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Abstract 

Fracture parameters of fiber concrete (FC) are currently a hot research area. Fracture mechanics is the field of solid 
mechanics that helps to study the type and propagation of cracks in materials. It uses methods of calculating the driv-
ing force on a crack and characterizes the material’s resistance to fracture. Behavioral characteristics are determined 
by crack mouth opening displacement and the load–deflection method. This research identifies the fracture 
parameters of 33 notched simply supported beams made by recycled aggregate cement concrete with steel fiber. 
The recycled aggregate ratio in concrete has been altered to determine the effect on the mechanical and fracture 
properties. For determining fracture parameters, a 3-point bending single-edge notched fracture test was used. The 
results indicated that the steel fiber-reinforced concrete made with recycled aggregate showed similar performance 
and fracture characteristics compared to normal concrete. Thus, adding steel fibers to various concrete mixes con-
siderably improved the fracture characteristics, while the brittleness was reduced with increased steel fiber content. 
Linear regression analysis also showed the accuracy of mechanical strength results as the value of R-square was close 
to unity. Displacement, ultimate load, brittleness (B), fracture toughness (KIC), crack mouth opening displacement 
(CMOD), fracture energy (GF), modulus of elasticity (E), and characteristic length (lch), were determined for both con-
ventional and recycled aggregate specimens. The “work of fracture"—by definition the formula—is the most reliable 
to calculate the fracture energy as the nonlinearity is related to the performance of FC.

Keywords Recycled aggregate, Fracture mechanics, Steel fiber, Fracture toughness, Fracture energy, Notched beam

1 Introduction
Failure of structural members often causes cracking that 
ultimately causes catastrophic events, although the stress 
level is pre-considered and signifies a good design. Study-
ing the instigation and spreading of structural crack-
ing is a multifaceted objective that indicates various 
concepts from engineering mechanics, chemistry, and 
physics. Fracture mechanics explores the response and 
failure of structures due to the initiation and spreading 
of cracks. ACI Committee 446.1 R-91 (ACI Committee, 
1991) explained the FM as a type of failure theory that 
utilizes energy criteria, probably in combination with 
strength criteria, to justify the spreading of cracks over a 
building. It uses the linear elastic method to evaluate the 
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driving force of the cracking and empirical engineering 
mechanics theories to describe the resistance of a mate-
rial against fracture. In concrete, which is brittle, a huge 
fracture process zone is generally developed in the face 
of cracking-like failure, which absorbs a high quantity of 
energy before the concrete’s failure.

2  Literature Review
Sustainable construction means designing a structure 
with suitable durability throughout its stated service 
life. If the vision of a sustainable material flow is to be 
realized, the quantity of recycled waste has to be aug-
mented. Specifically, the building sector is a leading 
user of materials and, simultaneously, the leading maker 
of waste materials (ACI Committee, 1991). Obtaining 
coarse aggregates from the buildings’ waste and demo-
lition material (WDM) is the commonly adopted way 
to attain eco-friendly concrete. This lowers the use of 
raw materials and reduces the stress on landfills. Hence, 
utilizing recycled coarse aggregates (RCA) in making 
fresh concrete seems to be an effective method of using 
WDM. The mechanical strength of concrete made with 
RCA must be further studied before its real-life usage in 
buildings (Rajhans et al., 2019). Presently, there are fewer 
studies on the fracture performance of concrete made 
with RCA. Accessible empirical results regarding recy-
cled aggregate concrete (RAC) are highly inconsistent, as 
the quality of RAC generally relies on the quality of the 
parental concrete obtained from the WDM (Corinaldesi 
& Moriconi, 2009; Pedro et al., 2017). In addition to the 
variation in the arrangement of RCA, the shortage of 
data and results regarding the structure’s response of its 
members with recycled aggregate concrete is one more 
feature that limits its usage in the building sector. Though 
the utilization of WDM as an RCA in the replacement 
of natural stone aggregates has shown an appropriate 
answer to reduce the use of raw materials (Kurad et al., 
2017; Singh & Singh, 2016; Xie et  al., 2015), the micro-
structural response of the RAC is not entirely understood 
by the researchers yet. The building codes and various 
national standards restrict its utilization in the build-
ing sector. The author of a study researched the rough 
surface of RCA and revealed that it allows excellent 
mechanical linking amid the binder’s matrix and grains 
because of the infiltration of the binder’s paste with steel 
fiber (SFs) into the surface pores in the grains of RCA 
(Chaboki et al., 2018). The utilization of RCA in concrete 
raises shrinkage as the recycled coarse aggregates ingest 
an immense amount of water. Adding (SFs) to develop 
fiber-reinforced recycled aggregate concrete effectively 
decreases drying shrinkage, autogenous shrinkage, and 
related cracks. The high elastic modulus of steel fiber can 
reduce crack width and delay crack propagation during 

the shrinkage development process. It also improves the 
concrete’s energy absorption capability (Aflaki Samani & 
Jabbari Lak, 2019; Baena et  al., 2016; Basha et  al., 2020; 
Carneiro et al., 2014; Liu et al., 2018; Mansour & Fayed, 
2021a). Moreover, it is a well-known fact that the addi-
tion of SFs could improve the strength and fracture char-
acteristics, resistance against spalling, and toughness of 
conventional concrete. A research study was performed 
to observe the fracture response counting fracture tough-
ness, energy, and rate of energy release of RCA with vari-
ous substitution levels of recycled aggregates. Using RCA 
in conventional concrete could be labeled as protecting 
the environment and atmosphere (Mansour et al., 2022a).

2.1  Research Novelty
In this study, the range of the recycled coarse aggre-
gate ratio up to 100% as a partial substitute for natural 
stone coarse aggregate was investigated. According to 
the authors, no significant research study has been con-
ducted on this topic, which shows the novelty of the 
current study. This research deals with the strength and 
fracture characteristics, modulus of rupture, fracture 
toughness, and fracture energy of concrete. The present 
study will increase awareness among researchers and 
readers about the fracture toughness, fracture energy, 
modulus of elasticity, and strength characteristics of steel 
fibers reinforced recycled aggregate concrete. To perform 
the research, eleven types of concrete mixes were pre-
pared and tested in the lab, where concrete with natural 
stone coarse aggregates was kept as a reference. Ten mix-
tures of concrete were prepared with RCA from a 10 to 
100% substitution ratio.

3  Experimental Plan
The experimental plan was developed to examine the 
fracture response of notched beam samples with various 
recycle aggregate replacement ratios in concrete mixes 
made of different steel fiber ratios, which were classified 
into three sets. The first set deals with notched beams 
made with a 0.5% steel fiber ratio (NC-SF0.5, RC10-SF0.5 
to RC100-SF0.5). The second set deals with notched 
beams of 1% steel fiber ratio (NC-SF1.0, RC10-SF1.0 to 
RC100-SF1.0). The third group deals with a 1.5% steel 
fiber ratio (NC-SF1.5, RC10-SF1.5 to RC100-SF1.5).

3.1  Materials
For the present study, Type I, grade 42.5 Portland cement, 
according to ASTM C 150 (Mansour, 2021), was utilized 
in mixtures as essential binders and had a specific sur-
face area of 2500  cm2/g and a specific gravity of 2.34. 
For aggregates, medium-sized, well-graded fine aggre-
gate with a fineness modulus of 2.5 and passing through 
a sieve size of 4.75 mm was used. Natural stone coarse 
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aggregates of 10 mm maximum size with a specific grav-
ity of 2.51 were utilized. Coarse and fine aggregates fol-
lowed the ASTM C 33 standards (Althoey et al., 2022).

Recycled aggregate (RCA)—old crushed concrete of 
10 mm nominal size with a specific gravity of 2.49 and 
a water absorption of 4.70% was utilized as recycled 
coarse aggregate. Particle size distribution curves for fine, 
coarse, and recycled coarse aggregates are provided in 
Fig. 1. For fibers, end-hooked steel fibers (SF) as shown in 
Fig. 2 with 0.8 mm and 35 mm equivalent diameters and 
lengths were used with 0.5%, 1.0%, and 1.5% as volume 
fractions. For water (W)- Tap water followed the crite-
ria of ECP 203–2019 (ASTM Annual Book of Standards, 
2004) and was used in all concrete mixes. For admix-
ture, Type G high range water reducing admixture was 
used following ASTM C 494 (ASTM-C33 2023) at 5% by 
cement’s mass.

3.2  Test Procedures and Specimens Preparation
Thirty-three mixes of samples were prepared to inves-
tigate the current research plan. Entire mixtures were 
made with fine aggregate: total coarse aggregate ratio of 
1:1.8:3.6 and water/cement of 0.42 to achieve appropri-
ate workability. Table 1 provides the mixes proportions. 
The mixtures are termed by codes: (N) for concrete 

with normal aggregate and (R) for concrete with recy-
cled aggregate—% recycled aggregate ratio—% steel fib-
ers, respectively. For concrete mixes, first water and 
admixture were mixed. Then mix the cement, sand, and 
CA + RC with various percentages in a dry condition for 
1 min. Then, the liquid was introduced to the previously 
mixed solid particles to obtain a uniform and workable 
slurry. Lastly, steel fibers were slowly introduced to the 
mixture, and mixing was sustained for at least 3 min until 
the mixture was glossy and well combined. After casting, 
the samples were covered and kept at an ambient tem-
perature of 22 ± 3  °C and 55% relative humidity for one 
day. After that, samples were placed in water for curing 
at 22 ± 3 °C till the testing day. Samples were prepared in 
cubes of 100 mm, × 100 mm × 100 mm for compression 
strength, a 100 mm × 200 mm concrete mold for modulus 
of elasticity and split tensile strength, and 100 mm × 100 
mm × 500 mm beams for flexural strength. The mechani-
cal characteristics of the concrete samples were tested 
during the curing phase of 28 days. The target compres-
sive strength of conventional concrete was 20 MPa. A 
hydraulic testing machine with a total capability of 2000 
kN was utilized for testing cylinder and cube samples 
according to BS EN 12390-2019 (HBRC & Cairo, 2019, 
EN BS 2002) and ASTM C 469 (ASTM, 2013, ASTM 
C 2011), respectively. Thirty-three beam specimens 
of 100 × 100 × 500 mm with a notch were used, and the 
notches were made at the lower surface of the middle of 
3 mm width and 20 mm height. Geometry, setup details, 
and specimen preparation are detailed in Figs.  3 and 4, 
respectively. Every beam sample was tried after 28 days, 
utilizing a 300-kN servo-controlled UTM under displace-
ment control and a loading rate of 0.05 mm/min. The 
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Fig. 1 Particle size distribution curve: a fine aggregate, b coarse 
and recycled coarse aggregate

Fig. 2 Hooked end steel fibers
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30-mm LVDT recorded the vertical displacement and 
used a 50 ± 4 mm Pi-gauge to record crack mouse open-
ing displacement (CMOD). The experimental tests were 
carried out in the reinforced concrete laboratory of the 
faculty of engineering at Kafrelsheikh University, Egypt.

4  Test Results and Discussion
4.1  Mechanical Properties
The results for the strength characteristics of different con-
crete mixtures after 28 days are presented in Table  2. A 
decrease in the concrete’s compression strength is noticed 

in Fig. 5 by raising the recycled concrete aggregates’ substi-
tution level. For example, standard/control concrete’s com-
pression strength was 20.8 MPa, but it was reduced to 14.3 
MPa with the substitution of 100% RCA. A reduction in the 
compression strength of recycled aggregate concrete could 
be ascribed to the mortar attached to the recycled aggre-
gates. A decrease in the mechanical strength of recycled 
aggregate concrete could be associated with various terms, 
such as the level of recycled aggregate substitution and the 
mixture’s water-to-binder ratio (Kapoor et al., 2016; Ham-
oda et al., 2019; Sakr et al., 2018; Baraghith et al., 2022; Fayed 

Table 1 Concrete mix proportions (kg/m3)

NC natural aggregate concrete, RC recycled aggregate concrete

RC10, RC20, RC30, RC40, RC50, RC60, RC70, RC80, RC90, and RC100; denote the recycled aggregate substitution ratios by weight at 10%, 20%, 30%, 40%, 50%, 60%, 
70%, 80%, 90%, and 100%, respectively; and SF0.5, SF1.0, and SF1.5 denote the steel fiber volume fraction ratios at 0.5%, 1.0%, and 1.5%, respectively

Group Specimen ID Recycled 
aggregate (RA)

Natural 
aggregate (CA)

OPC Sand Water Admixture (SFs)

G1 NC-SF0.5 0 1300 360 650 150 20 39.25

RC10-SF0.5 130 1170 360 650 150 20 39.25

RC20-SF0.5 260 1040 360 650 150 20 39.25

RC30-SF0.5 390 910 360 650 150 20 39.25

RC40-SF0.5 520 780 360 650 150 20 39.25

RC50-SF0.5 650 650 360 650 150 20 39.25

RC60-SF0.5 780 520 360 650 150 20 39.25

RC70-SF0.5 910 390 360 650 150 20 39.25

RC80-SF0.5 1040 260 360 650 150 20 39.25

RC90-SF0.5 1170 130 360 650 150 20 39.25

RC100-SF0.5 1300 0 360 650 150 20 39.25

G2 NC-SF1.0 0 1300 360 650 150 20 78.5

RC10-SF1.0 130 1170 360 650 150 20 78.5

RC20-SF1.0 260 1040 360 650 150 20 78.5

RC30-SF1.0 390 910 360 650 150 20 78.5

RC40-SF1.0 520 780 360 650 150 20 78.5

RC50-SF1.0 650 650 360 650 150 20 78.5

RC60-SF1.0 780 520 360 650 150 20 78.5

RC70-SF1.0 910 390 360 650 150 20 78.5

RC80-SF1.0 1040 260 360 650 150 20 78.5

RC90-SF1.0 1170 130 360 650 150 20 78.5

RC100-SF1.0 1300 0 360 650 150 20 78.5

G3 NC-SF1.5 0 1300 360 650 150 20 117.75

RC10-SF1.5 130 1170 360 650 150 20 117.75

RC20-SF1.5 260 1040 360 650 150 20 117.75

RC30-SF1.5 390 910 360 650 150 20 117.75

RC40-SF1.5 520 780 360 650 150 20 117.75

RC50-SF1.5 650 650 360 650 150 20 117.75

RC60-SF1.5 780 520 360 650 150 20 117.75

RC70-SF1.5 910 390 360 650 150 20 117.75

RC80-SF1.5 1040 260 360 650 150 20 117.75

RC90-SF1.5 1170 130 360 650 150 20 117.75

RC100-SF1.5 1300 0 360 650 150 20 117.75
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and Mansour 2020; Mansour and Fayed 2021b; Mansour 
et al., 2022b;Fayed et al., 2022; Ali et al., 2021; Masood et al., 
2020; Pepe et al., 2014; Zaid et al., 2022a; Afroughsabet et al., 
2017). No considerable impact on concrete’s strength was 

noted for up to 30% substitution of recycled aggregates. The 
decrease in compressive strength of concrete ranged from 
3 to 10% compared to reference samples that do not con-
tain recycled aggregates. On the contrary, a more significant 
decrease (12–33%) in mechanical strength was indicated by 
raising the substitution level of recycled aggregates higher 
than 30%. The moisture conditions of recycled aggregates 
also impact the compression strength of recycled aggre-
gate concrete. Due to the attached mortar in the recycled 
aggregates, the recycled aggregate concrete requires more 
water than standard concrete because the attached mortar 
absorbs some of the water. Hence, extra water is necessary 
to compensate for the absorbed water.

Similarly, for the result of splitting tensile strength, the 
trend of reduction in strength is also noticed in Fig. 6, as the 
standard/control concrete’s splitting tensile strength was 
2.71 MPa, but it was reduced to 2.20 MPa with the substi-
tution of 100% RCA. This reduction in strength could be 
attributed to the porous mortar attached to the recycled 
aggregate’s surface. Surface properties, strength, and quality 
of the parental concrete from which the recycled aggregates 
are derived are also essential factors that govern the strength 
of recycled aggregate concrete. Hence, the reduction in 
strength is also ascribed to the low quality and strength 
of recycled aggregates, which led to a decrease in splitting 
tensile strength. But with the addition of steel fibers, the 
reduction in splitting tensile strength was much lower than 
the compression strength, as the steel fibers acted as a fiber 
bridging material and averted the propagation of cracks, 
which ultimately prevented the recycled aggregates from 
degrading the splitting tensile strength of steel fibers rein-
forced recycled aggregate concrete.

As the compressive strength is the most important 
strength property of concrete, it is necessary that strength 
properties such as splitting tensile strength, flexural 
strength, and modulus of elasticity all have homogenous 
and uniform values in relation to the compression strength. 
A linear regression statistical analysis was performed to 
evaluate the compression strength of concrete at 28 days by 
utilizing the values of splitting tensile and flexural strength. 
It can be noted from Fig.  7 that both the R-square values 
of split tensile and flexural strength were more than 90% 
(91.8% and 99.2%) and reached unity, which shows the accu-
racy of the present results of the mechanical characteristics 
of steel fiber-reinforced recycled aggregate concrete.

4.2  Flexural Behavior
The beam specimen’s results are given in Table  3. As 
observed from the results of the flexural strength test, the 
concrete samples are failing at low Max load as the per-
centage of recycled aggregates increases. Also, the flexural 
strength for standard concrete was 10.97 MPa, which was 
reduced to 2.37 MPa for the 100% substitution of recycled 

Fig. 3 Geometry and setup of the three-point bending test 
(dimensions are in mm)

Fig. 4 a Beams preparation and b test samples in cylinders
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coarse aggregates. The bonding strength amid the paste 
of cement and aggregates plays a vital role in improving 
the concrete’s flexural strength. Different types of impu-
rities in recycled aggregates, such as particles of old con-
crete, play their part in lowering the flexural strength of 
recycled aggregate concrete because of its poor adhesive 
properties with the paste of cement. The results of the cur-
rent study showed a 3–36% reduction in flexural strength 
of recycled aggregate concrete with a replacement ratio 
lower than 40% with respect to natural aggregate concrete. 
As the content of the recycled aggregates increased from 
40% up to 100%, the flexural strength of recycled aggregate 
concrete was 18–79% lower than conventional concrete, 

depending on the steel fiber ratio within the mixture. Due 
to the crack stitching effect of steel fibers, further degrad-
ing of the flexural strength of recycled aggregate concrete 
was prevented. The steel fibers hold the concrete matrix 
tighter, which ultimately improves the flexural behavior 
of concrete with recycled aggregates (Ahmadi & Farzin, 
2017; Sagoe-Crentsil et al., 2001; Zaid et al., 2022b).

4.3  Load–Deflection Behavior
Fig.  8 shows the load–deflection relationship of beam 
specimens. It could be concluded from Fig.  3 that the 
beam sample with 0.5% steel fiber failed in a brittle pat-
tern; once the sample arrived at the highest load, the 

Table 2 Mechanical properties of mixes at 28 days of curing

Group Specimen ID Compressive strength 
(MPa)

Splitting tensile strength 
(MPa)

Flexural strength 
(MPa)

Modulus of 
elasticity 
(GPa)

G1 NC-SF0.5 20.8 2.71 10.97 48.76

RC10-SF0.5 20.1 2.66 8.66 57.72

RC20-SF0.5 19.4 2.62 7.80 53.33

RC30-SF0.5 18.7 2.57 6.98 49.00

RC40-SF0.5 18.2 2.53 5.79 48.21

RC50-SF0.5 17.6 2.48 4.37 37.58

RC60-SF0.5 16.8 2.43 3.93 40.31

RC70-SF0.5 16.7 2.40 3.47 37.03

RC80-SF0.5 15.9 2.37 2.81 25.87

RC90-SF0.5 15.1 2.30 2.49 23.33

RC100-SF0.5 14.3 2.21 2.37 21.10

G2 NC-SF1.0 21.4 2.75 13.96 37.24

RC10-SF1.0 20.8 2.71 13.27 36.14

RC20-SF1.0 19.9 2.65 11.97 40.76

RC30-SF1.0 19.1 2.6 10.17 38.76

RC40-SF1.0 18.8 2.58 9.18 37.65

RC50-SF1.0 17.9 2.51 7.60 31.67

RC60-SF1.0 17.3 2.47 6.58 29.75

RC70-SF1.0 16.5 2.39 5.73 27.76

RC80-SF1.0 15.9 2.36 4.81 24.66

RC90-SF1.0 15.1 2.29 3.89 20.75

RC100-SF1.0 14.5 2.20 3.47 18.51

G3 NC-SF1.5 23.5 2.88 15.66 26.26

RC10-SF1.5 22.9 2.85 15.22 26.27

RC20-SF1.5 22.4 2.80 14.62 30.00

RC30-SF1.5 21.8 2.77 14.00 32.47

RC40-SF1.5 21.1 2.71 12.91 30.46

RC50-SF1.5 20.3 2.68 10.53 26.23

RC60-SF1.5 18.9 2.58 9.64 24.47

RC70-SF1.5 17.7 2.48 6.98 20.69

RC80-SF1.5 17.1 2.45 4.59 14.39

RC90-SF1.5 16.8 2.40 3.89 12.97

RC100-SF1.5 15.9 2.35 3.95 15.05
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load reduced quickly with low energy absorption. At the 
same time, the sample of the beam with 1.5% steel fib-
ers failed in a ductile mode. From Fig. 8, it can be seen 
that the vital role of the steel fibers on the load–deflec-
tion response is to shift the brittle mode to a ductile man-
ner in which the combination of steel fiber promotes 
tensile and flexural strength. As the applied loading on 
the notched concrete beam was raised, no cracking was 

noted until the maximum loading. From the flexure test 
on a single notched beam, it could be explained that the 
notch started to spread with increased loads. When the 
load reached its peak value, the notch started to propa-
gate quickly in the ligament at its end. The cracking 
opened quicker in the samples, including a comparatively 
low steel fiber. A failure happened by opening an individ-
ual crack in the ligament, as presented in Fig. 9. The test 

Fig. 5 Compressive strength and modulus of elasticity of samples at 28 days
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outcomes of the highest loads and maximum mid-span 
deflection for various samples of beams are depicted in 
Table  3 and illustrated in Fig.  10. The impact of utiliz-
ing different recycled aggregate replacements (0%, 10%, 
20%, 30%, 40%, 50%, 60%, 70%, 80%, 90%, and 100%) was 
studied through beam specimens (NR, RC10 to RC100), 
correspondingly as depicted in Fig. 10. From Fig. 10a, it 
could be observed that enhancing the substitution level 
of recycled aggregate reduced the highest load by 76% 
for all specimens with various steel fiber ratios. Raising 
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Fig. 7 Linear regression analysis of mechanical properties of samples

Table 3 Flexural test outcome of beam samples

Group Specimen ID Max. load (kN.) Max. 
deflection 
(mm)

CMOD (mm)

G1 NC-SF0.5 5.50 6.00 1.69

RC10-SF0.5 4.34 4.00 2.41

RC20-SF0.5 3.91 3.90 1.69

RC30-SF0.5 3.50 3.80 1.69

RC40-SF0.5 2.90 3.20 2.18

RC50-SF0.5 2.19 3.10 1.93

RC60-SF0.5 1.97 2.60 2.65

RC70-SF0.5 1.74 2.50 2.89

RC80-SF0.5 1.41 2.90 3.14

RC90-SF0.5 1.25 2.85 3.62

RC100-SF0.5 1.19 3.00 3.62

G2 NC-SF1.0 7.00 10.00 1.69

RC10-SF1.0 6.65 9.79 1.69

RC20-SF1.0 6.00 7.83 1.69

RC30-SF1.0 5.10 7.00 1.93

RC40-SF1.0 4.60 6.50 2.18

RC50-SF1.0 3.81 6.40 2.18

RC60-SF1.0 3.30 5.90 2.41

RC70-SF1.0 2.87 5.50 2.89

RC80-SF1.0 2.41 5.20 2.89

RC90-SF1.0 1.95 5.00 3.38

RC100-SF1.0 1.74 5.00 3.86

G3 NC-SF1.5 7.85 15.90 1.51

RC10-SF1.5 7.63 15.45 1.69

RC20-SF1.5 7.33 13.00 1.69

RC30-SF1.5 7.02 11.50 1.69

RC40-SF1.5 6.47 11.30 1.69

RC50-SF1.5 5.28 10.71 1.69

RC60-SF1.5 4.83 10.50 1.93

RC70-SF1.5 3.50 9.00 1.93

RC80-SF1.5 2.30 8.50 1.93

RC90-SF1.5 1.95 8.00 2.17

RC100-SF1.5 1.98 7.00 2.41
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the number of steel fibers to 1.5%, the SFs in the sample 
enhanced the max load by 43% and 66.4% for NC and 
100% RA replacement, respectively, compared with the 
0.5% SF specimen. From Fig.  10b, it could be observed 
that raising the substitution level of recycled aggregate 
reduced the highest mid-span deflection by 50% for all 
specimens with various steel fiber ratios. Increasing 
the steel fiber quantity to 1.5% SF sample enhanced the 
max deflection by 165% and 133% for NC and 100% RA 
replacement, respectively, compared with the 0.5% SF 
specimen.

4.4  Crack Mouth Opening Displacement (CMOD)
The process of increasing and spreading cracks in con-
crete fibers is affected by the presence of the phenomenon 
of bridging in concrete, which depends on the bonding 
between the fibers and the concrete matrix as well as on 
the type of fibers and the axial tensile strength of the fib-
ers. Crack mouth opening displacements at the peak load 
were recorded for different fiber contents, as presented in 
Table 3. Fig. 11 shows the load–crack mouth opening dis-
placement relationships for beam specimens with various 
fiber types. A decrease in the peak load of samples was 
noted by raising the substitution level of recycled aggre-
gates. At a similar level of loading (Fig. 12), samples with 

Fig. 9 Mode of failure of notched beam specimens

(a) Maximum Load

(b) Maximum Deflection

5.50

4.34

3.91

3.50

2.90

2.19
1.97

1.74
1.41 1.25 1.19

7.00
6.65

6.00

5.10

4.60

3.81

3.30

2.87

2.41
1.95

1.74

7.85
7.63

7.33
7.02

6.47

5.28

4.83

3.50

2.30
1.95 1.98

0

1

2

3

4

5

6

7

8

9

0 10 20 30 40 50 60 70 80 90 100

L
o
ad

 (
K

N
)

Percenatge of Recycled Coarse Aggregates

 SF 0.5% SF 1% SF 1.5%

6.00

4.00 3.90 3.80
3.20 3.10

2.60 2.50
2.90 2.85 3.00

10.00 9.79

7.83
7.00

6.50 6.40
5.90

5.50 5.20 5.00 5.00

15.90
15.45

13.00

11.50 11.30
10.71 10.50

9.00
8.50

8.00

7.00

0

2

4

6

8

10

12

14

16

18

0 10 20 30 40 50 60 70 80 90 100

D
ef

le
ct

io
n
 (

m
m

)

Percentage of Recycled CoarseAggregates

 SF 0.5% SF 1% SF 1.5%

Fig. 10 Test results of tested specimens: (a) maximum loads and (b) 
maximum deflection



Page 10 of 17Maglad et al. Int J Concr Struct Mater           (2023) 17:74 

high fiber content endured less CMOD with low instability. 
The notch height had a considerable proportional impact 
on CMOD, where samples with 1.5% steel fibers experi-
enced fewer values than those with 0.5% and 1% at a similar 
load level. The final values diverged according to the load-
carrying capability of every beam sample. As the substitu-
tion level of recycled aggregates increased, the peak load 
decreased. A reduction in peak load could be associated 
with the lower strength of recycled aggregates because of 
the attached mortar (Ghorbel & Wardeh, 2017; Khafaga, 
2014; Matar & Assaad, 2019). Steel fibers reinforced con-
crete samples displayed ductile response and recovered 
the load even after minimal post-crack loading. The post-
peak response of steel fiber-reinforced recycled aggregate 
concrete was steep compared to steel fiber-reinforced 
standard concrete. This could be ascribed to the low num-
ber of cracks in the binder’s matrix and the high quantity 
of breaking in recycled concrete aggregates. The steel fib-
ers could sustain the load even at high peaks with a spe-
cific percentage of recycled aggregates. The CMOD curves 
of reference, steel fiber-reinforced standard, and recycled 
aggregate concrete samples also depicted the scattering of 
outcomes. As noted by past researchers, this scattering is 
associated with the dispersion, orientation, and quantity of 
steel fibers on the beam notch. 

5  Linear Elastic Fracture Mechanics Analysis
Based on displacement control loading of samples, 
J-integral (JIC), characteristic length (lch), fracture tough-
ness (KIC), brittleness (B), and fracture energy (GF) were 
estimated.

The development of the main model for a material that 
the fracture parameters require was utilized to be meas-
ured analytically for concrete (Eq. 1) (Casuccio et al., 2008; 
Kazmi et al., 2018).Here, A = (a/d), is the span length of the 
beam l (mm), P is the highest load (N), d is the height of the 
beam (mm), b is the width of the beam (mm), and a is the 
height of the notch (mm).

(1)KIC =
3Pl

2bd2
∗
√
a ∗

(

1.93− 3.07A+ 14.53A2 − 25.11A3 + 25.8A4
)

(2)GF =
wo +mgδ0

Alig

(3)GF =
∫ δ=δlim

δ=0

σdδ

(4)GF =
KIC

2

E

The GF was assessed by five different models (Eqs. 2, 
3, 4, 5, and 6) by Irwin (Bažant, 1997) and Bazant (Cas-
uccio et al., 2008).Here, σ = 3Pl

2b(h−a0)
2 , a0 is the height 

of the notch (mm), d is the height of the beam (mm), b 
is the width of the beam (mm), P is the maximum load 
(N), and Ɩ is the span length of the beam (mm).

CEB-FIP (Brown & Srawley, 1996) proposed (Eq. 5) to 
estimate the fracture energy of concrete in terms of the 
compressive strength and the maximum aggregate size.

Bazant and Becq-Giraduon (Irwin, 1957) proposed 
(Eq. 6) for the fracture energy of concrete as CEB-FIP and 
the addition of the water-to-cement ratio of the concrete. 
The equation has a water-to-cement ratio that is relevant 
to concrete.

Here, Dmax is the highest size of aggregate (mm),  fc is 
the concrete’s compression strength (MPa),  a0 is the 
aggregate’s shape factor  (a0 = 1 for rounded aggregates, 
 a0 = 1.44 for angular aggregates), and w/c is the concrete’s 
water–cement ratio.

(5)

GF = 2.5α0

(

fc

0.051

)0.46(

1+
Dmax

11.27

)0.22
(w

c

)−0.30

(6)GF =
(

0.0469D2
max − 0.5Dmax + 26

)

(

fc

10

)0.7

(7)lch =
GFE

ft
2

The lch, B, and JIC were assessed by utilizing the equa-
tions (Eqs. 7, 8, and 9) by Bazant (Casuccio et al., 2008) 
and Rice (CEB-FIP, 1990).

Here, L is the span of the test sample, E is the modulus 
of elasticity, ft is the tensile strength, and GF is the frac-
ture energy.

5.1  Fracture Response
Table  4, Figs.  13 and 14 show the computed fracture 
parameters per the terminologies stated in (Eqs. 1–9) for 

(8)B =
Lft

2

GFE

(9)JIC =
KIC

E
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the notched beam samples with 0.5%, 1%, and 1.5% steel 
fibers.

5.2  Fracture Toughness (KIC) and Fracture Energy (GF)
Fig.  13 presents the outcomes of KIC and GF (as per 
Eq.  (2)) for different recycled aggregate specimens. The 
KIC is concrete type, recycled aggregate replacement 
ratio, and steel fibers content dependent, as shown in 
Fig.  13. The effect of using different recycled aggregate 
replacements (0%, 10%, to 100%) on KIC was considered 
through beam samples with concrete mix ID (NC, RC10 

to RC100), correspondingly. From Fig.  13a, it could be 
observed that raising the substitution level of recycled 
aggregate to 100% reduced the average KIC by 77% for all 
steel fiber ratios. This could be ascribed to the reduction 
in compression strength and the enhancement in split-
ting tensile strength.

Regarding 0% mm and 100% aggregate replacement 
with various steel fibers ratios (0.5%, 1%, and 1.5%), 
it could be observed that raising the steel fiber ratio 
enhanced the KIC by 43% and 66.4%, respectively. The 
steel fibers had a high elastic modulus and better flexibil-
ity, which can improve fracture toughness; the fibrillated 
steel fibers can be distributed uniformly in specimens. 
The fiber could reduce the concentration of stresses on 
the top of the cracks and enhance the resistance against 
crack development (Bazant & Becq-Giraudon, 2002; 
Cuenca & Ferrara, 2020; Rice, 1968). The number of steel 
fibers governed the cracking behavior. The GF for recy-
cled aggregate concrete is reliant on steel fibers content, 
as presented in the experimental outcomes shown in 
Fig. 13b. Fig. 13b depicts the evaluation of GF for various 
samples. It could be observed that using 100% substitu-
tion of RA for the sample without replacement reduced 
the average GF by 95% for replacement aggregate com-
pared with the natural aggregate specimen. Raising the 
steel fibers quantity to 1.5%, SFs in the sample enhanced 
the GF by 286% and 100% for NC and 100% RA replace-
ment, correspondingly in comparison with 0.5% SFs 
in the concrete sample. These characteristics could be 
observed in specimens with 0.5% steel fibers, and an 
inverse tendency could be observed with other samples. 
The larger the dose of fibers, the stronger the restraint of 
the steel fibers is, and GF gets higher and higher.

The fracture energy of recycled aggregate concrete 
(for a 100% substitution level of recycled aggregates) 
revealed a 40% decrease with respect to standard con-
crete. The reduction in fracture energy of recycled aggre-
gate concrete could be connected with the low strength 
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of recycled aggregates, which reduced the splitting and 
twisting of cracks during failure. Because of the steel fib-
ers in concrete samples, cracking cannot propagate with-
out stretching and de-bonding the steel fibers, leading 
to an improved  Gf of the concrete sample (Alberti et al., 
2014; Arslan 2016; Biolzi & Cattaneo 2017; Pająk & Poni-
kiewski 2017; Buratti et  al., 2011; Wang et  al., 1994). A 
rise in fracture energy signifies). A rise in fracture energy 
signifies the enhancement in energy dissipation and 
ductility of standard and recycled aggregate concrete 
with manufactured fibers. The inclusion of steel fibers 
enhances energy absorption, such as concrete’s tough-
ness, by bridging the behavior of fiber. The toughness of 
concrete with steel fibers was noted to be higher than 
that of standard concrete. Hence, the fracture and tough-
ness of standard and recycled aggregate concrete could 
be enhanced by including steel fibers.

5.3  Characteristic Length (Ɩch), Brittleness (B), 
and J‑Integral (JIC)

Fig.  14 shows the results of lch, B, and JIC for various 
notch height beam specimens. The parameters Ɩch, B, and 
JIC, are given by Eqs. (7), (8), and (9), respectively. Fig. 14a 
presents the outcomes of the lch for different percentages 
of recycled aggregate in different samples of beams. It 

could be observed that specimens using various aggre-
gate ratios, raising the substitution level to 100%, reduced 
the lch by 92% for different steel fiber ratios. Neverthe-
less, increasing the steel fiber content enhanced the lch by 
80.4% and 147% for 0% and 100% aggregate replacement 
ratios, respectively. Fig. 14c presents the outcomes of the 
JIC for different percentages of recycled aggregate in dif-
ferent samples of beams. It could be observed that using 
100% RA substitution for the sample reduced the JIC by 
52% for all replacement ratios compared to the specimen 
without aggregate replacement. Nonetheless, raising the 
number of steel fibers for specimens increased the JIC by 
165% and 136% for 0% and 100% aggregate replacement 
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ratios, respectively, compared with a 0.5% steel fiber 
ratio. Among them,  lch, B, and  JIC of concrete with 1.5% 
steel fibers were significantly improved.

6  Conclusions
Based on the experimental results and discussion of the 
recycled aggregate concrete notched beam samples, the 
following points are decided:

1. Using 100% recycled aggregate as a substitute for 
aggregate weight in concrete effectively reduced the 
strength characteristics after 28 days. The reductions 
were 33%, 19%, and 75% for compression strength, 
flexural strength, and splitting tensile strength, cor-
respondingly.

2. The presence of 1.5% steel fibers enhanced the maxi-
mum failure load for beam samples with and with-
out 100% recycled aggregate replacement by 43% and 
66.4%, respectively, compared with 0.5% steel fiber 
specimens. Also, the maximum mid-span deflection 
increased by 165% and 133%, respectively.

3. There is a significant difference among the pro-
jections of the fracture energy after the theoreti-
cal LEFM formula for fracture toughness, fracture 
energy, and characteristic length. It could be noted 
that the “by definition” work procedure was the most 
reliable, as the nonlinearity is associated with the 
manners.

4. The addition of recycled aggregate as a replacement 
for natural aggregate reduced the fracture param-
eters, i.e., fracture toughness (KIC), fracture energy 
(GF), characteristic length (lch), and J-integral  (JIC) 
by 77%, 95%, 92%, and 52%, respectively. On the 
contrary, the fracture parameters were significantly 
enhanced due to the presence of 1% steel fiber by 
43%, 286%, 80%, and 165% higher than conventional 
concrete, while their counterparts at a 1.5% steel fiber 
ratio were 65%, 100%, 147%, and 136%, respectively.
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