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The fracture behaviours of concrete made with natural aggregate and recycled coarse aggregate (RCA) derived
from crushing old concrete are compared. The performances are evaluated using concrete proportioned for
different compressive strengths. The RCA from crushed old concrete produces a composite aggregate with mortar

;r;;irtilrc: and aggregate phases. An examination of the RCA shows pre-existing cracks in the aggregate phase. Crack
RAC propagation and crack opening profiles in the fracture response of concrete beams are evaluated using the Digital

Image Correlation (DIC) technique. The displacement profiles across the beam obtained using DIC are evaluated
to understand the crack growth in the concrete. The cohesive stress response and an energy measure determined
from the fracture test are related to physical observations of the fracture surface. The crack path in the concrete
and the contribution of the different interfaces depend on the strength of the matrix surrounding the aggregate.
In concrete with lower cementitious and higher water contents, the new mortar interface with RCA and the pre-
existing cracks in the RCA contribute to the fracture surface in the RCA. While a larger fracture surface area is
created in concrete made with RCA, the energy measure and the cohesive stress determined from the fracture test
are lower. In concrete proportioned for higher compressive strength, there is a densification of the RCA-mortar
interface and the fracture plane is produced through the aggregates. The pre-existing cracks in the RCA create
weak planes, which contribute to the fracture surface created. Improving the mortar-RCA interface does not
result in an improvement in tensile strength or fracture characteristics since there is also a significant contri-
bution of the weak planes in the aggregate phase of RCA to the failure surface. The measured fracture surface
area does not correlate with the energy measure from fracture test response.

Recycled Concrete Aggregate

[3-6,8,20,24,33]. Production of RCA from demolished concrete typi-
cally involves separating other materials such as wood, steel, and brick
from the debris. The production process of RCA involves further

1. Introduction

Recycled Coarse Aggregate (RCA) retrieved from demolished con-

crete structures are increasingly being used to replace virgin natural
aggregate. The use of RCA in concrete is required to meet the demand for
producing concrete with diminishing supplies of natural stone and to
reduce the environmental impact of producing natural aggregate from
the environmental and economical points of view. Additionally, con-
crete made with RCA provides a solution for the beneficial utilisation of
construction debris and helps reduce the environmental impact associ-
ated with the process of extracting natural coarse aggregate. Design
codes permit the use of RCA in structural concrete . For instance, the
Indian Code of practise [18] permits up to 20 percent replacement of
natural aggregate with RCA.

The primary sources of recycled aggregate are demolished buildings,
broken pavements, and tested concrete from laboratories

crushing and grading. After analysing the market opportunity and
recycling options, portions with similar ingredients are broken together
to reduce the separation process [39]. Reducing an existing concrete
structure into larger pieces of concrete and further crushing results in
fracturing the composite material into aggregate-sized pieces. The pro-
duction process results in pieces of concrete containing portions of old
aggregate with adhered mortar through a complex fracturing process.
Therefore, the RCA is piece of the original composite material and is
made up of multiple phases identified with aggregate and mortar in the
original concrete. The surface of the RCA is made up of fracture planes
through the aggregate and mortar in the original concrete.

Interfaces play a crucial role in determining the properties of con-
crete made with RCA, recycled aggregate concrete (RAC). RAC has
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interfaces between the three distinct phases: the parent aggregate, the
old residual mortar, and the new mortar [7]. Due to the adhered mortar
portion, RCA is typically more porous, resulting in greater water ab-
sorption. Large amounts of water are absorbed by the pores in adhered
mortar, reducing the workability and contributing to the low strength of
concrete [20,37] . The water absorption and the rough texture of the
RCA, however, contribute to a greater increase in compressive strength
in the early ages [10].

Typical assessment of concrete is based on compressive strength.
When an RCA is placed in a mortar of low strength, a weak interface is
formed between the old and new mortars. A highly porous interfacial
transition zone (ITZ) forms at the old and new mortar which fails at low
stress. For RAC with compressive strength between 25 and 40 MPa, the
ITZs formed with new mortar are the weak links, which contribute to a
reduction in strength compared to natural aggregate. For concrete with a
compressive strength greater than 40 MPa, there is significant aggregate
fracture. Methods for enhancing the compressive strength of RCA have
focused on enhancing the interface between the RCA and new mortar
[21,25,29,32,30-31,37,41,45,46]. Improvements in compressive
strength with interface modification, however, result in a smaller in-
crease in the tensile strength. The split tensile strength is less sensitive to
replacement levels than the compressive strength [10,41].

With change in matrix strength, the packing near the ITZ also
changes, which has an effect on fracture behaviour of the concrete. The
fracture energy of RAC is reduced by up to 40 percent compared to NAC,
which has been attributed to the increase in porosity with RCA [22,24].
With higher matrix strength of concrete, more of the coarse aggregates
break, changing the failure mechanism. The change in the crack path has
an influence on the ductility and the fracture parameters of the concrete.
Although there are studies available on the effect of matrix strength on
the compressive strength of the RAC, the influence of matrix strength on
the fracture mechanism in RCA is not understood. The effect of crack
propagation through the various interfaces on the observed changes in
the cohesive fracture response of RAC remains to be determined for
different matrix strengths.

Crack propagation during tensile fracture of RAC of different
compressive strengths is evaluated. The effect of RCA on fracture
behaviour of concrete is studied for two different grades of concrete. The
cracking in concrete is evaluated for the influences of the matrix
strength, the ITZs and internal cracks present in the coarse aggregate. In
normal strength concrete made with natural aggregate, the fracture-
crack goes through the weak ITZ planes, while in case of high strength
concrete, due to the improved matrix and denser packing of the fines,
the aggregate start breaking, changing the crack propagation mecha-
nism. To understand the effect of RCA replacement on the fracture
mechanism more holistically, it is necessary to study the dual effect of
matrix strength and RCA replacement. The specific objectives of this
work are to determine the influence of RCA on fracture response,
cohesive stress-crack opening relationship, crack extension-crack
opening relationship, and fractured surface area. Specifically, the in-
fluence of RCA on crack growth is evaluated for normal and high-
strength concrete. The impact of the interfaces in the concrete on
crack growth and fracture behaviour are assessed. The impact of RCA on
the fractured surface and the mechanism of failure is also evaluated.

2. Experimental program

Concrete was made using coarse aggregate in two size fractions of 10
and 20 mm. Both natural aggregate derived from crushed stone and RCA
aggregate were used in concrete mixtures. Concrete mixtures were
proportioned for achieving target mean strengths of 38 and 58 MPa
using natural aggregate. The natural aggregate was crushed gravel. The
specific gravities of the 10-mm and 20-mm size fractions were 2.64 and
2.66, respectively. The water absorption was 0.3 % and 0.5 %, respec-
tively, for the 10 and 20-mm size fractions of the natural aggregate. The
10 and 20-mm natural aggregate had an impact resistance determined as
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per Standard (IS.2386 (Part 1V)-1963 [28]) of 11.26 % and 5.56 %,
respectively.

The RCA used in this study came from the demolition of a concrete
building. A pneumatic jackhammer was used to break up the concrete
structure into large pieces. Crushing of the big concrete block, magnetic
separation, and vibration screening were the main steps in producing
the recycled aggregate. After the building was taken down, the concrete
blocks were broken up and crushed with a jaw crusher. The iron scraps
were then taken out with a magnetic separator. Fine and coarse aggre-
gates were separated using a vibrating screen [1]. The water absorption
of the 10-mm size fraction was 6.88 %, while it was 2.04 % for the 20-
mm size fraction. The 10-mm and 20-mm pieces of RCA had specific
gravities of 2.34 and 2.47, respectively. The impact resistance measured
from the 10-mm and 20-mm size fractions of the RCA was 25.73 % and
13.73 %, respectively. The RCA satisfied the requirement for use as
aggregate in concrete (IS 383-2016) with an resistance less than 30 %.

The RCA was predominantly made up of broken concrete with some
broken bricks. Each aggregate consisted of parent aggregate and
adhering mortar from the old concrete. The RCA had cleaved fracture
surfaces showing breakage of the parent aggregate. The leftover mortar
adhering to the aggregate in the RCA varied in the aggregate. The left-
over mortar in the aggregate was 12.45 % for the 10 mm size fraction
and 11.79 % for the 20 mm size fractions [10]. More mortar was left on
aggregates in the size range of 4.75 mm to 10 mm than on aggregates in
the 10 to 20 mm size range. The smaller aggregates have a larger surface
area per unit volume with a larger adhered mortar fraction than larger
aggregates.

Table 1 shows the mass proportions of the mix for the concrete made
with normal aggregate. The aggregate masses are shown in the saturated
surface dry (SSD) condition. Concrete made with natural aggregate is
referred to as Natural Aggregate Concrete (NAC). The compressive
strength of concrete made with NCA is referred to as the grade of con-
crete. The procedure in IS 10262 - 2019 [27] ( was used to proportion
the concrete for a given strength. The concrete mixtures were propor-
tioned for characteristic compressive strengths of 30 and 50 MPa and are
referred to as M30 and M50 grades of concrete. The M30 and M50
grades of concrete made with NAC are referred to as M30-NAC and M50-
NAG, respectively. The mean 28-day compressive strength of the M30-
NAC and M50-NAC obtained from 150 mm cubes were 42.8 and
58.95 MPa, respectively. The aggregate contents and the composition of
the cementitious binder were changed to achieve the desired compres-
sive strengths from the NAC. Higher strengthwas achieved with a higher
cementitious content and a lower water content, which increases the
strength of the mortar matrix surrounding the coarse aggregate. The
increase in the fines also results in better densification of the matrix.

Concrete mixtures were also made with RCA following the same
proportions as for normal aggregate. The NAC was replaced with RAC
while maintaining the same mortar composition in a concrete mixture of
a specific grade. The concrete mixtures prepared with RCA are labelled
as M30-RAC and M50-RAC. The RCA concrete mixtures contain RAC in a
mortar matrix proportioned for target mean strengths of 30 and 50 MPa.
The average 28-day compressive strengths recorded from 150 mm cubes
of the M30, and M50-RAC were 36.6 and 42.52 MPa, respectively.

The concrete was prepared in a drum mixer. The dry ingredients
were mixed for 2 min before adding water. The aggregates were used in

Table 1
Mass proportions by mass for 1.0 m® of the concrete mixture.

Grade of Fine 20 mm 10 mm Fly Cement  Water
Concrete Aggregate Coarse Coarse ash/
Aggregate Aggregate Slag

M30 836 610 499 108 252 180
(Fly
ash)

M50 706 488 488 165 385 176
(Slag)
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their oven-dry state, and the extra water needed for absorption to reach
the SSD condition was added. The concrete was used to prepare standard
150 mm cubes and beams of 150 mm cross-section and 500 mm length.

2.1. Fracture test

Fracture testing was performed on notched beams which were tested
in flexure under centre-point loading. The testing was performed using a
servo-hydraulic closed-loop test machine, according to EN 14651:2005.
Prismatic beams of 150 mm cross-section and 500 mm length were used.
A 25 mm notch that was 2 mm wide was cut using a circular wet saw.
The beams were tested over a span of 450 mm. Fig. 1 shows the test set-
up. The testing was conducted in CMOD control at a prescribed rate of
0.05 mm/min. During the test, a Linear Variable Differential Trans-
former (LVDT) was attached to a fixed frame outside the beam to
measure the center-point deflection.

The digital image correlation (DIC) technique was used to get the
full-field surface displacement. DIC works by comparing the image of
the object before it was deformed and the image of the object after it was
deformed. Before the fracture test , a sprayed-on speckle pattern was
prepared on the surface of the specimen. The beam was painted white
and a mist of black paint was sprayed to make a random pattern of spots.

A 5-megapixel camera with a 50 mm lens was used to take digital
pictures of the specimen for use in DIC. The camera was placed at a
distance of 1 m from the sample and was facing the surface of the sample
straight on. The physical calibration of the images was performed, and it
was established at 13 pixels per millimetre for the imaged area of the
specimen. For the test setup, the random error in the measurement was
determined to be in the range of 0.02 pixels. Before the test began, a
“reference image” was taken of the beam in the undeformed state prior
to the application of load. During the fracture test, digital images of the
specimen were taken at regular intervals and saved so that they could be
looked at later.

Cross-correlation analysis was performed on the digital images of the
beam specimen captured at different points in the fracture test response.
Spatial domain cross-correlation was performed in VIC 2D™ software to
obtain full-field surface displacements. The displacement was deter-
mined from the correlation performed using subsets of 35 x 35 pixels
[17], [44], [43]. A quantic B-spline interpolation of the grayscale values
was used to get accuracy down to the sub-pixel level. The strain field was

Fig. 1. Experimental setup for Fracture testing.
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calculated as the gradient of the measured displacement field. With the
test setup, 1.54 pm and 7 pe were the most conservative estimates for
resolutions in the measured displacement and strain [11,42].

2.2. Fracture surface area measurement

The surface area created by the crack was measured from the frac-
tured surface of the beam. A laser-based sensor was used to determine
the profile of the fractured surface. For the measurements, a class-2
Helium-Neon laser was used. Optical triangulation is the procedure for
this measurement of the optical microscope. A receiver optic, which is
placed at a certain angle to the optical axis of the laser beam, shows the
diffuse part of this point of light’s reflection on a position-resolving
element (CMOS) based on distance from the measuring object, frac-
tured surface in this case. With an accuracy of 2 pm, the laser setup can
measure distances between 50 mm and 150 mm. The sample was put on
a moving platform that could be programmed and was moved by stepper
motors. The information was collected on a grid that was 0.1 mm by 0.1
mm. The surface was scanned at a rate of 60 mm/min. Fig. 2 shows the
set-up and a typical area that is scanned. Using the ILD 1320-100 Tool
software, the data was collected at 0.01 s intervals. Scans were per-
formed on two 50 mm x 50 mm overlapping areas from each beam.

3. Experimental results and analysis

Fracture responses of the concrete mixtures proportioned for
different compressive strengths with NAC, the M30 and M50-NAC and
the corresponding concrete mixtures made with RAC, M30 and M50-
RAC are shown in Fig. 3. Responses shown are obtained as an average
of four specimens and the ranges are shown with scatter-bars. In both
M30 and M50 grades of concrete, there are noticeable differences in the
fracture responses from RAC compared to NAC. There is clearly a dif-
ference in the pre-peak response and the peak loads from the RAC are
lower than the corresponding NAC. There is a significant reduction in
the overall energy indicated by the area under the fracture load response
on replacing NAC with RAC.

3.1. Cohesive stress response

The cohesive stress-crack separation (6 -w) relationships were
derived from measured fracture test responses using a previously
developed inverse analysis approach [16][15]. The inverse analytical
approach has been utilised to extract the cohesive stress response of steel
fibre-reinforced concrete [23] and, more recently, the early-age
response in fibre-reinforced concrete [9]. In the inverse analysis, the
cracked-hinge idealisation is utilised to forecast the load-deflection
response of the beam [38]. In the cracked hinge representation, a
cracked beam is represented as an elastic beam with a limited length
hinge. The length of the hinge was determined to be 40 mm based on
measurements [15]. The nonlinearity produced by the cohesive crack is
represented using springs with defined c-w relation. Crack opening
displacement contributes to the total deformation of the hinge, and
deformation compatibility is enforced between the elastic beams and the
hinge. The equilibrium response of the beam is determined by gradually
extending the cohesive crack within the hinge. The references [9]; [15];
[23] provide a detailed explanation and development of the prediction
of the load-CMOD response of a beam evaluated in a three-point load
configuration with a multilinear representation of the (c-w) relation-
ship. The cohesive 6-w response is represented as piecewise linear at
discrete crack separation values in the multilinear representation. The
number of (c-w) segments can be altered to produce a smooth repre-
sentation of the underlying cohesive relationship.

The load-CMOD response is extremely sensitive to the tensile
strength (f) and the initial slope of the stress-crack relationship [15].
Typical o-w relationships for concrete demonstrate a steep decline
within a narrow range of w around f;. Following the first quick fall o,
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Fig. 2. (a) Experimental setup for laser displacement sensor (b) Typical scanned area.
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Fig. 3. Fracture response of NAC and RAC for (a) M30; and (b) M50 grade of concrete.

there is a long tail that extends across a wide range. In the tail section, 6
decreases gradually as w increases.

To estimate ¢ as a function of w with the appropriate sensitivity, a
three-step analysis was performed. In the first stage, the load-CMOD
response up to 0.008 mm CMOD was used. The ¢ -w curve was deter-
mined up to a CMOD of 0.1 mm in the second stage. In the second stage
0.008 mm to 0.1 mm were considered. In the third stage, the remaining
portion of the load response was used to determine the 6-w relationship.
The goal function was a least-squares residual between the measured
and forecasted load responses. There were two distinct objective func-
tions employed. In the first and third stages, the goal function employed
was

1 [ . —
2 ral
Norm = ; § (Pfrpenmen al Pf_hwretlml) (])
i=1

where PePerimental represents the experimentally determined peak load

and ptheoreticdl represents the mathematically determined peak load.

peperimentl apd pieoreticdl are the i™ loads at the specified CMOD values in
the experimental and predicted load responses, and n is the number of
CMOD load points from 0.008 mm to 0.1 mm.

In the third stage, the other cohesive stress values at predetermined
crack openings for displacements up to a CMOD of 0.3 mm were
calculated. For generating the second stage of the 6-w response near the
peak using the load response up to a CMOD of 0.1 mm, the goal function
employed was

. . 1 “ . 2
_ xperimental __ ptheoretical | - experimental __ piheoretical
Norm = | (P¢ P, ) +n (P P ) @
i=1

The corresponding predetermined ¢ at the chosen values of w were
obtained by optimising with constrained minimisation and the interior
point procedure. The initial stage consisted of determining the value of f;
and the ordinate of the initial softening response by up to a CMOD value
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of 0.05 mm. In the second step, ¢ was determined for w values of 0.10,
0.15, 0.25, 0.25, and 0.3 mm. One example of experimental and pre-
dicted load-CMOD responses with its corresponding cohesive stress-
crack opening relationship is shown in Fig. 4.

Fig. 5 shows the 6-w relationship obtained from the inverse analysis
by matching the experimental and predicted fracture responses. The
residual stress as a function of crack opening from the cohesive rela-
tionship for each specimen has been normalised with the respective
tensile strength (fy). The intercept of the cohesive relationship is there-
fore set to one. The range in the cohesive stress obtained from the
different specimens is shown by scatter bars around the average. The
cohesive response indicates a very rapid decrease in the residual stress
with crack separation. The ¢ decreases to a value close to 0.2f; by the
crack opening of 0.1 mm. Specific aspects of the cohesive behaviour
indicate that the softening in the normal aggregate concrete is identical;
a nominally similar response is obtained from both M50 and M30-NAC.
The recycled aggregate concrete, initially, exhibits a more rapid
decrease in the stress with crack opening compared to normal aggregate
concrete.

The values of residual stress corresponding to their CMOD values and
tensile strength are tabulated in Table 2. For a given mortar strength, the
tensile strength (f;) decreases with the use of RCA. The decrease in the
tensile strength is, however, not as sensitive as the measured decrease in
the compressive strength. The decrease in the tensile strength with the
use of RCA is 13.4 and 9 % for the M30 and M50 grades of concrete,
while the corresponding decreases in the compressive strengths were
14.48 and 25.33 %, respectively. In absolute values, the very rapid
decrease in the cohesive stress up to 0.1 mm crack opening is evident.

Fig. 6 shows the fractured surface area measured from the notched
beams tested in three-point flexure test. There is clearly a decrease in the
fracture surface on increasing the grade of concrete. This is observed for
concrete made with both NAC and RAC. The results follow expected
trends, where an increase in the mortar strength results in a smoother
fracture plane. Comparing the fracture surface areas of M30 grade
concrete, there is however an increase in the surface area of M30-RAC
compared to M30-NAC. For M50 grade of concrete, however, there is
a small decrease in the fracture surface area with the use of RCA. The
change in fracture surface due to change in matrix strength is more
prominent compared to the effect of RCA replacement.

N
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-
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Fig. 5. Cohesive stress-crack opening relationship.

Table 2
Stress-crack opening relationships for M30 and M50 of NAC and RAC (Average
values are listed with the variation shown in brackets).

Crack opening (mm) M30-NAC M30-RAC M50-NAC M50-RAC
Tensile strength, f; (MPa)
3.71 (0.1) 3.21(0.29) 3.89(0.15)  3.54(0.04)
Normalised cohesive stress
0.05 0.34 (0.06) 0.25(0.10)  0.41(0.03)  0.26 (0.06)
0.1 0.16(0.02)  0.15(0.10)  0.12(0.01)  0.19 (0.04)
0.15 0.09(0.05)  0.09(0.03) 0.08(0.01) 0.06 (0.01)
0.2 0.06 (0.03) 0.05 (0.01) 0.06 (0.01) 0.05 (0.05)
0.25 0.05(0.01)  0.05(0.02)  0.05(0.08)  0.03(0.01)
0.3 0.05(0.07)  0.05(0.05)  0.05(0.1) 0.02 (0)
Normalised surface area 2.07 (0.08) 2.27 (0.07) 1.87 (0.07) 1.78 (0.02)
1]
23 I
E
& 21
©»19
© £
1.7
=
215
M30 M50
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Fig. 6. Normalised fracture surface areas of NAC and RAC with different ma-
trix strength.
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derived from Inverse analysis.
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4. Analysis of crack growth

The crack growth in the fracture beams is analysed for compre-
hending the influence of the different aggregate on crack growth. The
crack growth in the concrete of the different matrix strengths made with
RAC and NAC was analysed using information from the digital image
correlation. The crack depth and opening measured on the surface of the
concrete beam were measured at different points in the load response.
The process of determining the crack depth and opening is illustrated
from the measured response of the beam shown in Fig. 4 (a). A coordi-
nate system with its origin at the middle of the notch is utilised for
analysis (as shown in Fig. 7 (a)). The X axis extends along the beam and
the Y axis is along the depth. Fig. 7 shows the contours as well as the
three-dimensional plots of displacement in the x-direction, Uy and lon-
gitudinal strain &y, at a load point 2 (Fig. 4 (a)) for a M50 NAC specimen.
The crack is not directly visible to the naked eye. However, the
discontinuity in the displacement contours directly above the notch
shows physical separation produced by fracture. The displacement
discontinuity is identified as a very sharp increase in displacement
within a small region near the crack (values of X close to 0 mm) over a
small distance. Away from the notch, Uy varies linearly with X. The
displacement in the distant field is produced by bending. Within a small
area near the crack, the ey exhibit a very rapid localization with a sharp
rise. The crack is identified with the rapid changes in the ey within a
small region.

The crack length and opening measurements are based on the
detection of a physical discontinuity. Because of the fracture process
zone, locating the crack tip is difficult due to the diffuse nature of the
displacements within a small region close to the tip. An asymptotic
matching procedure was developed to overcome this limitation [16].
The same procedure is followed here. The DIC analysis is performed
using subsets of finite size. The size of the subset is chosen to provide
accuracy in measurement while capturing the underlying gradients. The
resolution of the DIC technique and the finite subset size limit the esti-
mation of crack parameters from local displacements around a crack. In
addition, there is a tiny loss of precision in a small region near the
physical crack. Correlations are lost among the subsets that overlap with
the physical opening produced by the crack. The correlations performed
over overlapping subsets, resulted in a smearing of the physical
boundary of the crack; this is seen in the form of a continuously varying
displacement over the physical crack in Fig. 7 (a). To accurately measure
the crack opening along a line with a given Y coordinate, the asymptote
matching of far-field displacements was used [16]. The asymptotic far-
field displacement along a line of constant Y coordinate is associated
with flexure. As shown in Fig. 7 (a), the opening associated with the

Crack mouth opening
displacement

0

20
¥ o) * Notch X (mm)

(2)
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physical separation caused by the break in the beam can be determined
by the abrupt increase in Uy values along X. The displacement discon-
tinuity along a line of constant Y coordinate was calculated from the
difference between the far-field asymptotes on either side of the crack.
Using the least-squares fit of a linear equation (linear equations with
constant slope) to the far-field displacements on either side of the crack,
the slopes of the lines were computed. The slopes of the two lines
generated from linear fits to variations in far-field displacement with X
coordinate do not differ significantly. The difference between the in-
tercepts on the Y-axis of the two lines fitted to the far-field displacements
was used to compute the displacement discontinuity induced by the
crack.

The process of determining the displacement discontinuity is illus-
trated in Fig. 7 (a); the increment across a finite length centred at X =
0 is the displacement discontinuity. Crack opening displacements were
estimated at various Y locations to establish the profile of the crack
opening. The crack tip is found at the point on the profile of the crack
opening where the displacement of the crack opening is zero. The pro-
cess of identifying the crack opening profile along the depth of the beam
is illustrated in Fig. 8 considering the responses at the load points
identified in Fig. 4(a). It can be clearly seen that, along the length of the
beam at X = 0 mm, there is a jump in the displacement profile. The
displacement discontinuity marked as AU in the figure indicates the
opening of the crack just above the notch at the given loading (at point 3
in the Fig. 4 (a)). The displacement discontinuity gets smaller along the
depth of the beam.

The crack opening profile along the depth of the beam above the
notch was generated from the measured crack openings with increasing
Y. The crack displacement discontinuities and the corresponding crack
profiles at three distinct points in the load response of the beam are
shown in Fig. 8 (c). The measured crack discontinuity along the Y
ordinate is the crack opening profile at the given load point. In the
figure, the opening measured at the tip of notch corresponds with the
crack tip opening displacement. The intercept of the measured opening
displacement profile gives the location of the crack tip. It is observed
that with increasing CMOD there is progressive upward propagation of
the crack tip. Further, as the crack propagates along the depth of the
beam, there is an increase in the crack opening displacement at any
location along the depth. Since this is Mode I fracture, the crack path is
nominally straight. There is no major deviation from a straight line
extending above the notch. Small deviations from the straight path are
due to the local heterogeneities.

Fig. 9 shows the changes in the mechanical work of fracture (Wg) and
crack depth with increasing CMOD for the concretes of different
compressive strengths made with NCA and RCA. The Wy was computed
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Fig.7. (a) Crack propagation and displacement contour from DIC with corresponding displacement profiles along the length of the beam. (b) DIC contour plot and
variation in longitudinal strain near the crack region at different depths of the beam.
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as the area under the fracture load response [13]. Consistently, there is a
decrease in the Wg from NAC to RAC for both grades of concrete. The Wg
of RAC is lower than NAC for all the values of CMOD. The difference in
the Wg between the NAC and the RAC increases with the crack opening.
The trends in the crack depth are, however, different. The measurement
of crack depth indicates a consistently larger crack depth as a function of
CMOD in M30-RAC compared to M30-NAC. While there is a significant
scatter in the measurements, the difference between the crack depths
measured with increasing CMOD remains essentially constant. The crack
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depth measurements from M50 concrete indicates significant differ-
ences. Initially, at small CMOD, the crack depth in M50-NAC is signifi-
cantly larger than the corresponding crack depth in M50-RAC. The
difference decreases with increasing CMOD.

5. Discussion

The different phases present in the RAC were studied under a mi-
croscope and the existing state of the material and interfaces were
evaluated. Fig. 10 depicts typical micrographs of M30-RAC and M50-
RAC. The RAC was ground and polished to prepare the sample. Under
an optical microscope, the different interfaces in the RAC can be clearly
identified. The interface between the old mortar and the aggregate
phase in the RCA is very dense. No separations or voids can be identified
between the mortar adhering to the aggregate in the RCA. The RCA is
produced by breaking and crushing old concrete, and the mortar is
attached to aggregate by a strong interface, which is devoid of any weak
planes. Several voids are, however, identified along the interface be-
tween the old and new mortar in the M30-RAC. A water-rich layer was
likely formed at the interface between the old mortar in the RCA and the
new mortar. The presence of voids along the interface indicates the
formation of a water-rich layer, resulting in a weak interface. The new
mortar interfaces in the M50-RAC are dense and do not exhibit any
porosity or voids. The higher cementitious content in the M50 concrete
results in higher densification of the interface. Several cracks are iden-
tified within the aggregate phase of the RCA. The aggregate portion of
the RAC contains pre-existing cracks that were likely produced during
the production process. The impact and the crushing operations pro-
duces RCA with surfaces which are identified with fractured aggregate
and mortar phases in the existing concrete. The pre-existing cracks
within the aggregate phase of the RCA are also the result of the pro-
duction process.

Fig. 11 shows the fracture surfaces of M50-NAC and M50-RAC. The
surface features and observations from corresponding areas in the
broken counterparts were related to develop an understanding of the
crack path during the fracture process. Red coloured shapes were
marked to indicate the aggregates which were found broken after the
test. Black shapes were used to mark the uncracked aggregates, which
pulled out of the matrix. The natural aggregates used in the concrete
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Fig. 9. (a) Variation of Fracture energy and crack depth between NAC and RAC with increasing CMOD for (a) M30, (b) M50 grade of concrete.
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were strong enough that even for the M50 grade of concrete, a sub-
stantial number of aggregates remained unbroken. The fracture plane
formed in the beams of M50-NAC consisted of surfaces created by the
fractured agrgegate and the aggregate pullout. In M50-RAC, however,
the fracture fracture plane was entirely made of fractured aggregate.
This is clearly seen in the matching pieces of broken agrgegate in the two
counterpart pieces of the broken beam.

The surfaces in the M30-NAC and RAC indicated clear difference in
the mode of failure across the fracture plane on decreasing the strength
of the matrix surrounding the coarse agrgegate. Observations from
fracture surfaces in M30-NAC showed that most of the aggregate had
pulled out. The crack had propagated through the interfaces between the
aggregate and the mortar. The M30-RAC fracture surface, however,
showed the presence of fractured aggregate in addition to the pullout of
aggregate from the mortar matrix.

There are differences in the crack path and failure mechanisms
observed in the fracture planes formed NAC and RAC. The fractured
surface areas from both M50-NAC and M50-RAC are within the same
range, though there is a small decrease in M50-RAC. In both cases, there
is evidence of fractured aggregate in the fracture plane. The area created
by the fracturing of aggregate is the same in both cases. However, not all
the agrgegate were fractured in M50-NAC; A portion of the fracture
plane passed through the aggregate-mortar interface. The total fracture
surface in M50-NAC, therefore, consisted of fractured aggregate and the
ITZ around the aggregate. The more tortuous path of the crack passing
though the aggregate-mortar interface in M50-NAC contributes to the
small increase in the fracture surface area compared to M50-RAC.

The higher fracture surface area in M30-RAC compared to M30-NAC
can be explained considering the weak planes in the material. The crack
propagation in M30-NAC creates a fracture plane that is predominantly
through the interface between the NCA and the matrix. Fractured
aggregate was not present in the fracture plane in M30-NAC. The weak
planes in M30-NAC are therefore associated with the aggregate-mortar
ITZ. In M30-RAC, the weak planes are associated with the interface
between the old and new mortars. The fracture plane passes though the
highly porous layer produced by accumulation of water at the interface
between the mortars. In addition, the aggregates had internal cracking,
which was introduced during the production process of the RCA. The
weak planes along the crack path influence the crack path. The weak
planes in the aggregate were aligned randomly with respect to the di-
rection of crack propagation, resulting in an overall increase in the
fracture surface area.
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(b)

Fig. 10. Microstructure (a) M30 and (b) M50 showing different phases of RAC, 1 New ITZ; 2 Old ITZ; 3 Old Mortar; 4 Aggregate; 5 Existing cracked planes.

5.1. Correlating the different fracture measures and relating the
observations from fracture specimens with fracture measures

Replacing NAC with RAC reduces the Wy of concrete proportioned
for 30 and 50 MPa compressive strengths made with natural aggregate.
There is also a more rapid decrease in the cohesive stress immediately
following cracking with crack separation in M30-RAC/M50-NAC
compared to M30-NAC/M50-NAC. The resistance to crack separation
from the cohesive stress response is indicative of different failure
mechanisms which contribute to the fracture plane. In the case of lower-
grade concrete, the failure in the M30-NAC is along the interface be-
tween the aggregate and mortar. On replacing the NAC with RAC, the
pre-existing cracks in the aggregate in M30-RAC contribute significantly
to the overall fracture surface area created. The existence of the weak
planes along the fracture plane contributes to the overall increase in the
crack surface area in M30-RAC compared to M30-NAC. The weak planes
in M30-RAC are of low toughness compared to the other interfaces in the
material and do not contribute significantly to the fracture energy. In the
concrete of a higher grade, M50-NAC, the failure is produced by
aggregate fracture and pull-out from the matrix. This results in a
smoother surface and a decrease in the fracture surface relative to M30-
NAC. The weak planes of low fracture toughness associated with pre-
existing cracks in the RCA contribute significantly to the fracture sur-
face area while reducing the overall Wg.

The differences in the tensile strength and the cohesive stress are
therefore controlled by the toughness of the weak planes in the material.
The pre-existing cracks in the aggregate play a significant role in
determining the fracture response of concrete in RCA. In lower-grade
concrete the new mortar interfaces with old mortar and aggregate
phases in RCA also constitute weak planes. In this work, the scale of
observation relates to fracture observed using DIC, and this is linked
with material at the meso-scopic level. The physical observations of
weak planes associated with the ITZ and pre-existing cracks in the
aggregate are shown to influence the overall fracture response. Bridging
the length scales requires information about the toughness of the weak
planes. This information can then be used in accurate mesoscopic
models such as the phase-field approach for an accurate representation
of the fracture processes. Different phase field models are available in
this context to understand the effect of meso-scale changes, like intro-
duction of internal cracks and different types of interfaces in the coarse
aggregate in the overall fracture behaviour of the matrix [12,26,34,48],
2022). Recent studies using the phase field model have shown the
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significant influence of interface toughness at a bi-material interface on
determining the direction of crack propagation [19,40]. However, for
implementing the phase field-based numerical models, the interface
fracture toughness of the interfaces is a critical parameter. Also, such an
implementation would require consideration of pre-existing cracks in
the aggregate.

In the concrete proportioned for 30 MPa compressive strength with
NCA, while a larger fracture surface area is created, there is an overall
decrease in the Wg measured from M30-RAC as a function of the crack
mouth opening. The Wr is plotted as a function of the crack length in
Fig. 12. While there is significant scatter in the data, there is an
increasing trend in the Wy for crack advance with increasing crack
length. The values from both M30-RAC and M30-RAC are comparable.
In the M50 grade concrete, a larger fracture surface area is created in
M50-NAC, which also has a higher Wy with increasing crack mouth
opening. The crack depth in M50-RAC is, however, smaller than in M50-

(b)

Fig. 11. Fractured surfaces of (a) NAC and (b) RAC of M50 grade concrete.

NAC for a given crack mouth opening. The differences in the W per unit
crack advance between M50-NAC and M50-RAC are not significant
considering the offsetting influences of energy and crack length.
Comparing between the two grades, there is clearly a larger increase in
the W per unit crack advance in M50 grade of concrete than in M30
grade of concrete. Increasing the grade of concrete, therefore produces a
more rapid increase in Wg with increasing crack length.

The available information is in agreement with the results in the
literature. The improvements in the compressive strength achieved
using different surface treatments of the RCA do not produce a corre-
sponding increase in the tensile strength. For mechanical treatment of
the RCA almost no improvement is found in the split tensile strength for
both low and high grade of concrete [41]. PVA impregnated concrete is
also unable to improve the split tensile strength for M40 grade of con-
crete [31]. Whereas adding silica fume or polymer modified surface or
CO3 curing of the RCA concrete individually produced 5 % to 10 %
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Fig. 12. Increase in Wy with crack length: (a) M30 grade concrete; (b) M50 grade concrete.

improvement each [21,32,45]. 0.1 M HCI solution treatment showed
very good improvement in the compressive strength [29] but marginal
improvement in the tensile strength [25,29]. In the present study also,
improvement in the tensile strength due to better packing of fines near
the RCA interface is 10.3 %. Surface treatment of the RCA and im-
provements in the interface between RCA and mortar do not contribute
much to the improvement of the tensile strength of the concrete, because
the pre-existing cracks in the RCA, which determine the failure in
tension.

6. Conclusions

Fracture tests for NAC and RAC for M30 and M50 grades of concrete
were conducted. Post cracking cohesive stress response was obtained
using inverse analysis. The fracture surface area, crack depth, and
fracture energy were evaluated as a function of crack propagation. The
conclusions from the analysis and main findings are given below.

1. The RAC has a lower tensile strength than NAC for both grades of
concrete. The decrease in the tensile strength is less sensitive to RCA
replacement than the compressive strength.

. The cohesive response indicates a more rapid decrease in the residual
stress for RAC with the crack opening for the M30 grade and lesser
stress loss in the M50 grade except for the initial loss.

. The crack extension-crack opening indicates a larger crack depth in
RAC than NAC for a similar crack mouth opening displacement in the
M30 grade of concrete and a lesser crack depth for the same crack
mouth opening displacement in M50 grade of concrete.

. For crack penetration under the stress field produced by flexure, RAC
requires less fracture energy with increasing crack mouth opening.
However, in M30, a larger fracture surface area is created in RAC
than in NAC due to a greater number of weaker planes and random
alignment of those links compared to the vertical plane. The weak
planes in the RAC are identified with the new mortar interfaces and
pre-existing fracture planes in the aggregate. In M50 grade of con-
crete, new mortar to old mortar ITZ became stronger and pre-existing
cracks in the RCAs became the guiding factor for the crack propa-
gation creating an equal fractured surface area for both NAC and
RAC.

. In the M30 grade of concrete, RAC is more brittle than NAC, but with
increasing matrix strength, RAC shows better performance in terms

10

of ductility and in the M50 grade of concrete, RAC becomes less
brittle than NAC.
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