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Abstract

This study investigates the combined effects of metakaolin (MK), crumb rubber (CR), and polypropylene (PP) fibers on the mechanical 

and durability-related properties of hardened Roller-compacted concrete (RCC). MK was used as a partial cement replacement at levels 

ranging from 0% to 20% by weight of cement, while PP fibers were incorporated at volume fractions of 0% to 0.2%, and CR was introduced 

at replacement ratios up to 1% by weight of aggregate. The performance of the mixtures was evaluated through compressive strength, 

splitting tensile strength, flexural strength, and water absorption tests. The results indicate that the incorporation of MK significantly 

enhances mechanical performance up to an optimal replacement level of 15%, beyond which strength gains diminish. PP  fiber 

reinforcement notably improves tensile and flexural behavior, with the optimal fiber content identified as 0.1% by volume. Higher 

fiber dosages resulted in reduced compressive strength due to fiber agglomeration effects. The synergistic use of MK and PP fibers 

partially mitigates the adverse effects of CR, resulting in improved mechanical performance and acceptable durability characteristics 

for RCC applications.
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1 Introduction
Roller-Compacted Concrete (RCC) is a zero-slump cemen-
titious composite consolidated through high-energy vibra-
tory rolling rather than conventional vibration. This place-
ment technique enables rapid construction, high density, 
and economic efficiency, which has led to its widespread 
application in pavements, industrial yards, and hydrau-
lic infrastructures  [1–3]. Unlike conventional concrete, 
the performance of RCC is highly sensitive to mixture pro-
portioning, compaction efficiency, and interlayer bonding, 
making tensile resistance, crack control, and durability crit-
ical design considerations  [3,  4]. Although RCC exhibits 
high compressive capacity, its relatively brittle behavior and 
susceptibility to cracking under repeated or thermal loading 
remain important limitations in pavement applications.

Enhancement of RCC performance has traditionally 
relied on optimizing cement content and incorporating 
supplementary cementitious materials (SCMs) such as fly 
ash and silica fume [5–7]. These materials improve dura-
bility through secondary hydration and pore refinement, 
leading to reduced permeability and enhanced resistance to 

sulfate and freeze-thaw attack. However, most studies pri-
marily address compressive strength and durability indi-
ces, while improvements in tensile performance and ductil-
ity – parameters crucial for fatigue-prone pavements – have 
received comparatively less integrated attention.

Fiber reinforcement has therefore been introduced to 
improve crack bridging and post-cracking toughness in 
RCC systems. Steel, polypropylene (PP), and basalt fibers 
have demonstrated improvements in flexural strength and 
fatigue life  [8–10]. Among these, PP  fibers are particu-
larly attractive due to their chemical stability, low cost, 
and effectiveness in controlling plastic shrinkage crack-
ing [11–14]. Nevertheless, in low-workability matrices such 
as RCC, excessive fiber content may cause agglomeration, 
reduce compaction efficiency, and adversely affect com-
pressive strength. This highlights the need for balanced 
mixture design strategies that enhance tensile behavior 
without compromising structural integrity. Parallel to fiber 
reinforcement, the integration of highly reactive SCMs has 
been explored to refine the microstructure of cement-based 
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materials. Metakaolin  (MK), a calcined aluminosilicate, 
exhibits strong pozzolanic reactivity, rapidly consuming 
calcium hydroxide and forming additional C–S–H and alu-
mina-bearing hydrates [15–18]. Partial cement replacement 
with MK  (typically  5–15%) has been shown to enhance 
compressive strength, reduce permeability, and densify the 
ITZ [17, 18]. In RCC, limited studies indicate that MK can 
improve mechanical performance and durability, particu-
larly when used in conjunction with steel fibers [19, 20]. 

From a sustainability perspective, the incorporation 
of recycled materials such as crumb rubber  (CR) derived 
from waste tires has gained increasing attention  [21–24]. 
Rubberized concrete generally exhibits reduced compres-
sive strength due to weak rubber-cement bonding and 
increased entrapped air; however, it provides enhanced 
ductility, impact resistance, and energy absorption capac-
ity [22, 25–27]. The magnitude of strength reduction depends 
on rubber content, particle characteristics, and surface treat-
ment  [25,  26]. Recent investigations in conventional con-
crete suggest that coupling CR with reactive SCMs such as 
MK may partially compensate for strength losses through 
matrix densification and improved ITZ quality  [27‒29]. 
Despite these promising findings, systematic studies on CR 
incorporation in RCC remain scarce. More importantly, the 
interactive effects among CR, MK, and fiber reinforcement 
in the unique compaction-controlled environment of RCC 
have not been comprehensively examined.

A critical synthesis of the literature reveals that cur-
rent knowledge is fragmented: (i)  MK has been studied 
mainly as a strength-enhancing SCM; (ii) PP fibers have 
been investigated primarily for crack control and tough-
ness; and (iii)  CR has been examined as a sustainabili-
ty-driven aggregate substitute with recognized mechani-
cal penalties. However, there is insufficient understanding 
of whether microstructural refinement induced by MK 
and crack-bridging mechanisms provided by PP fibers can 
synergistically mitigate the adverse mechanical effects 
of CR in RCC systems. Furthermore, interaction effects 
under zero-slump compaction conditions remain largely 
unexplored, representing a significant gap in the design of 
sustainable, high-performance RCC mixtures.

Accordingly, the present study aims to systematically 
evaluate the combined influence of MK, CR, and PP fibers 
on the mechanical and durability-related properties of hard-
ened RCC. The research is structured around the following 
hypotheses: (i) MK incorporation will enhance compres-
sive strength and reduce water absorption through poz-
zolanic densification; (ii) PP fibers will improve splitting 

tensile and flexural performance via crack-bridging mech-
anisms; and (iii) the simultaneous use of MK and PP fibers 
will partially offset the strength reduction induced by CR, 
resulting in a balanced and structurally viable sustainable 
RCC mixture. By  clarifying the interaction mechanisms 
among these components, this study seeks to advance 
mixture design strategies for next-generation resilient and 
environmentally responsible RCC pavements.

2 Material
2.1 Metakaolin 
MK is a highly reactive aluminosilicate obtained through 
the controlled calcination of kaolinite clay. During calci-
nation, the crystalline structure of kaolinite is transformed 
into an amorphous phase, significantly enhancing its poz-
zolanic reactivity. This amorphous structure enables effec-
tive participation in secondary hydration reactions, leading 
to improved matrix densification and long-term mechanical 
performance [30]. The MK employed in this study (Fig. 1) 
complies with the chemical requirements of ASTM C618. 
Its oxide composition is presented in Table 1 [31].

Fig. 1 Metakaolan used in the test

Table 1 Chemical composition of MK (% by weight)

No. Material %

1 SiO2 63.51

2 Al2O3 21.78

3 CaO 1.66

4 MgO 1.67

5 Na2O 0.97

6 TiO2 0.35

7 Fe2O3 2.57

8
K2O 4.69

SO3 1.35

9 Loss of ignition 1.2
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2.2 Polypropylene fibers
PP fibers are widely used to improve crack control, 
post-cracking ductility, and impact resistance in cemen-
titious composites. Their low density and hydropho-
bic nature allow uniform dispersion without increasing 
mixture weight or promoting segregation. In RCC, fibers 
contribute primarily to tensile resistance and energy 
absorption capacity. In the present investigation, 12-mm 
monofilament PP fibers were incorporated. The principal 
physical and mechanical properties of the fibers are sum-
marized in Table 2.

2.3 Aggregates 
Aggregates constitute approximately 60–75% of the total 
volume of RCC and strongly influence both fresh com-
pactability and hardened performance. A  well-graded 
aggregate skeleton is essential to minimize void content 
and ensure effective compaction under vibratory load-
ing [32]. The nominal maximum aggregate size (NMAS) 
adopted in this study was within the commonly recom-
mended range for RCC pavements (12.5–19 mm)  [33]. 
The  gradation curve was designed in accordance with 
ACI  325.10R-95 recommendations  [34], ensuring a bal-
anced distribution of coarse and fine particles to optimize 
packing density and reduce paste demand. The  adopted 
gradation is illustrated in Fig. 2.

2.4 Crumb rubber
CR was obtained from recycled automobile tires and 
sieved to achieve particle sizes between 4.75 and 15 mm. 
The specific gravity ranged from 1.06 to 1.13. In this study, 
CR was incorporated as a mass-based partial replacement 
of coarse aggregate at levels of 5% and 10% by weight of 
coarse aggregate, corresponding to 25 kg/m3 and 50 kg/m3, 
respectively. The  replacement basis was deliberately 
selected as mass-based to ensure precise batching con-
trol, reproducibility, and consistency with common RCC 
production practices. This approach eliminates ambiguity 
associated with volumetric conversions arising from the 
significant density difference between natural aggregates 
and rubber particles.

2.5 Water-reducing admixture
A third-generation naphthalene-based water-reducing 
admixture was used at a fixed dosage of 1% by mass of 
cementitious materials [35]. The admixture was added at 
the final stage of mixing to ensure uniform dispersion and 
optimal workability prior to compaction.

3 Tested matrix
MK was incorporated as a partial replacement of cement 
at levels of 0%, 5%, 15%, and 20% by weight of cement. 
PP fibers were introduced at volumetric contents of 0%, 
0.1%, and 0.2% of the total mixture volume. CR was 
used as a 5% and 10% mass-based replacement of coarse 
aggregate (25 and 50 kg/m3, respectively). By combin-
ing four MK levels, three fiber contents, and three rub-
ber replacement levels (including control without rubber), 
a total of 36 distinct mix designs were produced and eval-
uated (Table 3). The relatively large number of mixtures 
was intentionally selected to enable systematic evaluation 
of individual effects as well as interaction effects among 
MK, PP fibers, and CR in RCC. This factorial design 
allows comprehensive assessment of synergistic or antag-
onistic mechanisms influencing mechanical and durabil-
ity-related performance. Micro-silica was incorporated 
in sludge form after initial blending of dry materials and 
water. Fibers were gradually introduced to ensure proper 
dispersion, followed by aggregates. Cement was then 
added under continuous mixing, and finally the super-
plasticizer was introduced immediately prior to casting. 
Mixing continued for two additional minutes to ensure 
homogeneity before specimen preparation.

Table 2 Characteristics PP fibers

Quantity Characteristic

0.95 Density (g/m3)

38 Diameter (mm)

3.5 Tensil strain to fracture (%)

12 Length (mm)

165 Degree of fusion (°C)

0 Water absorption (%)

400 Strength (MPa)

Fig. 2 The gradation pattern used in this study
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4 Fresh concrete tests
The freshly prepared concrete mixtures were evaluated in 
accordance with ASTM C1437-15, Standard Test Method 
for Flow of Hydraulic Cement Mortar. This procedure 
determines the flowability (workability) of the mixture, 
which serves as a key indicator of its ease of placement 
and compaction. Although RCC generally exhibits sub-
stantially lower workability than conventional vibrated 
concrete, maintaining adequate consistency remains 

essential for achieving proper compaction and structural 
integrity [36]. Even in low-slump RCC systems, this test 
provides meaningful insight into the mixture's response to 
external energy input during compaction and its overall 
handling characteristics (Fig. 3).

5 Comparison of compressive strength test results 
The preparation of prismatic, cubic, and cylindri-
cal specimens was carried out in accordance with 

Table 3 Mix ratio specification (kg/m3)

Mix No. Water Cement Sand Aggregate PP Fibers CR MK Water-reducing admixture

1 140 350 700 1200 0 0 0 1

2 140 350 700 1200 0.5 0 0 1

3 140 350 700 1200 1 0 0 1

4 140 350 700 1180 0 25 0 1

5 140 350 700 1180 0.5 25 0 1

6 140 350 700 1180 1 25 0 1

7 140 350 700 1160 0 40 0 1

8 140 350 700 1160 0.5 40 0 1

9 140 350 700 1160 1 40 0 1

10 140 332.5 700 1200 0 0 17.5 1

11 140 332.5 700 1200 0.5 0 17.5 1

12 140 332.5 700 1200 1 0 17.5 1

13 140 332.5 700 1180 0 25 17.5 1

14 140 332.5 700 1180 0.5 25 17.5 1

15 140 332.5 700 1180 1 25 17.5 1

16 140 332.5 700 1160 0 40 17.5 1

17 140 332.5 700 1160 0.5 40 17.5 1

18 140 332.5 700 1160 1 40 17.5 1

19 140 315 700 1200 0 0 35 1

20 140 315 700 1200 0.5 0 35 1

21 140 315 700 1200 1 0 35 1

22 140 315 700 1180 0 25 35 1

23 140 315 700 1180 0.5 25 35 1

24 140 315 700 1180 1 25 35 1

25 140 315 700 1160 0 40 35 1

26 140 315 700 1160 0.5 40 35 1

27 140 315 700 1160 1 40 35 1

28 140 297.5 700 1200 0 0 52.5 1

29 140 297.5 700 1200 0.5 0 52.5 1

30 140 297.5 700 1200 1 0 52.5 1

31 140 297.5 700 1180 0 25 52.5 1

32 140 297.5 700 1180 0.5 25 52.5 1

33 140 297.5 700 1180 1 25 52.5 1

34 140 297.5 700 1160 0 40 52.5 1

35 140 297.5 700 1160 0.5 40 52.5 1

36 140 297.5 700 1160 1 40 52.5 1
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ASTM  C31/C31M-12  [37] and ASTM C511-13 [38]. 
Immediately after casting, the specimens were covered 
with two layers of plastic sheeting to prevent moisture loss 
and were stored for 24 hours in a temperature-controlled 
environment maintained at 22 ± 2 °C. Following this ini-
tial curing period, the specimens were demolded and 
transferred to a saturated limewater bath to ensure proper 
hydration and to minimize potential leaching of Ca(OH)2 
from the cementitious matrix (Fig. 4). Compressive 
strength testing was performed using a 2,000 kN univer-
sal testing machine under displacement-controlled load-
ing conditions. A uniaxial loading rate of 0.3 MPa/s was 
applied and regulated through the machine's crosshead 
movement. For each mixture, the reported compressive 
strength corresponds to the average value obtained from 
three replicate cubic specimens. The final compressive 
strength for each mix design was subsequently calculated 
based on the experimental measurements using Eq. (1).

S P A= / ,	 (1)

where A is the compression loaded area's cross-section and 
P is the load.

5.1 Compressive strength without PP fibers
A comparative evaluation of compressive strength at 7, 
28, and 90 days  –  considering various MK replacement 
levels combined with different CR contents and in the 
absence of PP fibers – revealed that the incorporation of 
15% MK resulted in the most favorable mechanical per-
formance (Fig. 5). The mixture containing 15% MK with-
out CR achieved the highest 28-day compressive strength 
of 35 MPa, indicating that this replacement level provided 
an optimal balance between filler effects and pozzola-
nic reactivity. At this dosage, MK contributed to matrix 
densification through secondary C–S–H formation and 
refinement of the ITZ, thereby enhancing load transfer 
efficiency within the compacted RCC matrix. However, 
the incorporation of CR led to a systematic reduction in 
compressive strength. For each 5% increase in CR content 
(by mass of coarse aggregate), the compressive strength 
decreased by approximately 10%. This reduction can be 
attributed to the significantly lower stiffness and strength 

Fig. 3 slump test for fresh concrete

Fig. 4 Specimen preparation

(a)

(b)

(c)

Fig. 5 Compressive strength of mixtures without PP fibers: 
(a) 0% crumb rubber, (b) 5% crumb rubber, (c) 10% crumb rubber
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of rubber particles compared to natural aggregates, which 
alters the internal stress distribution under compressive 
loading. Moreover, the hydrophobic nature and smooth 
surface texture of CR weaken the aggregate-paste interfa-
cial bonding, resulting in a more compliant ITZ and pro-
moting microcrack initiation under load. In the relatively 
low-paste RCC system, where mechanical interlock and 
aggregate skeleton stability play a dominant role, partial 
replacement of stiff mineral aggregate with deformable 
rubber particles directly reduces the effective load-bear-
ing capacity of the composite.

Despite this strength reduction, the coefficient of varia-
tion (COV) of compressive strength remained below 7% for 
all mixtures, demonstrating good repeatability and exper-
imental consistency across the tested matrix. The  lim-
ited statistical dispersion confirms that the observed per-
formance trends are structurally driven and reproducible 
rather than a consequence of experimental variability.

5.2 Compressive strength with 0.1% PP fibers
A comparative evaluation of the 7-, 28-, and 90-day com-
pressive strength results  –  considering different MK 
replacement levels in combination with varying CR 
dosages and the incorporation of 0.1% PP fibers by vol-
ume  –  demonstrated that the mixture containing 15% 
MK exhibited the most favorable performance (Fig.  6). 
The mix incorporating 15% MK without CR achieved a 
28-day compressive strength of 38 MPa, representing the 
highest value within this subgroup. In contrast, the addi-
tion of CR resulted in a progressive reduction in compres-
sive strength. Specifically, each 5% increase in CR content 
(by mass of coarse aggregate) produced an approximate 
10% decrease in compressive strength. Despite this reduc-
tion, the overall strength development trend remained 
consistent across curing ages, indicating that the benefi-
cial effect of MK on matrix densification persisted even in 
the presence of rubber particles.

5.3 Compressive strength with 0.2% PP fibers
As shown in Fig. 7, mixtures incorporating 0.2% PP fibers 
by volume exhibited lower compressive strength com-
pared with those containing 0.1% fibers. This reduction 
may be attributed to reduced workability and potential 
fiber clustering at higher dosages, which can adversely 
affect matrix homogeneity and compaction efficiency in 
RCC systems. The results further confirm that the opti-
mal MK replacement level remains 15%. At this dosage, 
the 28-day compressive strength of the mixture without 

(a)

(b)

(c)
Fig. 6 Compressive strength in mixtures incorporating 0.1% PP fibers: 

(a) 0% crumb rubber, (b) 5% crumb rubber, (c) 10% crumb rubber

(a)

(b)

(c)
Fig. 7 Compressive strength in mixtures incorporating 0.2% PP fibers: 

(a) 0% crumb rubber, (b) 5% crumb rubber, (c) 10% crumb rubber
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CR reached 36.8 MPa. Although strength values remained 
comparatively high at this fiber content, the marginal gain 
in crack-bridging capacity did not compensate for the 
slight reduction in compressive performance associated 
with increased fiber volume.

5.4 The effect of different amounts of fibers on 
compressive strength
Fig. 8 presents a comparison of compressive strength 
results for mixtures containing 5%  CR in combination 
with varying MK replacement levels and different PP 
fiber dosages. The  results indicate that the highest com-
pressive strength was achieved in the mixture incorporat-
ing 15% MK and 0.1% PP fibers, demonstrating a favor-
able interaction between pozzolanic matrix refinement 
and controlled fiber reinforcement. The  maximum com-
pressive strength within this category reached 32.5 MPa. 
The superior performance observed for the mixture con-
taining 15% MK and 0.1% PP fibers in the presence of 
5% CR can be attributed to a balanced interaction among 
matrix densification, microcrack control, and limited rub-
ber-induced stiffness reduction. MK enhances compres-
sive performance through accelerated secondary pozzo-
lanic reactions, leading to additional C–S–H formation, 
refinement of the pore structure, and improved ITZ char-
acteristics. Simultaneously, a 0.1%  PP  fiber dosage pro-
vides effective microcrack arresting and improved stress 
redistribution without inducing fiber agglomeration or 
compromising compaction quality-effects that may occur 
at higher fiber contents. Although CR incorporation 
reduces stiffness due to its lower elastic modulus relative 
to mineral aggregates, the optimized MK–fiber combina-
tion partially compensates for this reduction by improving 
stress transfer within the composite matrix. Fig. 9 further 
illustrates the combined influence of varying CR and MK 
contents on compressive strength at 28 days for mixtures 
incorporating 0.1% PP fibers.

6. Splitting tensile strength
In this study, cylindrical specimens were cast, cured, and 
tested in accordance with ASTM C496 [39] to determine 
the splitting tensile strength  (STS) of the concrete mix-
tures. The STS tests were conducted using a digital com-
pression testing machine with a capacity of 2,000 kN, and 
the reported values represent the average of three repli-
cate specimens. Splitting tensile strength is convention-
ally evaluated using cylindrical specimens subjected to a 
diametral compressive load, which induces indirect ten-
sile stresses along the vertical diameter. This standard-
ized procedure enables a reliable assessment of the tensile 
resistance of concrete, particularly for mixtures in which 
brittleness, microcracking behavior, or modifications to 
the cementitious matrix are of primary interest.

Fct p
DL

�
2
�

	 (2)

The tensile strength of concrete is denoted as Fct where 
D, L, and p represent the specimen diameter, specimen 
length, and maximum applied load, respectively. Splitting 
tensile strength tests were performed on cylindrical speci-
mens with dimensions of 150 mm in diameter and 300 mm 
in height at curing ages of 7, 28, and 90 days, following the 
Brazilian splitting test procedure. Prior to testing, the spec-
imens were removed from the curing tank, surface-dried, 
and positioned under diametral loading using a hydrau-
lic loading system to induce tensile failure along the ver-
tical axis. The corresponding tensile strength values were 
calculated using the standard analytical expression given 
in Eq. (2). Fig. 10 presents the results of the splitting tensile 
strength tests for mixtures incorporating MK and CR with-
out fiber reinforcement. The results indicate that the mixture 
containing 15% MK and 5% CR achieved the highest split-
ting tensile strength. Similar trends are observed in Figs. 11 
and 12 for mixtures incorporating 0.1% and 0.2% PP fibers, 
respectively. A  comparative evaluation of mixtures with 

Fig. 8 Effect of MK and PP fibers on compressive strength for mixtures 
containing 5% CR at 28 days

Fig. 9 Influence of CR and MK contents on 28-day compressive 
strength in mixtures incorporating 0.1% PP fibers
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varying MK replacement levels and PP fiber dosages – while 
maintaining a constant CR content of 5% –  indicates that 
the optimum fiber content is 0.1% PP, yielding a maximum 
splitting tensile strength of 3.7 MPa. The enhancement in 
splitting tensile strength observed for the mixture contain-
ing 15% MK and 5% CR can be attributed to the synergistic 
effects of matrix densification and controlled deformability. 
MK promotes secondary pozzolanic reactions, leading to 
the formation of additional C–S–H gel and refinement of the 
ITZ, thereby improving stress transfer within the cementi-
tious matrix. Simultaneously, CR enhances energy absorp-
tion capacity and contributes to crack-bridging under ten-
sile loading, reducing the tendency toward brittle fracture. 
The  superior performance obtained with 0.1% PP fiber is 
associated with its adequate dispersion and effective micro-
crack-arresting capability without inducing fiber agglom-
eration or matrix discontinuities, phenomena that may 
occur at higher fiber dosages. The combined action of these 
mechanisms results in a balanced composite system with 

enhanced tensile resistance. Fig. 13 presents a comparative 
analysis of the splitting tensile strength of mixtures contain-
ing varying MK replacement levels and PP fiber contents in 
combination with 10% CR.

7 Flexural strength test
For each mixture, prismatic beam specimens were cast 
and tested in accordance with ASTM C293 [40] to deter-
mine flexural strength using the center-point loading 
method. All specimens were subjected to monotonic, dis-
placement-controlled loading, and the reported flexural 
strength values represent the average of three identical 
beams. During testing, a concentrated vertical load was 
applied at the midspan of each simply supported speci-
men, and the corresponding ultimate load at failure was 
recorded. The flexural tensile strength was calculated 
using the following relationship:

fz Fl bh= / 2 ,	 (3)

(a)

(b)

(c)
Fig. 10 Results of split tensile test with varying amounts of MK and CR 
and no fiber: (a) 0% crumb rubber, (b) 5% crumb rubber, (c) 10% crumb 

rubber

(a)

(b)

(c)
Fig. 11 Results of split tensile test with varying amounts of MK and 

CR and 0.1% fiber: (a) 0% crumb rubber, (b) 5% crumb rubber, (c) 10% 
crumb rubber
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where ft denotes the flexural tensile strength (modulus of 
rupture), F is the maximum applied load at failure, l is 
the span length between supports, and b and h represent 
the width and height of the beam cross section, respec-
tively. Fig. 14 presents the flexural performance of mix-
tures incorporating varying CR contents in combination 

with 0.1% PP fiber. The results demonstrate that the mix-
ture containing 15% MK consistently achieves the high-
est flexural strength at curing ages of 7, 28, and 90 days. 
This trend underscores the significant contribution of MK 
to matrix densification and enhanced fiber–matrix inter-
facial bonding, both of which are critical to flexural resis-
tance. In contrast, partial replacement of fine aggregate 
with approximately 10% CR results in an average reduc-
tion of nearly 10% in flexural strength. This decline is pri-
marily attributed to the relatively low stiffness and elastic 
modulus of rubber particles compared to mineral aggre-
gates. The inclusion of CR introduces localized zones 
of deformability within the cementitious matrix, which 
diminishes stress-transfer efficiency under bending and 
reduces resistance to tensile stresses developed at the 
extreme fiber of the beam section. The superior flexural 
behavior observed in mixtures containing 15% MK can be 
explained by intensified pozzolanic reactions, which pro-
mote the formation of additional C–S–H gel, refine pore 
structure, and densify the ITZ. These microstructural 
improvements enhance load-transfer mechanisms and 
improve the bond quality between PP fibers and the sur-
rounding matrix, thereby increasing crack-bridging effec-
tiveness under flexural loading. Conversely, the reduction 
in flexural strength associated with 10% CR replacement 
is linked to the hydrophobic surface characteristics and 
lower rigidity of rubber particles, which may weaken the 
ITZ and reduce composite stiffness. Although CR can con-
tribute to energy absorption and post-cracking ductility, 
its presence at higher replacement levels adversely affects 
the initial flexural capacity due to diminished matrix con-
tinuity and reduced tensile stress resistance.

8 The water absorption
The water absorption of hardened concrete was determined 
in accordance with ASTM C642-06 [41]. After 28 days of 
water curing, each specimen was removed from the curing 

(a)

(b)

(c)

Fig. 12 Results of split tensile test with varying amounts of MK and 
CR and 0.2% fiber: (a) 0% crumb rubber, (b) 5% crumb rubber, (c) 10% 

crumb rubber

Fig. 13 Comparison of split tensile test with varying amounts of MK 
and PP fiber with 10% CR

Fig. 14 Flexural test results with different amounts of CR and 
0.1% fibers
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tank and weighed in the saturated surface-dry (SSD) con-
dition to obtain its mass. The  specimen was then oven-
dried at 100–110 °C for 24 hours to remove free moisture. 
After cooling to room temperature, the oven-dry mass 
was recorded. Water absorption was calculated based on 
the difference between the saturated and oven-dry masses 
using the following expression:

Water absorption �
�

�
m m

m
0

0

100 ,	 (4)

where m is the wet sample weight and m0 is the dry sam-
ple weight.

The results indicate that increasing the MK content leads 
to a gradual reduction in water absorption up to an optimal 
replacement level of 15%, beyond which the improvement 
becomes marginal (Fig.  15). Although the reduction is 
moderate, it reflects the pore-refining effect of MK through 
secondary pozzolanic reactions and additional C–S–H 
formation. The reference mixture without fiber, MK, or 

CR exhibits a water absorption of approximately 3.2%, 
whereas mixtures incorporating up to 15% MK show a 
reduced value of about 2.8%, indicating enhanced matrix 
densification and reduced capillary porosity. In contrast, 
the incorporation of PP fibers results in a slight increase 
in water absorption. This behavior can be attributed to the 
formation of interfacial voids and localized microchan-
nels around dispersed fibers, particularly if fiber distribu-
tion is not perfectly uniform. Similarly, the inclusion of 
CR leads to a more pronounced increase in water absorp-
tion. For example, mixtures containing 10% CR exhibit 
an absorption value of approximately 4.5%. This increase 
is associated with the hydrophobic surface characteristics, 
lower stiffness, and intrinsic porosity of rubber particles, 
which may weaken the ITZ, disrupt matrix continuity, and 
increase overall permeability. Overall, the results demon-
strate that MK improves durability-related properties by 
refining pore structure, whereas CR and, to a lesser extent, 
PP fibers may increase permeability due to interfacial dis-
continuities and reduced matrix compactness.

9 Compressive and tensile strength relation
Fig. 16 illustrates the relationship between compressive 
strength and splitting tensile strength for all tested mix-
tures. Regression analysis was performed using a nonlin-
ear power-law model, which provided the best statistical 
fit to the experimental dataset. The resulting predictive 
expression is given by:

f fsp c� ��0 192 0 778. . ,	 (5)

where fsp is the splitting tensile strength (MPa) and f ′cis 
the cylindrical compressive strength (MPa). The cylin-
drical strength was calculated as 0.8 times the mea-
sured cube compressive strength to ensure compatibil-
ity with standard code-based formulations. The proposed 

(a)

(b)

(c)
Fig. 15 Water absorption test results for 28 day samples: 

(a) 0% PP fiber, (b) 0.1% PP fiber, (c) 0.2% PP fiber
Fig. 16 Regression relationship between compressive strength and 

splitting tensile strength
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regression model demonstrated a coefficient of determi-
nation R2 = 0.89, indicating a strong correlation between 
compressive and tensile strength across the investigated 
mixtures. In addition, the root mean square error (RMSE) 
of the model was found to be relatively low compared to 
the experimental strength range, confirming the predictive 
stability of the equation. The residual distribution did not 
exhibit systematic bias with increasing strength level, sug-
gesting that the power-law formulation appropriately cap-
tures the nonlinear dependence of tensile strength on com-
pressive strength in RCC incorporating MK, PP fibers, 
and CR. To further assess the validity of existing predic-
tive approaches, the experimental results were compared 
with commonly adopted design-code formulations devel-
oped for conventional vibrated concrete. The expressions 
recommended by ACI  318-11  [42], Eurocode  2-04  [43], 
NZS 3101 [44], JCI-08 [45], and AS 3600-18 [46] are sum-
marized in Table 4. Fig. 17 presents a comparative evalu-
ation between experimentally measured splitting tensile 
strengths and code-based predictions.

Although the ACI 318 formulation exhibited the closest 
overall agreement with the experimental results, notice-
able deviations were observed for mixtures containing 
CR. Most code-based expressions either underestimated 
or overestimated the tensile strength, particularly at higher 
compressive strength levels. This discrepancy can be 
attributed to the fact that existing design provisions were 

calibrated using conventional vibrated concrete without 
rubber inclusions and with different paste volumes and 
compaction mechanisms.

In RCC systems, mechanical interlock of aggregates 
and reduced paste content play a dominant structural 
role, while the presence of CR modifies stiffness compat-
ibility and alters crack initiation behavior within the ITZ. 
Consequently, the compressive-tensile strength relationship 
deviates from that assumed in conventional concrete mod-
els. The exponent obtained in the present regression (0.778) 
reflects this modified stress-transfer mechanism and sug-
gests that tensile strength in rubberized RCC exhibits a 
slightly stronger nonlinear dependence on compressive 
strength compared to several code-based square-root for-
mulations. Overall, the proposed model provides improved 
predictive capability for the specific material system inves-
tigated in this study and may serve as a more appropriate 
estimation tool for RCC mixtures incorporating MK and 
CR within the investigated strength range.

10 Conclusions
Based on the experimental investigation of RCC mixtures 
incorporating MK, CR, and PP fibers, the following con-
clusions can be drawn:

The partial replacement of cement with MK signifi-
cantly enhances the mechanical properties of RCC up to 
an optimal level of 15%, attributed to improved pozzolanic 
activity and matrix densification.

PP fibers play a critical role in improving the tensile 
and flexural performance of RCC, with the optimal fiber 
content identified as 0.1% by volume. Increasing the fiber 
content to 0.2% resulted in reduced compressive strength, 
likely due to fiber clustering and reduced workability.

The incorporation of CR generally leads to a reduction 
in compressive and flexural strength, primarily due to the 
lower stiffness and weaker interfacial bonding of rubber 
particles compared to natural aggregates.

Despite strength reductions, mixtures containing CR 
exhibited acceptable mechanical performance when com-
bined with MK and PP fibers, demonstrating a beneficial 
synergistic effect.

Water absorption results showed that MK reduced 
permeability up to the optimal replacement level, while 
PP fibers and CR slightly increased absorption due to 
increased interfacial voids.

The combined use of MK and PP fibers is effective in 
compensating for the mechanical drawbacks associated 
with CR incorporation, making this approach suitable for 
sustainable RCC applications.

Fig. 17 Comparison between the experimental results and code-based 
formulations for predicting splitting tensile strength

Table 4 Design expressions for estimating the splitting tensile strength 
of conventional concrete, as recommended by current codes

Code Name Splitting tensile strength formula (MPa)

ACI 318-11 0.53 (f′c)^0.5

Eurocode 2-04 0.3 (f′c)^0.667

NZS 3101 0.44 (f′c)^0.5

JCI-08 0.13 (f′c)^0.85

AS 3600-18 0.36 (f′c)^0.5
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