.

A typical load-deflection curve obtained from the testing of 
notched beams is shown in Figure 4. The area under the curve 
was estimated by using the trapezoidal rule. The maximum 
deflection at failure is directly measured using the dial gauge 
fixed at the bottom of the beam.

The characteristic fracture length of materials was calculated 
based on Equation 2.

 Lc = 
Ec Gf

ft
2

 (2)

Table 1: Properties of fibers used in the study
STEEL FIBERS

Length 30 mm

Aspect ratio 60

Tensile strength 1100 N/mm2

POLYPROPYLENE FIBERS

Fiber length 12 mm

Tensile strength 551 N/mm2

Diameter 0.02

Figure1: Gradation curve for fine aggregates
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P

100 mm

400 mm

Notch 30 mm deep

500 mm

where Lc is the characteristic fracture length in mm, Ec  and ft 

are the modulus of elasticity and tensile strength of concrete, 
respectively, obtained as per IS: 456 (2000), and Gf is the fracture 
energy of concrete in Nmm/mm2.

3. RESULTS AND DISCUSSIONS 
Figure 5 presents the load-deflection curves for rubcrete 
specimens in which the fine aggregates were replaced with 
crumb rubber by 5, 10, and 15%. It can be observed that, as the 

percentage of crumb rubber replacing an equal volume of fine 
aggregates increases, the peak load decreases. The initial slope 
of the load-deflection curve decreased, and the deflection at the 
peak load had shifted when compared to the ordinary concrete 
beam. The decrease in the initial slope of the load-deflection 

Table 2: Details of specimens
SPECIMEN ID NUMBER OF 

SPECIMENS CAST
RUBBER  

CONTENT (%)
STEEL FIBER
CONTENT (%)

POLYPROPYLENE 
FIBER CONTENT (%)

COMPRESSIVE 
STRENGTH

(N/mm2)

R1 3 0 0 0 35

R2 3 5 0 0 34

R3 3 10 0 0 30

R4 3 15 0 0 26

S1 3 0 0.25 0 35

S2 3 0 0.5 0 36

S3 3 0 0.75 0 37

S4 3 0 1 0 37

SR1 3 15 0.25 0 33

SR2 3 15 0.5 0 35

SR3 3 15 0.75 0 36

SR4 3 15 1 0 35

P1 3 0 0 0.1 33

P2 3 0 0 0.2 34

P3 3 0 0 0.3 35

PR1 3 15 0 0.1 26

PR2 3 15 0 0.2 27

PR3 3 15 0 0.3 29

Note: R1, R2, R3, and R4 : Rubcrete with 0, 5, 10, and 15% replacement of fine aggregates with crumb rubber
 S1, S2, S3, and S4 : Steel fiber-reinforced concrete with 0.25, 0.5, 0.75, and 1% steel fibers
 SR1, SR2, SR3, and SR4 : Steel fiber-reinforced rubcrete (15% crumb rubber) with 0.25, 0.5, 0.75, and 1% steel fibers
 P1, P2, and P3 : Ordinary concrete with 0.1, 0.2, and 0.3% with polypropylene fibers
 PR1, PR2, and PR3 : Polypropylene fiber-reinforced rubcrete (15% crumb rubber) with 0.1, 0.2, and 0.3% polypropylene fibers

Figure 2: Schematic diagram of testing of beams Figure 3: Testing of beams
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curve can be related to the significant deflection of the beam at 

a particular load with an increase in the crumb rubber content. 

It can also be noticed from the load-deflection curve of the 

rubcrete beams that as the percentage of crumb rubber in the 

concrete increases, the hardening of the descending part of 

the post-peak section of the load-deflection curve showed an 

increase. As a result, the maximum deformation for the beam 

increased by 9%, with an increase in the crumb rubber content 
by 15%. The reduction in the peak loads with the increase 
in crumb rubber content may be due to the relatively quick 
breaking of the inter material bonds within the material matrix 
due to the presence of voids induced by the introduction of 
crumb rubber. Due to the aforementioned reasons, the fracture 
energy of rubcrete beams increased with an increase in crumb 
rubber content. 

Figure 4: Sample load-deflection curve

Figure 5: Load-deflection curves of rubcrete beams

Table 3: Mix proportions 
MIX 
ID

CEMENT COARSE 
AGGREGATES

WATER RUBBER STEEL FIBERS POLYPROPYLENE 
FIBERS

FINE 
AGGREGATES

R1 1 3.788 0.45 0 0 0 1.908

R2 1 3.77 0.45 0.024 0 0 1.854

R3 1 3.77 0.45 0.047 0 0 1.757

R4 1 3.77 0.45 0.071 0 0 1.659

S1 1 3.788 0.45 0 0.056 0 1.908

S2 1 3.788 0.45 0 0.113 0 1.908

S3 1 3.788 0.45 0 0.169 0 1.908

S4 1 3.788 0.45 0 0.227 0 1.908

SR1 1 3.788 0.45 0.071 0.056 0 1.659

SR2 1 3.788 0.45 0.071 0.113 0 1.659

SR3 1 3.788 0.45 0.071 0.169 0 1.659

SR4 1 3.788 0.45 0.071 0.227 0 1.659

P1 1 3.719 0.45 0 0 0.0026 1.873

P2 1 3.719 0.45 0 0 0.0052 1.873

P3 1 3.719 0.45 0 0 0.0078 1.873

PR1 1 3.719 0.45 0.07 0 0.0026 1.629

PR2 1 3.719 0.45 0.07 0 0.0052 1.629

PR3 1 3.719 0.45 0.07 0 0.0078 1.629

Note: The proportions presented in Table 3 are in terms of weight  fractions per kilogram of cement.
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Figures 6 and 7 present the load-deflection curves of the 

polypropylene fiber-reinforced concrete and polypropylene 

fiber-reinforced rubcrete beams. From the load-deflection 

curve of the polypropylene fiber-reinforced concrete, it can 

be seen that the deflection corresponding to the peak load 

increased with an increase in fiber content. This is primarily 

because of the ability of the polypropylene fibers to hold 

the material constituents together until the generation of 

microcracks. Hence, higher energy had to be expended to 

break the bonds established by polypropylene fibers with other 

material constituents. Once the microcracks had widened, 

the polypropylene fibers did not have any significant effect on 

the behavior of concrete. For polypropylene fiber-reinforced 

rubcrete beams, apart from the action of polypropylene 

fibers, the effect of crumb rubber had resulted in a prolonged 

deflection at peak load. The descending part of the 

polypropylene fiber-reinforced concrete beams had a reduced 

softening trend in comparison with the descending curve of the 

ordinary concrete beam. The reduction in softening of the post-
peak slope can be attributed to the action of the polypropylene 
fibers that were still able to provide some resistance to the 
generation of cracks. As a result, for the polypropylene fiber 
content of 0.2 and 0.3%, the fracture energy had shown an 
increase with an increase in fiber content. The maximum 
deflection at the failure of polypropylene fiber-reinforced 
rubcrete beams was 9% greater than that of polypropylene 
fiber-reinforced concrete beams. This combined action of 
polypropylene fibers and crumb rubber resulted in increased 
fracture energy for polypropylene fiber-reinforced rubcrete 
beams with an increase in polypropylene fiber content.

Figures 8 and 9 depict the load-deflection curve of steel 
fiber-reinforced concrete and steel fiber-reinforced rubcrete 
beams. It can be noticed that for steel fiber-reinforced concrete 
beams, the softening slope in the post-peak section of the 
load-deflection curve was reduced when the content of steel 
fibers was increased. In the case of steel fiber-reinforced 

Figure 6: Load-deflection curves of polypropylene fiber-reinforced 
concrete beams

Figure 8: Load-deflection curves of steel fiber-reinforced concrete beams

Figure 7: Load-deflection curves of polypropylene fiber-reinforced 
rubcrete beams

Figure 9: Load-deflection curves of steel fiber-reinforced rubcrete beams
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rubcrete beams, the softening slope of the descending part 
of the curve was further reduced. The maximum deflection for 
steel fiber-reinforced rubcrete beams was increased by 15% 
for a steel fiber content of up to 0.5% when compared to that 
of steel fiber-reinforced concrete beams. The increase in the 
deflection of steel fiber-reinforced rubcrete beam having steel 
fiber content of 1% was 22% more than the maximum deflection 
of steel fiber-reinforced concrete beam having the same steel 

fiber content. It can be seen that the percentage increase in 

the maximum deflection is greater for steel fiber-reinforced 

rubcrete beams when compared to that of polypropylene fiber-

reinforced rubcrete beams. This may be because of the ability of 

steel fibers to enforce macrocrack control, whereas the action of 

polypropylene fibers is insignificant after the peak load.

The profile of the fractured surface was obtained using the 

ALICONA instrument (Figure 10). The failure profile of concrete 

specimens subjected to the three-point bend beam test, plotted 

using the ALICONA instrument, is provided in Figure 11. It can 

be seen from the failure profile that the failure plane comprised 

of an even profile indicating a brittle nature of the failure. The 

failure profile of rubcrete specimens subjected to a three-point 

bend beam test can be seen in Figure 12. When compared to 

the profile of the failure plane of the concrete specimen, the 

profile of the rubcrete specimen has more consecutive troughs 

and peaks. The presence of these consecutive troughs and 

peaks indicates a less brittle failure when compared to that of 

the concrete specimen. As a result, the fracture energy obtained 

for rubcrete specimens was more than that of the concrete 

specimen.

Figure 10: ALICONA instrument

 Fractured surface Profile of fractured surface

Figure 11: Failure profile of concrete specimen subjected to three-point bend beam test

	 Fractured	surface	 Profile	of	fractured	surface

Figure 12: Failure profile of rubcrete specimen subjected to three-point bend beam test
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Figure 13 presents the failure profile of a portion of the 
polypropylene fiber-reinforced rubcrete specimen subjected 
to a three-point bend beam test. The profile of the failure 
plane of polypropylene fiber-reinforced rubcrete specimen 
comprised of more profound valleys and peaks when 
compared to that of the concrete and rubcrete specimen. 
This may indicate the resistance offered by the polypropylene 
fibers to the process of degeneration of bonds between 
the particles of the components of the material matrix. The 
failure profile of a portion of the steel fiber-reinforced rubcrete 
specimen, presented in Figure 14, indicates much more regular 
arrangement of peaks and valleys. This regular arrangement 
indicates the resistance offered by the bonds to failure and a 
predominantly ductile failure. The irregularities in the failure 
profiles of steel fiber-reinforced rubcrete and polypropylene 
fiber-reinforced rubcrete justify the increase in their fracture 
energies. 

Table 4 shows the fracture energy absorbed by the beams. 
It can be noted that as the percentage of the volume of fine 

aggregates replaced by crumb rubber increases, the fracture 
energy of the specimen increases. The enhancement in the 
fracture energy of rubcrete beams were 4, 7, and 14% for crumb 
rubber content of 5, 10, and 15%, respectively. Improvement 
in fracture energy of steel fiber-reinforced concrete specimens 
were by 9, 22, 39, and 56% for the steel fiber content of 0.25, 0.5, 
0.75, and 1%, respectively. For steel fiber-reinforced rubcrete 
beams with 15% replacement of fine aggregates by crumb 
rubber, improvement of 16, 31, 83, and 99% was observed in 
fracture energy for the steel fiber content of 0.25, 0.5, 0.75, and 
1%, respectively. No significant improvement in fracture energy 
was noted for polypropylene fiber-reinforced concrete beams 
with 0.1% polypropylene fiber content in comparison with the 
fracture energy of ordinary concrete beams. Enhancement 
in fracture energy was 21 and 27% for polypropylene fiber-
reinforced concrete beams with 0.2 and 0.3% polypropylene 
fiber content, respectively. For polypropylene fiber-reinforced 
rubcrete beams, the fracture energy was improved by 23, 51, 
and 26% for polypropylene fiber content of 0.1, 0.2, and 0.3%, 
respectively. 

	 Fractured	surface	 Profile	of	fractured	surface

Figure 13: Failure profile of polypropylene fiber-reinforced rubcrete specimen subjected to three-point bend beam test

	 Fractured	surface	 Profile	of	fractured	surface

Figure 14: Failure profile of steel fiber-reinforced rubcrete specimen subjected to three-point bend beam test
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Table 5 presents the characteristic fracture length obtained 
for the materials. It can be seen that 32% improvement was 
noticed in the characteristic fracture length of rubcrete with 
15% crumb rubber when compared to that of concrete. The 
characteristic fracture length of steel fiber-reinforced concrete 
was improved by 52% when compared to that of concrete 
when the steel fiber content was 1%. An enhancement of 
100% was obtained in the characteristic fracture length of steel 
fiber-reinforced rubcrete with 1% steel fiber content and 15% 
crumb rubber. The polypropylene fiber-reinforced rubcrete 
beams and polypropylene fiber-reinforced concrete beams 
showed an improvement of 72 and 28%, respectively, when 
their characteristic fracture length was compared with that of 
concrete. An increase in characteristic fracture length indicates 
improvement in ductility of the material. Hence, it can be 
noticed that significant improvement in ductility can be obtained 
when steel fiber-reinforced rubcrete beams having steel fiber 
content of 1% and crumb rubber content of 15% are used 
instead of concrete. 

4. CONCLUSION
Three-point bend beam tests were conducted on 18 beams 
of dimension of 60 × 100 × 500 mm made of steel and 
polypropylene fiber-reinforced rubcrete mixes of grade M 
20. The characteristic fracture length of the materials was 

Table 5: Characteristic fracture length of materials
SPECIMEN ID FRACTURE ENERGY  

(Nm/m2)
MODULUS OF 
ELASTICITY

(N/mm2)

TENSILE STRENGTH 
OF MIXES  
(N/mm2)

CHARACTERISTIC 
FRACTURE LENGTH

 (mm)

% INCREASE

R1 46.31 29580.4 4.14 79.9 0

R2 48.21 29154.76 4.08 84.4 6

R3 49.95 27386.13 3.83 93.1 17

R4 52.86 25495.1 3.57 105.8 32

S1 50.48 29580.4 4.14 87.1 9

S2 56.9 30000 4.20 96.8 21

S3 64.5 30413.81 4.26 108.2 35

S4 72.5 30413.81 4.26 121.6 52

SR1 53.8 28722.81 4.02 95.6 20

SR2 60.9 29580.4 4.14 105.0 32

SR3 84.9 30000 4.20 144.4 81

SR4 92.5 29580.4 4.14 159.5 100

P1 45.3 28722.81 4.02 80.5 1

P2 56.19 29154.76 4.08 98.3 23

P3 59.14 29580.4 4.14 102.0 28

PR1 57.26 25495.1 3.57 114.6 43

PR2 70 25980.76 3.64 137.5 72

PR3 72.6 26925.82 3.77 137.6 72

Table 4: Fracture energy absorbed by beams
SPECIMEN 

ID
TOTAL  

WORK DONE  
(Nm)

FRACTURE 
ZONE 

PROJECTION 
(m2)

FRACTURE 
ENERGY 
(Nm/m2)

%  
INCREASE

R1 0.196 0.0042 46.31 0.00

R2 0.2025 0.0042 48.21 4.10

R3 0.2098 0.0042 49.95 7.86

R4 0.222 0.0042 52.86 14.14

S1 0.212 0.0042 50.48 9.00

S2 0.239 0.0042 56.9 22.87

S3 0.2712 0.0042 64.5 39.28

S4 0.3027 0.0042 72.5 56.55

SR1 0.2405 0.0042 53.8 16.17

SR2 0.294 0.0042 60.9 31.51

SR3 0.305 0.0042 84.9 83.33

SR4 0.3887 0.0042 92.5 99.74

P1 0.1905 0.0042 45.3 -2.18

P2 0.236 0.0042 56.19 21.33

P3 0.2484 0.0042 59.14 27.70

PR1 0.2405 0.0042 57.26 23.65

PR2 0.294 0.0042 70 51.16

PR3 0.305 0.0042 72.6 56.77
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determined to assess the ductility of the beams. The major 
conclusions from the study are as follows.

•	 The fracture energy of rubcrete beams increased with an 
increase in the percentage replacement of fine aggregates 
with crumb rubber. In the case of rubcrete beams, the 
fracture energy was increased by 14% for rubcrete beams 
with 15% crumb rubber. The characteristic fracture length 
was increased by 32%.

•	 For polypropylene fiber-reinforced concrete beam with 
0.3% polypropylene fiber content, the fracture energy was 
improved by 27%. In the polypropylene fiber-reinforced 
rubcrete beam with 15% crumb rubber content and 0.3% 
polypropylene fibers, the enhancement in fracture energy 
was 57%. Improvement in characteristic fracture length of 
28 and 72%, respectively, was observed for polypropylene 
fiber-reinforced concrete and polypropylene fiber-
reinforced rubcrete, respectively.

•	 The fracture energy and characteristic fracture length of 
steel fiber-reinforced concrete with 1% steel fiber content 
were enhanced by 56 and 52%, respectively, over that of 
ordinary concrete. The fracture energy and characteristic 
fracture length of steel fiber-reinforced rubcrete with 1% 
steel fiber content and 15% crumb rubber content was, 
respectively, 92 and 100% more than that of the ordinary 
concrete.

•	 A notable improvement in ductility can be obtained when 
steel fiber-reinforced rubcrete beams with a steel fiber 
content of 1% and crumb rubber content of 15% are used 
instead of concrete beams.

It can be concluded that the increased fracture energy of fiber-
reinforced rubcrete makes it suitable for application in structures 
which require significant energy absorption. The use of fiber-
reinforced rubcrete results in limiting the exploitation of fine 
aggregates. Thus, fiber-reinforced rubcrete helps to sustain the 
precious natural resource. 
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PERFORMANCE OF 
POLYMER-MODIFIED 
FIBER-REINFORCED HIGH 
STRENGTH CONCRETE
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Abstract
This paper presents the results of polymer-modified fiber-
reinforced concrete (PMFRC). The various strengths considered 
in this investigation are compressive, flexural, and shear 
strengths. The regimes of dry air curing are 28 days and 90 days. 
The M-40 grade of concrete is used as a reference mix. The 
fiber content was varied from 1% to 10% by weight of cement 
at the interval of 1% with 5% constant dosage of SBR (Styrene 
Butadiene Rubber) polymer. Cubes, prisms, and push-off 
specimens were prepared and tested subsequently at the 
ages of 28 days and 90 days. The significant improvement in 
compressive, flexural, and shear strengths, as well as ductility 
and toughness is observed due to synergistic effect of polymer 
and fibers. The results of effect of number and pull-out length of 
fibers on failure plane are presented.

Keywords: Polymer, PMFRC, Deformations, Strengths, 
Toughness, Stress-strain, Number of fibers.

1. INTRODUCION
Concrete is widely used as a construction material in the world, 
and it is very difficult to find another material of construction 
as versatile as concrete. Though concrete is versatile material, 
it suffers from delayed hardening, low tensile strength, large 
drying shrinkage, and low chemical resistance. The use of 
high strength and high stiffness structural fibers in concrete 
resultes in composite materials with substantial improvement 
in the mechanical properties such as strengths, toughnesses, 
and durability of concrete structures due to crack arresting 
mechanism being developed in concrete matrix. 

Addition of fibers in concrete reduces workability and increases 
the air content in the matrix, which results in reduction of 
various strengths. Due to balling effect of fibers, there is no 
effective dispersion of fibers in the concrete matrix. Also, the 
interface transition zone between fiber and cement substrate 
is associated with the large number of pores, giving rise to the 
weak bonding among cement hydrates, fibers, and aggregates.

Addition of polymer into the fiber-reinforced concrete (FRC) 

improves workability of fresh mix, reduces the air content and 

drying shrinkage, improves the impermeability, and improves 

the pore structure of the matrix and the bond strength between 

the cement hydrates, aggregates, and the fibers, and may thus 

offer the potential advantage of more uniform dispersion of the 

fibers in composites prepared by mixing, as well as facilitate the 

incorporation of greater fiber contents. 

Comprehensive reviews on the use of polymer-based admixtures 

in cement mortar and concrete, and properties of polymer-

modified concretes are given by Ohama [1,2], Kardon [3], and 

Beaudoin [4]. 

Li et al. [5] studied the properties of polymer-modified steel 

fiber-reinforced cement concretes such as compressive strength, 

flexural strength, and microstructure of the concrete. The flexural 

strength and pore size distribution were shown to be improved 

significantly at 5% of SBR latex. Kalwane et al. [6, 7] investigated 

the synergistic effect of steel fibers and polymer (SBR latex) on 

compressive, flexural, shear, bond strength, and corresponding 

toughnesses of polymer-modified fiber-reinforced concrete, 

and showed significant improvement in these properties as 

a synergistic effect of fibers and polymer. Lin et al. [8] and Issa 

et al. [9] studied the properties of concrete overlays for polymer 

and steel fiber. It was shown that the concrete composites 

produced had lower shrinkage and permeability properties with 

high bond strength and high cracking resistance.

Chen and Liu [10] studied the effect of curing conditions and 

polymer-cement ratio on the compressive and flexural strengths 

of polymer-modified concrete. It was shown that combined dry 

and wet curing enabled the development in both the strengths 

of cement matrix and SBR films together. Significant increase 

in compressive and flexural strength was observed at 7 days 

wet curing and 21 days dry curing and 1 day dry, 3 days wet, 

and 24 days dry curing, respectively. Wang et al. [11] studied 

the physical and chemical modification mechanism of polymer 

latex-modified cement, which were responsible for covering of 

surface of crystals, filling the cracks and pores, and formation 

*Corresponding author : Praphulla K. Deshpande, Email: pkdeshpande_p17@st.vjti.ac.in
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of 3D network structure with the hydration products, and both 

the mechanisms led to increase in flexural strength. Karadelis 

and Lin [12] studied the flexural strength, shear strength, bond 

strength, and fiber efficiency of steel fiber-reinforced roller 

compacted polymer-modified concrete. It was shown that the 

new material developed for structural material exhibited a 

significant improvement in strengths and cracking resistance.

Xu et al. [13], Xu et al. [14], Chakraborty et al. [15], Huang et al. [16], 

Ghugal [17], and Bijen [18] studied the properties of polymer-

modified fiber-reinforced concrete with non-metallic fibers.  

The improvement in various properties was observed in this fiber 

polymer concrete system.

Meraj et al. [19] studied flexural behavior of latex-modified steel 

fiber-reinforced concrete. It was shown that the neglect of fiber 

and latex contribution may considerably underestimate the 

flexural strength. It was also shown that the ductility in latex-

modified fiber-reinforced concrete was increased by 50.27%.

It is observed from the literature survey that the use of steel 

fibers and SBR latex polymer has been proved to be effective in 

improving the mechanical properties of concrete and durability 

of concrete composites. However, the studies on high strength 

fiber-reinforced concrete with high fiber volume fractions and 

SBR latex are limited. Hence, the objective of this study is to 

investigate the various strengths, ductility, and toughness with 

synergistic effect of polymer and steel fibers with high fiber 

volume fractions. 

The novelty of the present investigation is that the concrete 

composite with high fiber volume fraction is developed 

successfully with the addition of SBR latex (polymer). The 

strength, deformation, and toughness characteristics of the 

present concrete composite system with high fiber volume 

fraction are examined critically and presented precisely in 

this investigation. To predict the flexural strength and shear 

strength, new expressions are presented in terms of compressive 

strength and fiber volume fraction using regression analysis. The 
observations on the fiber pull-out length with number of fibers 
across the failure planes are presented for the first time and 
related to the failure of the present composite material under 
flexure and shear along with the critical length of fiber.

2. EXPERIMENTAL PROGRAMME
Materials: Ordinary Portland cement with 53 grade confirming 
to IS:12269 [20] and fine and coarse aggregates confirming to 
IS:383 [21] were used. The fineness modulus of sand was 2.9 and 
those of 10 mm and 20 mm coarse aggregates were 6.87 and 
7.25, respectively. Crimped steel fibers confirming to ASTM 
A-820 [22] and varying from 1% to 10% and Styrene Butadiene 
Rubber (SBR) Latex with constant dosage of 5% by weight of 
cement were used with material properties as shown in Table 1.

Concrete composite: The M-40 grade of concrete having mix 
proportion of 1: 2.52: 0.68: 1.02, i.e. cement: fine aggregate: 
coarse aggregate (20 mm: 10 mm) with w/c ratio of 0.38 was 
used throughout the experimental investigation. The concrete 
mix design was carried out according to IS:10262 [23]. Fibers 
were added in dry state of concrete mix and again ingredients 
were mixed thoroughly. The water modified by 5% polymer of 
weight of cement was added to the dry mix and the ingredients 
were mixed thoroughly to obtain the homogeneous, cohesive, 
and workable mix. The mixing time after addition of polymer-
modified water was kept strictly constant. The water contained 
in the polymer was included in the total water content of the 
mix. A water-cement ratio of 0.38 used for normal concrete was 
kept constant for polymer-modified fiber-reinforced concrete 
(PMFRC) by considering water present in the polymer (SBR 
latex).

Specimens: Cubes of 150 mm size for compressive strength, 
beams of size of 150 × 150 × 700 mm for flexural strength, and 
push-off specimens of size of 150 × 150 × 450 mm for shear 
strength were cast incorporating 1% to 10% crimped steel fibers 
at the interval of 1% by weight of cement. For each test, three 
specimens were cast with and without fibers. Compaction of all 

Table 1: Properties of fiber and polymer
SR. 
NO.

PROPERTIES OF STEEL FIBER PROPERTIES OF POLYMER SBR LATEX

PROPERTIES RESULTS PROPERTIES RESULTS

1 Thickness of fiber ( tf
 ) 1 mm Name SBR latex

2 Length of fiber ( lf
 ) 50 mm Appearance Milky white

3 Equivalent diameter ( df
 ) 1.66 mm Particle size 0.22 µm

4 Aspect ratio (λ = lf / df
 ) 30 Total solids 44%

5 Modulus of elasticity 200 GPa Water content 56%

6 Tensile strength >1100 MPa Specific gravity (at 20°C) 1.01

7 Deformation 6 undulation pH 11

8 Number of fibers per kg 2850 Viscosity (at  20°C) 20 Cp
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the specimens was done using table vibrator to avoid balling of 
fibers. Specimens with polymer content, after demoulding, were 
moist cured for 3 days and air cured for remaining ages. Normal 
concrete specimens were water cured up to 28 days and 90 
days, respectively. All the specimens were tested subsequently 
at the desired age of curing. Each value of the results presented 
in this paper is the average of three test samples.

2.1 Test Conducted
2.1.1 Compressive strength test on cube

The cube compression test was performed to find out 
compressive strength of normal concrete, polymer-modified 
concrete, and polymer-modified steel fiber-reinforced concrete 
using cube specimens confirming to IS: 516 [24]. The test was 
carried out using compression testing machine of capacity of 
2000 kN. Loads and deformations were recorded to study the 
elastic behavior of PMSFRC under compression in elastic range 
and post-peak range. The compressive strength results are 
shown in Table 2.

2.1.2 Flexural strength test on beam

To find out flexural strength of concrete, prism specimens of size 
of 150 × 150 × 700 mm were used and tested according to  
IS: 516 [24]. The arrangement for loading of flexure test specimen 
is shown in Figure 1.

The flexural strength of the beam, expressed as the modulus of 
rupture ( fcr), is calculated by using the following formula as per 
strength of material theory.

 fcr =
Pf L
bd2 (1)

In this test, deflections have been recorded with reference to 
neutral axis of the beam to get the correct load-deflection 

behavior and to compute the correct flexural toughness using 
load-deflection graphs. The flexural strength results are shown in 
Table 2.

2.1.3 Shear test on push-off type specimen

To find out shear strength of concrete, push-off type specimen 
was designed according to information available in the 
literature [25, 26, 27, 28, 29] as shown in Figure 2(a). The specimen 
was designed to fail in shear only with a shear plane of size 
150 × 150 mm. The vertical reinforcement was provided in all 
push-off specimens to eliminate any possible failure modes 
other than shear alone as shown in Figure 2(b). The shear 
strength of the concrete is determined by the formula:

 τs =
Ps

As
 . (2)

Figure 1: Four-point bending test setup (all dimensions are in mm)

Figure 2(a): Push-off type specimen (all dimensions in mm)
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In this test, shear deformations/vertical slip (shear strain) have 
been recorded to obtain the stress-strain behavior under single 
shear. The shear strength results are shown in Table 2.

3. RESULTS AND DISCUSSION

3.1 Compressive Strength
Compressive strength ( fcu) of normal concrete, PMC, and PMFRC 

results are shown in Table 2, and stress-strain behavior is shown 

in Figure 3. It is observed that the compressive strength of 

PMC slightly decreased as compared to normal concrete for 28 

days; however, for 90 days, it increased marginally. At 28 days 

and 90 days, the maximum percentage increase of 10.84% and 

21.35% in compressive strength, respectively, as compared to 

normal concrete, was observed at 2% of fiber content and then 

decreased continuously up to 10% of fiber content. However, 

the strengths of PMFRC with 8% and 10% fiber contents at 

28 days and 90 days, respectively, are still higher than the target 

design strength of reference mix which satisfy the acceptance 

criteria. The compressive strength of PMFRC does not increase 

substantially over normal concrete. The decrease in compressive 

strength may be attributed to the increased air content due to 

increase in fiber content. 

Figure 2(b): Reinforcement in push-off specimen for shear strength

Figure 3: Variation of compressive stress with compressive strain at 28 days
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The variation of compressive stress with compressive strain 
showed the well-defined elastic behavior up to first crack 
and strain softening in post-peak range as can be seen from 
Figures 3(a)-(d). In these curves, a substantial increase in the 
strain at the peak stress can be noted, and the slope of the 
descending portion is more steep with increased strain than 
that of PMC. This is indicative of substantially higher toughness, 
where toughness is a measure of ability to absorb energy during 
deformation, and it can be estimated from the area under 
the stress-strain curves. Normal concrete does not show any 
post-peak behavior.

3.2 Flexural Strength
The results of flexural strength ( fcr) of normal concrete, polymer-
modified concrete (PMC), and polymer-modified fiber-reinforced 
concrete (PMFRC), and results of correlation constant, kcr, 
between the flexural strength and compressive strength of 
concrete are presented in Table 2, whereas load-deflection 
behavior is shown in Figure 4. 

It is observed that addition of steel fibers increased the flexural 
strength continuously up to 10% fiber content. For 28 days and 
90 days, the maximum flexural strength was achieved at 10% 
fiber content, which was 5.97 MPa and 7.94 MPa, i.e. 27.29% and 
30.59% increase over normal concrete, respectively. This increase 
may be attributed to the improved crack resistance mechanism, 
improved bond strength between the fiber and matrix with 
increased fiber content, and its uniform dispersion due to 
addition of polymer.

The variation of flexural load with deflection up to first crack 
showed increased flexural stiffness with decrease in deflection. 
Softening of deflection in post-peak range is observed as seen 
from Figures 4(a)-(d).

Normal concrete, polymer-modified concrete, and concrete 
with 1% of fiber content showed first crack and peak flexural 
strengths with marginal increase in flexural load between first 
crack and peak crack range [see Figure 4(a)], whereas in case 
of PMFRC specimens, substantial increase in flexural load is 
observed with increase in deflection due to strain hardening 
phenomenon as seen from Figures 4(b)-(d). In post-peak range, 

Figure 4:. Variation of flexural load with deflection at 28 days
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softening of deflection is observed in all PMFRC specimens 
except M1 as seen from Figures 4(b)-(d).

The flexural strength of concrete is expressed in terms of 
compressive strength with the help of correlation constant 
(kcr) at various fiber contents. The relation between correlation 
constant (kcr) and fiber content (Vf%) is presented in Figure 5. The 
empirical relations for flexural strength in terms of fiber content 
and compressive strength are developed using regression 
analysis as follows.

 fcr = (0.6859 + 0.0192Vf ) fcu, R2 = 0.7584 for 28 days. 3(a)

 fcr = (0.8355 + 0.0129Vf ) fcu, R2 = 0.7767 for 90 days. 3(b)

The regression analysis shows linear relationship with square 

root of compressive strength as given by equations 3(a) and (b).

3.3 Shear Strength Using Push-off Specimen
The results of shear strength (τs) of normal concrete, PMC, and 
PMFRC, and results of correlation constant, ks, between the 
shear strength and compressive strength of concrete are shown 
in Table 2, whereas stress-strain behavior is shown in Figure 6. 
It is observed that addition of steel fibers increased the shear 
strength continuously up to 4% and 6% fiber contents at 28 days 
and 90 days, respectively. The maximum percentage increase in 
shear strength of 20.81% and 32.73% over normal concrete was 
observed at 28 days and 90 days, respectively. This increase may 
be attributed to the improved fiber bridging mechanism across 
the shear plane, improved bond strength between the fiber and 
matrix with increased fiber content, and its uniform dispersion 
due to addition of polymer. 

As excepted, shear failure in NC and PMC was sudden and 
catastrophic. The specimen lost its capacity to carry load 
instantly without a residual load-carrying capacity beyond the 
peak load, and this occurred within the range of 1 mm to 2.6 mm 
of shear strain [see Figure 6(a)]. The variation of shear stress with 
shear strain showed elastic behavior up to first crack. Normal 
concrete, polymer-modified concrete, and concrete with 1% 
fiber content do not show post-peak variation of shear strain. 

Table 2: Compressive, flexural, and shear strengths of normal concrete (NC), polymer-modified 
concrete (PMC), and polymer-modified fiber-reinforced concrete (PMFRC), as well as correlation constant (kcr)  
for flexure and ks for shear

FIBER  
CONTENT  

Vf (%)

COMPRESSIVE 
STRENGTH  

fcu (MPa)

FLEXURAL STRENGTH  
fcr (MPa)

kcr = fcr / fcu
SHEAR STRENGTH  

τs  (MPa) 
ks = τs / fcu

28 DAYS 90 DAYS 28 DAYS 90 DAYS 28 DAYS 90 DAYS 28 DAYS 90 DAYS 28 DAYS 90 DAYS

0 (NC) 53.33 54.55 4.69 6.08 0.67 0.82 4.71 5.50 0.64 0.74

Mp (PMC) 48.89 55.01 4.80 6.27 0.70 0.84 5.11 5.82 0.73 0.78

1 55.55 62.77 5.42 7.02 0.73 0.85 5.24 6.03 0.70 0.73

2 59.11 66.20 5.05 6.54 0.70 0.82 5.33 6.13 0.69 0.75

3 54.66 62.04 5.28 6.87 0.72 0.87 5.56 6.26 0.75 0.81

4 53.77 58.76 5.58 7.29 0.78 0.92 5.69 6.43 0.78 0.82

5 53.33 62.10 5.74 7.49 0.79 0.92 5.56 6.61 0.76 0.86

6 51.55 57.73 5.85 7.71 0.83 0.94 5.02 7.30 0.69 0.93

7 49.77 61.59 5.31 6.88 0.73 0.89 4.49 6.08 0.64 0.77

8 48.44 55.22 5.70 7.45 0.83 0.94 4.22 5.95 0.61 0.80

9 46.22 52.69 5.93 7.89 0.88 0.95 4.09 5.86 0.60 0.80

10 43.55 50.30 5.97 7.94 0.91 0.96 5.63 6.02 0.57 0.84

Figure 5: Variation of correlation factor with fiber content in flexure
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The strain hardening within small range was observed in mixes 
M2, M4, M5, M6, M7, and M10 from first crack stress to peak 
stress. In post-peak range, softening of shear deformation is 
observed in all PMFRC specimens except M1 as seen from 
Figures 6(b)-(d). Sudden drop in shear stress from its peak value 
to a minimum shear stress of 1 MPa is observed due to loss 
of bond between fiber and matrix during fiber pull-out in all 
PMFRC specimens except M1 as seen from Figures 6(b)-(d).

The shear strength of concrete is expressed in terms of 
compressive strength with the help of correlation constant 
(ks) at various fiber contents. The relation between correlation 
constant (ks) and fiber content (Vf

 %) is presented in Figure 7. The 
empirical relations for shear strength in terms of fiber content 
and compressive strength are developed using regression 
analysis as follows.

 τs = (0.7 + 0.015Vf ) fcu , R2 = 0.4167 for 28 days 
 (0% ≤ Vf ≤ 4%) 4(a)

 τs = (0.9218 – 0.0368Vf ) fcu , R2 = 0.9527 for 28 days  
 (4% < Vf ≤ 10%) 4(b)

Figure 6: Variation of shear stress with shear strain (vertical slip, mm) at 28 days

Figure 7: Variation of correlation factor with fiber content in shear

 (a) (b)

 (c) (d)
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 τs = (0.624 + 0.021Vf ) fcu , R2 = 0.8909 for 90 days 
 (7% ≤ Vf ≤ 10%) 4(d)
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The regression analysis shows linear relationship with square 
root of compressive strength as given by equations 4(a), (b), (c), 
and (d).

3.4. Toughness
Toughness determined in terms of areas under the load-
deformation and/or stress-strain curves is an indication of the 
energy absorption capability of the particular test specimen, 
and consequently, its magnitude depends directly on the 
geometrical characteristics of the test specimen and the loading 
system such as compression, flexure, and shear.

3.4.1 Compressive toughness

The compressive toughness is determined by calculating area 
under stress-strain curve in compression. Figures 3 are used to 
calculate this toughness at 28 days. Similar curves are used for 
90 days toughness calculations. The results of the compressive 
toughness are presented in Table 3. The maximum value of 
compressive toughness is 1.60 kN mm and 1.64 kN mm for 8% 
fiber content at 28 days and 90 days, respectively. The improved 
toughness in compression, imparted by PMFRC, is useful in 
preventing sudden failure under static loading.

3.4.2 Flexural toughness

The flexural toughness is obtained by calculating area under 
load-deflection curve as shown in Figures 4. The results of the 
flexural toughness at 28 days are presented in Table 3. Flexural 
toughness increased continuously with increase in fiber content. 
The maximum value of flexural toughness is 36.83 kN mm and 

37.48 kN mm for 10% fiber content at 28 days and 90 days, 
respectively. The substantial increase in flexural toughness 
values indicate the composite with plastic behavior after the 
post-peak crack due to increase in flexural deformation. 

3.4.3 Shear toughness

The shear toughness in single shear is obtained by calculating 
area under shear load-shear deformation curve as shown in 
Figures 6. The results of the shear toughness at 28 days are 
presented in Table 3. Shear toughness increased continuously 
with increase in fiber contents. The maximum values of shear 
toughness are 11.39 kN mm and 12.34 kN mm for 10% and 9% 
fiber contents at 28 days and 90 days, respectively. The increase 
in shear toughness is due to increase in shear strain capacity of 
PMFRC specimens in post-peak range.

3.5 Number and Length of Fibers
Number and length of fibers are recorded with respect to fiber 
volume fraction on face of failed cross-section. The results of 
the number, average pull-out length, and critical length of fibers 
across the cross-section for beam under flexure and push-off 
specimen for single shear are presented in Table 4. The average 
effective length of fiber is calculated considering fibers on single 
cracked surface only. The critical length of fiber is found to be 
greater than the length of fiber which supports the assumption 
that the pull-out mostly occurs across a crack. The mean fiber 
pull-out length in flexural failure is 1.74 cm and in shear failure 
it is 1.91 cm, which is greater than 1.25 cm (lf/4) to cause 
composite failure by fiber pull-out as given by Hannant [30].

Table 3: Toughnesses under compression, flexure, 
and shear of PMFRC

FIBER 
CONTENT 

(%)

COMPRESSIVE 
TOUGHNESS  

(kN mm)

FLEXURAL 
TOUGHNESS

(kN mm)

SHEAR 
TOUGHNESS

(kN mm)

28 
DAYS

90 
DAYS

28 
DAYS

90 
DAYS

28 
DAYS

90 
DAYS

0 (NC) 0.35 0.19 0.07 6.84 5.00 5.37

Mp (PMC) 0.92 0.47 0.08 7.56 4.07 4.21

1 0.36 0.57 7.48 10.51 5.11 5.21

2 0.56 0.57 8.16 9.93 5.38 5.50

3 0.98 1.01 17.09 20.44 6.58 7.14

4 0.65 0.69 9.94 17.90 6.90 8.67

5 1.51 1.56 14.89 24.38 9.54 10.76

6 0.97 1.03 17.93 18.55 10.86 11.91

7 1.31 1.36 15.88 17.19 9.31 9.47

8 1.60 1.64 19.50 22.18 8.27 8.19

9 0.67 0.69 26.06 26.31 10.30 12.34

10 0.98 1.10 36.83 37.48 11.39 9.96

Table 4. Number and average pull-out length of 
fibers on failure plane.

FIBER 
CONTENT 

Vf (%)

NO. OF FIBERS ON 
FAILURE PLANE

AVERAGE 
EFFECTIVE LENGTH 

OF FIBER (cm)

CRITICAL LENGTH 
OF FIBER

lf ≤ ( lc = 2 le
 )

FLEXURE
BEAM

PUSH-
OFF

SHEAR

FLEXURE
SPECI-

MEN

SHEAR
SPECI-

MEN

FLEXURE
SPECI-

MEN

SHEAR
SPECI-

MEN

1 2 6 1.25 0.95 7.50 8.10

2 8 8 1.18 2.05 7.64 5.90

3 12 16 1.55 1.80 6.90 6.40

4 18 19 1.82 2.10 6.36 5.80

5 20 23 1.98 1.95 6.04 6.10

6 18 22 1.78 1.81 6.44 6.38

7 24 21 1.25 1.76 7.50 6.48

8 22 23 2.02 1.28 5.96 7.44

9 32 18 1.65 2.40 6.70 5.20

10 28 26 1.84 2.17 6.32 5.66
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4. CONCLUSIONS
In this study, the combined effect of high fiber contents and 
constant dosage of polymer on properties of high strength 
concrete are investigated and discussed. The following 
conclusions are drawn from results and discussion:

1. Considerable increase in compressive strength is not 
achieved due to addition of steel fibers and polymer.

2. Significant increase in flexure and shear strength is 
achieved. It may be attributed to the increased fiber 
content and improved dispersion of fibers due to addition 
of polymer in the mix.

3. Significant improvement in compressive, flexural, and 
shear toughness is achieved due to synergistic effect 
of polymer and fibers in the concrete composites. The 
increase in the toughness values indicates the increase in 
the ductility of polymer-modified fiber-reinforced concrete.

4. Based on regression analysis, the equations for flexural 
and shear strengths are proposed in terms of compressive 
strength and fiber content.

5. All the specimens showed linear elastic behavior up to first 
crack and deformation softening in post-peak range under 
compression, flexure, and shear. 

6. Stress-strain behavior of PMFRC under flexure and shear 
indicates strain hardening between first crack stress and 
peak crack stress.

7. The number and average pull-out length of fibers across 
the failure plane are obtained and critical length of fiber is 
calculated. The average pull-out length of fiber is found to 
be 25% of fiber length.
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NOMENCLATURE 
A Loaded area of cube (mm2) = (150 × 150) mm2

As Shear plane area in direct shear (mm2) = (150 × 150) mm2

b Width of beam (mm)
d Depth of beam (mm)
fcr Flexural strength (MPa)
fcu Compressive strength (MPa)
kcr  Correlation constant between the flexural strength and 

compressive strength
ks Correlation constant between the shear strength and 

compressive strength
L Span of the beam (mm)
Pc  Failure load in compression (kN)
Pf Central load through two-point load system (kN)
Ps  Failure load in direct shear (kN)
τs Shear strength of concrete in direct shear (MPa)
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