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Abstract

This study examines the shear behavior of geopolymer (zero-cement) concrete (ZCC)
beams under monotonic and cyclic loading, focusing on the effects of concrete compressive
strength, reinforcement ratio, and shear span-to-depth ratio. A total of 48 simply supported
beams were tested under two-point loading, with compressive strengths of 20 and 30 MPa,
longitudinal reinforcement configurations of 2310, 3310, and 312, and shear span-to-
depth ratios (a/d) of 2, 2.5, and 3. The results demonstrate that ZCC beams achieve shear
capacity, ductility, and energy dissipation comparable to or exceeding those of conventional
concrete beams, confirming their suitability for shear-critical structural applications and
providing valuable experimental data to support future design and modeling of sustainable
concrete systems. Results showed that under monotonic loading, increasing compressive
strength and longitudinal reinforcement enhanced load capacity by up to 33%, improved
energy absorption, and reduced deflection, while higher a/d ratios decreased load capac-
ity by about 37% but increased deflection by nearly 48%. Similar trends were observed
under cyclic loading, although beams exhibited additional vertical cracking and stiffness
degradation; ZCC beams sustained 70-90% of their monotonic displacement capacity, with
30 MPa specimens demonstrating superior energy dissipation and ductility. Reinforcement
strains were consistently lower in ZCC beams than in normal concrete beam, indicating
improved bond performance. Failure was primarily governed by diagonal shear cracks at
angles of 30—-45°, similarly to NC beams but with more gradual crack development. The
findings confirm that ZCC beams achieve shear performance comparable to beams made
with conventional concrete while offering improved ductility and energy absorption, high-
lighting their potential as a sustainable alternative for shear-critical structural applications
subjected to monotonic and cyclic loading.

Keywords: geopolymer (zero-cement) concrete; shear behavior; shear span-to-depth ratio;
reinforcement ratio; monotonic loading; cyclic loading; diagonal cracks

1. Introduction

Concrete remains the cornerstone of modern infrastructure, used extensively in build-
ings, bridges, and transportation systems worldwide. However, the environmental cost of
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ordinary Portland cement (OPC), the primary binder in conventional concrete, is substan-
tial. Cement production alone contributes approximately 7-8% of global anthropogenic
CO; emissions, requires significant energy, and relies heavily on natural resources [1]. In
response to these environmental challenges, zero-cement concrete (ZCC), also referred to
as geopolymer or alkali-activated concrete, has emerged as a sustainable alternative [2].
ZCC replaces OPC with industrial by-products such as fly ash, ground granulated blast-
furnace slag (GGBS), and red mud, activated by alkaline solutions, thereby reducing carbon
emissions by up to 80% while maintaining comparable mechanical and durability proper-
ties [3-5].

The mechanical and durability performance of ZCC has been extensively documented.
Studies demonstrate that ZCC exhibits high compressive and tensile strengths, superior
chemical resistance, lower shrinkage and creep, and enhanced durability under aggressive
conditions such as sulfate attack, chloride penetration, and freeze-thaw cycles [6,7]. Addi-
tionally, the inherent microstructural characteristics of geopolymer binders, including a
dense matrix formation and a stronger interfacial transition zone, contribute to improved
bond strength with reinforcement and enhanced long-term performance compared to OPC
concrete [8]. Recent studies further support its potential: Hassoon and Qissab (2023) [9]
critically reviewed the performance of fly ash-based ZCC, reporting that Class C FA yields
higher compressive strength and performs well under ambient curing compared with Class
F, with increased sodium hydroxide molarity enhancing strength; overall, FA-ZCC exhibits
mechanical properties comparable to or slightly lower than normal concrete (NC), high-
lighting the need for standardized mix design methods. Hassoon and Al-Janabi (2024) [10]
investigated 20 zero-cement reinforced concrete slabs under monotonic and impact loading,
showing that ZCC slabs exhibit behavior comparable to that of conventional concrete
with enhanced energy absorption and punching shear resistance, thereby confirming their
suitability as sustainable, low-carbon structural alternatives. Similarly, Hassoon and Qissab
(2024) [11] examined reinforced ZCC slabs under monotonic loading. It was observed that
the increase in slab thickness and reducing bar spacing improve stiffness, load capacity, and
energy absorption, with failure primarily governed by punching shear, thus demonstrating
structural performance comparable to that of NC.

Experimental investigations on reinforced one-part geopolymer concrete beams have
demonstrated shear responses comparable to OPC beams and confirmed the applicabil-
ity of conventional shear design provisions under monotonic loading [12]. Specifically,
Wan et al. [12] reported experimental-to-predicted shear strength ratios (Vy,exp/ Vi acr)
averaging approximately 1.15-1.30 for fly ash-based geopolymer beams with a/d ratios of
2.0-3.0 and longitudinal reinforcement ratios of 0.78-2.26%, indicating that ACI 318 pro-
visions are conservative for geopolymer concrete. The present study confirms this trend,
with experimental-to-predicted ratios averaging 1.39 across all tested configurations at
a/d = 2.0, and further extends these findings to a broader range of compressive strengths
(20-30 MPa) and reinforcement ratios (p = 0.0065-0.0141). A more recent study on geopoly-
mer deep beams (Kannan et al. [13]) reported ultimate shear capacities approximately
18-25% higher than those of equivalent normal concrete specimens, with improved energy
dissipation under monotonic loading. In the present study, ZCC beams achieved ultimate
shear loads 5.5-10.1% higher than those of NC counterparts at comparable compressive
strengths (20-30 MPa), with mid-span deflections 1.5-12.1% greater, confirming enhanced
deformation capacity without a significant loss in stiffness.

Despite these advancements, most research has focused on the compressive, flexu-
ral, and durability performance of ZCC [14,15], while its shear behavior under realistic
structural loading conditions remains understudied. Shear failure is particularly critical
in beams, slabs, and frames, as it can lead to sudden and brittle collapse with minimal
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warning, posing serious risks to structural safety [16]. A deeper understanding of shear
performance is therefore essential for safe and reliable structural design, especially in
shear-critical structural members.

Research specifically addressing the shear behavior of ZCC beams is relatively limited.
Yacob et al. (2019) [17] observed that ZCC beams with varying shear span-to-depth ratios
(a/d) exhibited diagonal cracking patterns similar to those of OPC beams, although crack
propagation was more gradual and less abrupt. Akduman et al. (2023) [18] extended
these findings by incorporating recycled construction and demolition waste aggregates
into ZCC beams, showing that adequate reinforcement ratios could preserve shear strength
comparable to that of conventional concrete. Investigations by Al-Jabali et al. [6] into
red-mud-based alkali-activated beams showed ultimate shear strengths within 5-8% of
OPC beams for ambient-cured specimens with p &~ 1.0-2.0% and f’. ~ 25-35 MPa. The
present work demonstrates a similar range of shear capacity ratios (ZCC/NC =~ 1.05-1.10),
while providing additional data on cyclic performance and the influence of three discrete
reinforcement configurations (2010, 3310, 3KJ12) across two strength levels, an aspect
not addressed in [6]. Recent numerical studies also suggest that the interaction between
shear span-to-depth ratio, longitudinal reinforcement, and concrete compressive strength
plays a significant role in governing failure modes, crack development, and energy ab-
sorption [8,19,20]. Taugqir et al. (2023) [21] examined the shear performance of geopolymer
concrete slender beams and highlighted the influence of shear span and reinforcement
ratio on failure mechanisms. However, experimental data on the combined monotonic and
cyclic shear behavior of ZCC beams remain limited.

Cyclic and monotonic testing of geopolymer concrete beams by Jothivel and Basil
Ahamed [22] revealed stable hysteresis loops and cumulative energy absorption approxi-
mately 10-20% higher than that of OPC beams under equivalent displacement cycles. The
present study reports energy absorption advantages of 5-48% for ZCC beams over NC
beams under cyclic loading, a substantially wider performance range, attributed to the
systematic variation of reinforcement ratio and compressive strength investigated herein,
parameters that were not simultaneously varied in [22]. Yacob et al. (2019) [17] reported
that the shear and flexural performance of cyclically loaded geopolymer beams were nearly
equivalent to those of OPC beams, while stiffness degradation and crack propagation
occurred more gradually, indicating improved damage tolerance. These findings suggest
that ZCC can provide superior resilience under repeated load cycles, which is particularly
relevant for structures in seismic zones or for transportation infrastructure subjected to
dynamic loading.

Comparative studies of ZCC and conventional concrete beams under realistic shear
loading scenarios remain scarce, and systematic evaluations that simultaneously examine
multiple design parameters are still lacking. Hence, the objective of this study is to examine
the combined effects of concrete compressive strength, reinforcement ratio, and shear
span-to-depth ratio on beam performance under both monotonic and cyclic loading.

Although shear resistance in reinforced concrete is largely governed by aggregate
interlock and compressive strength, differences in binder chemistry and microstructure
may influence shear transfer mechanisms after cracking. Previous studies have reported
that geopolymer binders form a denser matrix and a stronger interfacial transition zone
with aggregates and steel reinforcement compared to ordinary Portland cement systems.
Consequently, this study does not presuppose higher shear strength for zero-cement con-
crete but aims to experimentally assess whether improved bond characteristics and crack
control affect the shear response and post-cracking behavior when aggregate type and
compressive strength are kept comparable. The present study addresses these gaps by
experimentally investigating a large comprehensive set of simply supported ZCC beams
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under monotonic and cyclic loading. The study also evaluates the influence of compressive
strength, reinforcement ratio, and shear span-to-depth ratio on shear capacity, ductility, and
energy dissipation, while providing direct performance comparisons with conventional
concrete beams.

2. Materials and Methodology

An experimental program was conducted to evaluate the shear performance of ZCC
beams under monotonic and cyclic loading. Figure 1 illustrates the research workflow
where it was designed to investigate the influence of three primary parameters on the
structural behavior of reinforced concrete beams: concrete compressive strength, shear span-
to-depth ratio (a/d), and reinforcement ratio (p), on the structural behavior of reinforced
concrete beams. Conventional normal concrete (NC) beams were included as control
specimens to provide a direct performance benchmark for ZCC.

( I (~
Mix Design Development Beam Testing Program Data Analysis and Comparison
»Determine mix proportions for ZCC and »Instrument beams with strain gauges »Evaluate shear strength, ductility, and
NC (20 MPa and 30 MPa). and LVDTs. stiffness degradation.
»Define alkaline activator ratios and »Perform monotonic and cyclic shear »Compare ZCC and NC performance
binder compositions. tests under two-point loading. under identical conditions.
»Optimize  workability and  target »Record load, deflection, strain, and »Identify influence of compressive
strengths. crack patterns. strength, a/d ratio, and reinforcement
ratio.
- J N J
. oo (T . o N e . o N
Materials Characterization Mechanical Characterization Conclusions and Findings
» Conduct XRF analysis of fly ash (chemical » Test cubes, cylinders, and prisms for: »Summarize structural performance
composition). * Compressive strength (fcu. £¢) trends.
»Assess aggregate properties  (fineness « Splitting tensile strength (£) »Highlight ZCC  viability and
modulus, specific gravity). « Flexural strength (£) sustainability advantages.
> Prepare  alkaline act{\'gt01: (NaOH  + »Calculate modulus of elasticity and
Na:S10s) and superplasticizer dosage. density.
- J N J
N g N
Specimen Preparation Curing Process
»Mix and cast concrete batches for both »ZCC: Oven-cure at 70 °C for 24
ZCC and NC. hours.
»Prepare  companion  specimens for »NC: Water-cure for 28 days at 23 + 2
mechanical tests (cube, cylinder, prism). °C.
> Fabricate reinforced beam specimens with
varied a/d ratios and reinforcement ratios.
J N J

Figure 1. Research workflow and experimental program.

The ZCC mixtures were produced by fully replacing OPC with low-calcium Class
F fly ash as the sole binder. The fly ash, obtained from a local thermal power plant, was
analyzed using X-ray fluorescence (XRF), which indicated a combined silica, alumina, and
iron oxide content exceeding 75% and a calcium-oxide content below 10%, confirming its
classification as a low-calcium pozzolanic material in accordance with ASTM C618 [23,24].
The fly ash had a specific gravity of 2.25 and a median particle size of approximately 12 um.

The alkali activator consisted of sodium hydroxide (NaOH) and sodium silicate
(NaySiO3) solutions. Analytical-grade NaOH pellets were dissolved in distilled water
to prepare a 10 M solution, which was aged for 24 h prior to mixing to ensure chemical
stability. The sodium silicate solution, containing approximately 29.4% SiO,, 14.7% Na,O,
and 55.9% H;0, had a silica modulus (5i0; /Na,O) of approximately 2.5. These solutions
were combined at a mass ratio of 2:1 (Na;SiO3: NaOH) to optimize the geopolymerization
reaction and produce a workable mix. The ratio of alkaline activator to fly ash (AAL/FA)
was adjusted to achieve target compressive strengths of 20 MPa and 30 MPa.
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Natural river sand with a fineness modulus of 2.6 and specific gravity of 2.62 was
used as fine aggregate, while crushed granite with a maximum nominal size of 12 mm
and specific gravity of 2.70 was used as the coarse aggregate. A polycarboxylate-based
superplasticizer (Sika ViscoCrete-180GS, SIKA IRAQ), Erbil, Iraq) was added at 1.2% of
the binder weight to enhance workability and ensure uniform dispersion of particles
throughout the mixture.

For the NC control mixtures, OPC (ASTM Type I) was used as the binder, and the same
aggregates and superplasticizer used in the ZCC mixtures were incorporated to ensure
consistency. The water-to-cement ratio (w/c) was fixed at 0.45, and the mix proportions
were adjusted to produce compressive strengths comparable to those of the ZCC mixtures
(20 MPa and 30 MPa). The detailed mix proportions are summarized in Table 1.

Table 1. Mix proportions of ZCC and NC mixtures (per 1 m? of concrete).

MxiD RN ke Solutonte k) S0P Aol Water ) Binden
ZCC-20 400 - 45 90 680 1050 - 1.2
ZCC-30 400 - 45 90 670 1040 - 1.2
NC-20 - 400 - - 690 1060 180 1.2
NC-30 - 420 - - 680 1050 175 1.2

Water in ZCC mixtures is included as part of the alkaline activator solutions (10 M NaOH and Na,SiO3), and no
additional free water was added.

A total of 48 reinforced concrete beams were cast and tested under monotonic and
cyclic two-point loading until failure; six beams were NC control specimens, and the
remaining 42 beams were ZCC, designed to evaluate the structural response under both
monotonic and cyclic loading conditions. Each beam measured 1400 mm in length, 200 mm
in depth, and 150 mm in width, and was simply supported with a clear span of 1200 mm.
The reinforcement configurations of the beams are illustrated in Figure 2. The beams were
divided into groups according to concrete compressive strength (20 MPa and 30 MPa),
longitudinal reinforcement detailing (2310, 3310, and 3312), and shear span-to-effective
depth ratio (a/d = 2, 2.5, and 3). The same longitudinal reinforcement was used at the
upper and lower faces for beams subjected to cyclic loading.

Strain gauges were attached at mid-span on both the tensile longitudinal reinforcement
and the concrete surface near the shear span to record steel and concrete strains, respectively.
Mid-span deflection was measured using Linear Variable Differential Transformers (LVDTs),
as illustrated in Figure 3.

For monotonic loading, a displacement-controlled rate of 0.5 mm /min was applied
until failure. Figure 4 illustrates the overall experimental setup. For cyclic loading, the load
was applied in successive cycles up to a predetermined fraction of the ultimate monotonic
load, with controlled unloading to simulate repeated service conditions, as shown in
Figure 5. The cyclic loading protocol is illustrated schematically in Figure 6.

The mechanical properties of both ZCC and NC mixtures were determined using
companion specimens tested under compression, tension, and flexure, as summarized
in Table 2. The mechanical properties include compressive strength determined on both
cubes (fe,) and cylinders (f'c), where f' denotes compressive strength, f; represents splitting
tensile strength, and f, corresponds to flexural strength. The results show that ZCC achieved
mechanical strengths comparable to, or slightly exceeding, those of NC, highlighting the
structural viability of the zero-cement system.
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Figure 2. Reinforcement layout.
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Figure 3. LVDT and instrumentation setup for mid-span deflection measurement (visible elements at
mid-span correspond to sensor wiring and not flexural cracking).

Truss Holder

(b)

Figure 4. (a) Specimen in the testing machine, (b) Schematic diagram for the monotonic test setup.
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Figure 5. Test setup for cyclic loading (a) front view, (b) side view, and (c) schematic diagram of the
test setup.
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Figure 6. Testing cyclic loading protocol.
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Table 2. Mechanical properties of the ZCC and NC mixtures at 28 days.
Concrete Type feu (MPa) f'c (MPa) ft (MPa) fr (MPa)
NC-20 24.32 21.89 2.02 3.06
NC-30 36.03 32.07 2.92 3.71
ZCC-20 26.90 23.94 2.53 3.11
ZCC-30 37.37 34.38 3.06 4.04

30.00 kv

g O WD sp et
10000x  13.1mm 40  ETD

The measured mechanical properties of the ZCC mixtures are consistent with values
reported in recent studies. Previous investigations on fly ash-based geopolymer concretes
have reported compressive strengths in the range of 18-35 MPa, splitting tensile strengths
of 1.6-3.2 MPa, and elastic moduli between 18 and 28 GPa. The present results fall well
within these ranges, confirming the reliability of the adopted mix design, curing procedure,
and testing methodology.

Scanning electron microscopy (SEM) analysis was conducted as a qualitative sup-
plementary observation to provide microstructural context for the macroscopic structural
trends reported in this study. The micrographs in Figure 7 qualitatively show that ZCC
possesses a denser and more homogeneous matrix with fewer visible pores compared to
NC. As EDX elemental mapping was not conducted within the scope of this study, phase
identification is necessarily qualitative; observed binding phases are described generically
as geopolymer reaction products for ZCC and C-S-H-type phases for NC, consistent with
the established literature on fly ash-based geopolymer systems, where EDX analyses have
confirmed Si/Al molar ratios in the range of 1.5-2.5 and the formation of a dense alu-
minosilicate gel network [3-5]. These observations support, but do not independently
confirm, the improved bond behavior and energy dissipation of ZCC documented at the
structural level. Future work should incorporate multi-magnification SEM imaging and
EDX elemental mapping to enable quantitative phase identification and to more rigorously
correlate microstructural characteristics with macroscopic shear response.

pot

(a)
Figure 7. SEM micrographs comparing (a) NC and (b) ZCC.

The experimental procedure and test parameters were established to isolate the pri-
mary variables governing shear behavior in reinforced concrete beams while ensuring
relevance to practical structural applications. Two compressive strength levels (20 and
30 MPa) were selected to represent typical strength classes used in conventional structural
concrete and to enable a direct comparison between ZCC and NC. The longitudinal rein-
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forcement ratios were varied within practical design limits to examine their influence on
shear transfer mechanisms, stiffness, ductility, and energy dissipation.

The shear span-to-effective depth ratios (a/d = 2.0, 2.5, and 3.0) were chosen to capture
the transition from shear-dominated to flexure-influenced behavior, as widely recognized in
reinforced concrete beam mechanics. Monotonic loading was applied to establish baseline
strength, stiffness, and failure modes, while cyclic loading protocols were adopted to
simulate repeated loading effects relevant to seismic and fatigue conditions. This systematic
parameter selection allows a consistent evaluation of shear response and ensures that
observed differences are attributable to material type and structural configuration rather
than experimental bias.

3. Results and Discussion
3.1. Monotonic Loading

A total of 24 beams were tested under monotonic two-point loading to evaluate the
load—deflection and shear response of ZCC in comparison with NC. The specimens were
divided into groups based on compressive strength (f'c = 20 and 30 MPa), reinforcement
ratios (p = 0.0065, 0.0097, and 0.0141, corresponding to 20310, 3310, and 3012, respectively),
and shear span-to-effective depth ratios (a/d = 2, 2.5, and 3). Six NC and six ZCC beams
were tested for each strength level with a/d = 2 under identical conditions. Figure 8 shows
the comparison of ultimate load capacities for NC and ZCC beams at both strength levels
(20 and 30 MPa). It can be observed that ZCC beams exhibited ultimate loads comparable
to, or slightly higher, than those of NC beams, confirming that replacing OPC with fly
ash-based binder did not compromise structural performance. ZCC beams exhibited higher
shear capacity compared to NC beams; however, it should be noted that the compressive
strength of ZCC specimens was approximately 7-9% higher than that of NC. Accordingly,
part of the observed increase in shear capacity can be attributed to this strength difference,
while the remaining enhancement may be associated with improved bond characteristics
and post-cracking behavior of the geopolymer matrix.

90 1

81.95
80 1 76.35

[ 70.24

70 1 67.18
63.66

59.67 gLI6

[N
o

36.39 54.96

51.25

wn
(=}

1 47.43

"9
o
1

Ultimate load (kN)

NC20 NC20 NC20 ZCC20 ZCC20 ZCC-20 NC-30 NC-30 NC30 ZCC-30 ZCC-30 ZCC-30
(2010) (3010) (3012) (2010) (3010) (3012) (2010) (3010) (3012) (2010) (3010) (3012)

Figure 8. Ultimate load for NC and ZCC (f'. = 20 MPa and 30 MPa).

For beams with a compressive strength of 20 MPa, the ultimate load capacities of
ZCC beams increased by approximately 7.45%, 5.50%, and 7.29%, while the corresponding
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mid-span deflections increased by 6.06%, 5.36%, and 10.18% for beams reinforced with
20710, 3710, and 312 bars, respectively, compared to NC. At 30 MPa, the ZCC beams
exhibited ultimate load increases of 10.14%, 9.37%, and 6.83%, with deflection increments of
1.49%, 5.57%, and 12.12% for the same reinforcement configurations, as presented in Table 3.
In Table 3, P, represents the first cracking load (kN), A, is the corresponding deflection at
first crack (mm), P,, denotes the ultimate load at failure (kN), A, is the ultimate mid-span
deflection (mm), and K denotes the overall stiffness of the beam (kN/mm), while P,/ P,,
and A /A, indicate the ratios of cracking to ultimate load and deflection, respectively. An
analytical comparison is also conducted herein to compare the experimental cracking shear
loads with those obtained from Equation (b) in Table 22.5.5.1 of the ACI 318-19 [25], as
presented in Table 3. The results indicate that the ACI formula is conservative with respect
to cracking shear load calculated for the (a/d = 2.0) case for all specimens with an average
(Per(Exp.)/ Per(acry of 1.39. Figures 9 and 10 illustrate the load—deflection response of the
tested beams. Observations regarding cracking patterns are therefore based on experimen-
tal inspection rather than these figures, and both ZCC and NC beams exhibited similar
diagonal shear cracking prior to failure. In general, ZCC beams exhibited comparable or
higher ductility than NC beams; however, the NC-20 (2010) specimen showed slightly
higher ductility than its ZCC counterpart. This improved performance is attributed to the
dense geopolymeric matrix and enhanced bond between aggregates and binder, which
reduce material brittleness and improve post-cracking strength retention.

Table 3. Experimental results for beams NC20 and ZCC20 under monotonic loading (a/d = 2).

Energy
Pcr(Exp.) Pcr(ACI) Acr Pu Au K Pcr/Pu Acr/Au .
Growp "4y Ny PeemPeacn  gumy  N) mm)  GNmm) % %  Absorption
(kN.mm)
NC-20 17.24 14.00 1.23 1.93 47.43 8.49 7.12 36.35 22.73 248.95
(2010)
NC-20
20.28 16.00 1.27 2.10 56.39 711 9.40 36.00 29.54 250.56
(3910)
NC-20
27.80 18.13 1.53 2.36 67.18 6.88 10.09 41.38 34.30 276.94
(3912)
2CC-20 19.67 14.65 1.34 2.28 51.25 8.46 7.23 38.38 26.95 267.53
(2010)
2CC-20 25.10 16.74 1.50 2.52 59.67 7.28 9.41 42.06 34.62 289.65
(3910)
2€C-20 28.94 18.96 1.53 2.56 72.46 7.30 12.10 40.00 35.07 318.40
(3912)
NC-30
(2010) 20.40 16.95 1.20 1.93 54.96 7.01 9.22 37.11 27.53 23291
NC-30
28.32 19.37 1.46 2.06 63.66 6.19 11.72 44.48 33.27 242.00
(3910)
NC-30
31.83 21.94 1.45 1.22 76.35 5.28 17.55 41.69 23.11 272.58
(3912)
2CC=30 21.50 17.55 1.23 2.04 61.16 7.28 10.11 35.15 28.02 265.77
(2010)
2CC-30 29.28 20.05 1.46 2.29 70.24 6.96 12.22 41.68 32.90 299.84
(3910)
%C@Clg;) 35.67 22.72 1.57 1.39 81.95 5.62 16.56 43.53 24.73 316.22
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Figure 9. Mid-span load-deflection curves for NC and ZCC (f'; = 20 MPa; 2010, 3010, and
312 reinforcement).
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Figure 10. Mid-span load—deflection curves for NC and ZCC (f'. = 30 MPa; 2010, 3910, and
312 reinforcement).

To investigate the effect of the shear span-to-depth ratio, additional beams were tested
ata/d = 2.5 and 3. The load—deflection curves for a/d = 2.5 are shown in Figure 11, and
the corresponding results are presented in Table 4. Increasing the compressive strength
from 20 to 30 MPa resulted in ultimate load increases of 17.47%, 15.83%, and 12.46% for
beams reinforced with 20310, 3010, and 312 bars, respectively. Meanwhile, the ultimate
deflection decreased by 11.78%, 9.48%, and 14.94%, indicating that higher compressive
strength enhances stiffness and reduces deformation. Table 4 also reports that the cracking
shear loads calculated according to equation (b) in Table 22.5.5.1 of the ACI 318-19 [25] are
conservative, with an average Per(Exp. /Peracry of 1.37.

Table 4. Experimental results for beams ZCC-20 and ZCC-30 under monotonic loading (a/d = 2.5).

Energy
Pcr Pcr(ACI) cr Pu Au K Pcr/Pu Acr/Au .
Group (kN) (KN) Perxp)y/Peracn (mm) (kN) (mm)  (KN/mm) % % Absorption
(kN.mm)
ZCC20 5539 1465 139 381 3812 1074 410 5350 3547 259.83
2010)
ZCC-20 24.90 16.74 1.49 3.90 47.34 10.20 5.54 52.60 38.24 298.83
(3010)
%;jgcé)o 2751 18.96 145 358 5686  9.82 711 4840 3646 33894
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Table 4. Cont.

Energy
P, Pcr(ACI) Acr P, Ay K Pcr/Pu Acr/Au .
Group (kN) (kN) Pcr(Exp.)/PcT(ACI) (mm) (kN) (mm) (kKN/mm) % % Absorption
(KN.mm)
ZCC-30 21.56 17.55 1.23 2.80 46.19 9.33 5.55 46.70 30.00 276.77
(2010)
2CC-30 26.25 20.05 1.31 2.83 56.24 8.83 7.20 46.70 32.05 312.39
(3910)
ZCC-30 31.07 22.72 1.37 2.87 64.95 7.86 9.33 47.84 36.51 329.27
(3012)
80 ~
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&
s
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——ZCC-20 (3010)
- — ZCC-30 (3012)

Figure 11. Mid-span load—deflection curves for ZCC-20 and ZCC-30 with a/d = 2.5.

For a/d = 3, the beams exhibited a more flexure-dominated behavior due to the
increased span length. The mid-span load—deflection curves shown in Figure 12 and the
test results listed in Table 5 indicate that, when the compressive strength was increased
from 20 to 30 MPa, the ultimate load capacities improved by 15.94%, 13.94%, and 12.36%,
while the corresponding deflections decreased by 10.91%, 4.70%, and 16.54% for the 2010,
3010, and 312 reinforcements, respectively. The improvement in load capacity at higher
strength is mainly attributed to the increased material stiffness and improved stress transfer
efficiency between the steel reinforcement and the surrounding geopolymeric matrix.
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Figure 12. Mid-span load—deflection curves for ZCC-20 and ZCC-30 with a/d = 3.
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Table 5. Experimental results for beams ZCC-20 and ZCC-30 under monotonic loading (a/d = 3).

Energy

P, Pcr(ACI-19) cr p, Ay K Pe/Py Dcrl Ay i

Growp g8y any  PrEPeacd mm o g mm) kNmm) % % oeorption

(kKN.mm)

ZCC20 4aon 1465 0.92 315 3756 1295 3.05 3602 2432 290.97
2010

2€C20 - 4501 16 0.90 330 4612 1197 406 2076 27.60 31857
(30910)

2€C20 0 0p 1896 117 383 5515  11.95 5.02 4020 3205 37520
(3012)

ZCC30 og7 q7ss 0.91 205 4468  11.85 403 3574 24.89 315,52
2010

2€C30 - y9m 2005 0.95 270 5359 1188 493 3547 2273 345.49
(30910)

%_%13;) 2001 2272 1.28 400 6293 1029 6.67 4610 3887 385.26

Notably, the reported cracking shear loads calculated according to ACI 318-19 [25]
are slightly greater than the test results for most cases, indicating that the ACI formula is
less conservative for this case when compared to the other cases. However, the average
Pcr(Exp.)/Pcr(ACI) for this case is 1.02.

The influence of the a/d ratio was further analyzed for all beam groups to understand
its role in the transition between shear and flexural behavior. Increasing the a/d ratio from
2 to 2.5 caused the ultimate load capacity to decrease by 24.89-34.44%, while deflection
increased by 23.76-28.88%. When a/d was further increased from 2 to 3, the ultimate load
decreased by 29.38-36.88%, and the deflection increased by 42.36-47.51%, as shown in
Table 6. The observed decrease in ultimate load with increasing shear span-to-effective
depth ratio (a/d) agrees with established reinforced concrete behavior. As a/d increased
from 2 to 3, both ZCC and NC beams exhibited reduced shear capacity and increased
deflection, indicating a shift from shear-dominated to flexure-dominated response. The
similar trends observed in ZCC and NC beams confirm that zero-cement concrete follows
conventional shear transfer mechanisms. These trends indicate that larger shear spans
reduce the contribution of shear stresses, promoting a shift from shear to flexural response
and resulting in higher bending-induced deflection and reduced overall stiffness. The
corresponding load—deflection curves (Figures 13-15) clearly depict this transition, where
beams with a/d = 3 exhibited wider cracks, larger deflections, and more pronounced ductile
flexural failure modes compared to those with a/d = 2.

Table 6. Comparative results of shear span-to-depth ratio for ZCC-20 and ZCC-30 beams (a/d =2,
2.5, and 3).

Difference in Ultimate Difference in Ultimate
Group ald

Load % Deflection %
25t02 —34.44* 23.76
ZCC-20 (2910) 3to25 —1.49 24.39
3to2 —36.45 42.36
25t02 —32.41 27.28
ZCC-30 (2910) 3to2.5 —3.38 24.98
3to2 —36.88 45.45
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Table 6. Cont.

Difference in Ultimate

Difference in Ultimate

Group ald Load % Deflection %

25t02 —26.05 25.85

ZCC-20 (3910) 3t02.5 —2.65 24.80
3to2 —29.38 44.24

25t02 —24.89 26.38

ZCC-30 (3910) 3to25 —4.94 28.08
3to2 -31.07 47.05

25t02 —27.44 25.13

ZCC-20 (3912) 3to25 -3.10 27.21
3to2 —31.39 45.50

25t02 —26.17 28.88

ZCC-30 (3912) 3to25 -3.21 26.19
3to2 —-30.22 47.51

* The minus signs indicate a decrease in the ultimate load.
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Figure 13. Mid-span load—deflection curves for ZCC-20 and ZCC-30 with 20310 reinforcement.
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Figure 14. Mid-span load—deflection curves for ZCC-20 and ZCC-30 with 3010 reinforcement.
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Figure 15. Mid-span load—deflection curves for ZCC-20 and ZCC-30 with 3312 reinforcement.

Consequently, the results confirm that under monotonic loading, ZCC beams achieved
comparable or slightly superior flexural performance compared to NC beams. ZCC speci-
mens exhibited up to 10-16% higher ultimate loads, greater ductility, and enhanced energy
absorption capacity. Increasing compressive strength improved stiffness and load capacity,
while larger shear spans led to reduced capacity and increased deflection due to the greater
dominance of flexural action. Despite the absence of cement, ZCC maintained stable crack-
ing behavior and ductile failure, demonstrating its structural reliability and potential as a
sustainable alternative to conventional concrete.

3.2. Cyclic Loading

Cyclic loading tests were conducted to evaluate the shear response of ZCC and NC
beams with varying reinforcement ratios, compressive strengths, and shear span-to-depth
ratios (a/d). The loading regime involved repeated load-unload-reload cycles applied
through a servo-controlled testing system. The applied load, mid-span deflection, and
number of cycles to failure were recorded using load cells and LVDTs. Cyclic loading
generally resulted in reduced load-carrying capacity and stiffness compared with mono-
tonic loading, as repeated stress reversals induced microstructural degradation in both the
concrete matrix and steel reinforcement. The progressive accumulation of microcracks led
to incremental stiffness deterioration and lower ultimate load capacity. Most specimens
failed between cycles 11 and 13, corresponding to approximately 80-90% of the ultimate
deflection observed under monotonic loading.

The comparative performance of ZCC and NC beams with a shear span-to-depth
ratio (a/d = 2) is summarized in Table 7 and illustrated in Figures 16-19. For beams with
f'c =20 MPa, the ultimate load capacity of ZCC increased by about 9.97%, 13.62%, and
13.31%, while deflection increased by 3.71%, 10.15%, and 4.26% for reinforcement ratios
corresponding to 2310, 3010, and 3312, respectively. At a higher compressive strength
of 30 MPa, the ultimate load capacity rose by 9.78%, 11.09%, and 1.99%, accompanied
by deflection increases of 1.80%, 17.03%, and 1.51% for the same reinforcement ratios.
The load—deflection hysteresis curves (Figures 16-19, the small red circles in the figures
indicate the failure points) demonstrate stable cyclic performance with limited degradation
of stiffness across cycles. These results confirm that ZCC beams exhibited comparable
or slightly superior behavior to NC beams, maintaining ductile and energy-absorbing
characteristics even under repeated loading.
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Figure 16. Load-deflection hysteresis curve for NC-20 with a/d = 2: (a) (2910), (b) (3310), (c) (3012).
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Figure 17. Load—deflection hysteresis curve for ZCC-20 with a/d = 2: (a) (210), (b) (3010), (c) (3012).

Table 7. Experimental results for beams NC-20, NC-30, ZCC-20, and ZCC-30 under cyclic loading

witha/d =2.
No. of Cycles Energy
Group 0 P, (kN) Ay (mm) K (kN/mm) . Absorption
to Failure

(kN.mm)

NC-20 (210) 0.0065 42.18 6.75 6.25 13 1256.37
NC-20 (3J10) 0.0097 48.77 5.49 8.88 11 1638.43

NC-20 (3J12) 0.0141 59.59 5.39 11.06 11 1695.8
ZCC-20 (2010) 0.0065 46.85 7.01 6.68 12 2121.59
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Table 7. Cont.
No. of Cycles Energy
Group p P, (kN) A, (mm) K (kN/mm) . Absorption
to Failure
(kN.mm)

ZCC-20 (3910) 0.0097 56.46 6.11 9.24 11 2306.43
ZCC-20 (3912) 0.0141 68.74 5.63 12.2 11 2476.81
NC-30 (210) 0.0065 52.04 5.47 9.51 11 1182.71
NC-30 (3J10) 0.0097 57.55 4.53 12.7 13 1885.46
NC-30 (3J12) 0.0141 73.88 391 18.9 11 2053.5
ZCC-30 (2010) 0.0065 57.68 5.57 10.4 11 1724.94
ZCC-30 (3910) 0.0097 65.21 5.46 11.9 11 1849.63
ZCC-30 (3012) 0.0141 75.38 3.97 19 11 1959.96

Load (kN)

.60 4

Deflection (mm)

Load (kN)

-80

-90 4
Deflection (mm)

Figure 18. Load-deflection hysteresis curve for NC-30 with a/d = 2: (a) (2910), (b) (3310), (c) (3012).
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Figure 19. Load—deflection hysteresis curve for ZCC-30 with a/d = 2: (a) (210), (b) (3010), (c) (3012).
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For a shear span-to-depth ratio of a/d = 2.5, the load—deflection hysteresis behavior
of ZCC beams is shown in Figures 20 and 21 (the small red circles in the figures indicate
the ultimate failure points), with corresponding test data provided in Table 8. Increasing
the compressive strength from 20 MPa to 30 MPa resulted in ultimate load increases of
20.34%, 18.59%, and 13.11%, while deflections decreased by approximately 10.82%, 6.83%,
and 18.40% for beams reinforced with 2310, 3010, and 312, respectively. The increase in
compressive strength further enhanced stiffness and reduced deformation, improving load

performance under cyclic conditions.

(@)

Load (kN)
Loaq (kN)

Deflection (mm) Deflection (mm)

©

60 -

2
¥

Load (kN)

-60 -
Deflection (mm)

Figure 20. Load-deflection hysteresis curve for ZCC-20 with a/d = 2.5: (a) (2910), (b) (3J10),
(c) (3A12).
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Figure 21. Load-deflection hysteresis curve for ZCC-30 with a/d = 2.5: (a) (2010), (b) (3J10),
(c) (3A12).
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Table 8. Experimental results for beams ZCC-20 and ZCC-30 under cyclic loading with a/d = 2.5.

Ener
Group p P, (kN) A, (mm) K (kN/mm) No. of C ycles Absorpgt?,on
to Failure
(kN.mm)
ZCC-20 (2210) 0.0065 35.25 9.01 391 12 224298
ZCC-20 (3910) 0.0097 4415 8.13 5.43 12 2579.72
ZCC-20 (3012) 0.0141 51.35 7.61 6.75 12 2760.04
ZCC-30 (2010) 0.0065 4425 791 5.59 13 2110.91
ZCC-30 (3010) 0.0097 54.23 7.42 7.31 11 2201.15
ZCC-30 (3012) 0.0141 59.1 6.18 9.56 11 2392.12

When the shear span-to-depth ratio increased to a/d = 3, the cyclic response became
more flexure-dominated in nature. Figures 22 and 23 (the small red circles in the figures
indicate the ultimate failure points) and Table 9 summarize the results for ZCC beams
with compressive strengths of 20 MPa and 30 MPa. The ultimate load increased by 13.22%,
13.59%, and 16.80%, while the corresponding deflections decreased by 7.14%, 6.29%, and
6.30% for beams reinforced with 20910, 3310, and 3312 bars, respectively. The enhanced
load-carrying capacity at higher compressive strength is attributed to improved material
stiffness and a stronger bond interaction between the reinforcement and the geopolymeric
binder. The hysteresis loops indicate stable cyclic behavior, with only minor stiffness
reduction and delayed crack propagation across successive cycles.

Load (kN)
Load (kN)

-50
Deflection (mm) Deflection (mm)

Load (kN)

Deflection (mm)

Figure 22. Load—deflection hysteresis curve for ZCC-20 with a/d = 3.0: (a) (210), (b) (3010), (c) (3312).

Table 9. Experimental results for beams ZCC-20 and ZCC-30 under cyclic loading with a/d = 3.

Ener
Group P P, (kN) A, (mm) K (kN/mm) No. of C ycles Absorpgtglon
to Failure
(kN.mm)
ZCC-20 (2010) 0.0065 34.74 11.26 3.09 13 31255
ZCC-20 (3010) 0.0097 44.19 10.65 4.15 13 3354.84
ZCC-20 (3012) 0.0141 49.13 9.78 5.02 13 3742.86
ZCC-30 (2010) 0.0065 40.03 10.51 3.81 13 3386.44
ZCC-30 (3010) 0.0097 51.14 10.02 5.10 13 4196.25
ZCC-30 (3012) 0.0141 59.05 9.2 6.42 14 4330.03
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Figure 23. Load—deflection hysteresis curve for ZCC-30 with a/d = 3.0: (a) (210), (b) (3010), (c) (3312).

The effect of the shear span-to-effective depth ratio (a/d) on the cyclic response is

further analyzed in Table 10. Increasing the a/d ratio from 2 to 2.5 caused a reduction in
ultimate load by 20.25-33.87%, accompanied by an increase in deflection by 22.20-35.76%.
When the ratio increased from 2 to 3, the ultimate load decreased by 27.51-44.09%, while
deflection increased by 37.74-56.85%. These trends confirm that increasing a/d reduces

the contribution of shear forces, shifting the response from shear-dominated to flexural

behavior. Consequently, beams with higher a/d values exhibited larger deflections and

lower load capacities but still maintained stable cyclic behavior with considerable energy

dissipation, demonstrating the ductile nature of ZCC under repeated loading.

Table 10. Comparative results of shear span-to-depth ratio for ZCC-20 and ZCC-30 beams with
a/d=2,2.5,and 3; 2010, 3010, 3012 reinforcement.

Group

ald

Difference Ultimate

Difference Ultimate

Load % Deflection %

25t02 —3291* 22.20

ZCC-20 (2910) 3to2.5 —147 19.98
3to2 —34.86 37.74

25t02 -30.35 29.58

ZCC-30 (2910) 3to2.5 —10.54 24.74
3to2 —44.09 47.00

25t02 —27.88 24.85

ZCC-20 (3910) 3to2.5 0.09 23.66
3to2 —27.77 42.63

25t02 —20.25 26.42

ZCC-30 (3910) 3to2.5 —6.04 25.95
3to2 —27.51 45.51

25t02 —33.87 26.02

ZCC-20 (3912) 3to2.5 —4.52 22.19
3to2 —39.91 42.43

25t02 —27.55 35.76

ZCC-30 (3912) 3to2.5 —0.08 32.83
3to2 —27.65 56.85

* The minus signs indicate a decrease in the ultimate load.
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3.3. Effect of Reinforcement Ratio and Compressive Strength

Although different longitudinal bar configurations were adopted in the experimental
program, their structural effects are discussed herein primarily in terms of the corre-
sponding longitudinal reinforcement ratio (p). The bar arrangements are retained only for
specimen identification.

The influence of reinforcement ratio and compressive strength on the load—deflection
response of ZCC beams was investigated for a/d ratios of 2, 2.5, and 3. The main longitudi-
nal reinforcement consisted of steel bars with diameters 10 and J12, arranged as 210,
310, or 312, corresponding to p values of 0.0065, 0.0097, and 0.0141, respectively. The
comparative results for different reinforcement configurations and compressive strengths
(20 and 30 MPa) are presented in Tables 11 and 12 for monotonic and cyclic loading, respec-
tively, while the corresponding load—deflection relationships for monotonic loading are
shown in Figure 24.

Table 11. Comparative results of steel reinforcement for ZCC-20 and ZCC-30 beams with a/d =2,2.5,
and 3 under monotonic loading.

Grou ald Steel Bar Difference Ultimate  Difference Ultimate
P Comparison Load % Deflection %
3010 to 2010 14.11 —11.83 %
ZCC-20 2 312 to 3010 17.65 —5.84
3012 to 2010 29.27 —18.36
310 to 2010 12.93 —5.22
ZCC-30 2 312 to 3010 14.29 —16.16
312 to 2010 25.37 —22.22
310 to 2010 19.48 —8.77
ZCC-20 25 3012 to 3010 16.74 —6.88
312 to 2010 32.96 —-16.25
3010 to 2010 17.87 —6.53
ZCC-30 2.5 312 to 3010 13.41 —-12.21
3012 to 2010 28.88 —19.54
310 to 2010 18.56 —8.18
ZCC-20 3 3012 to 3010 16.37 —3.46
312 to 2010 31.89 —-11.92
3010 to 2010 16.63 —-2.12
ZCC-30 3 312 to 3010 14.84 —15.16
312 to 2010 29.00 —17.60

* The minus signs indicate a decrease in the ultimate deflection.

Table 12. Comparative results of steel bar configurations for ZCC-20 and ZCC-30 beams with a/d =2,
2.5, and 3 under cyclic loading.

Grou ald Steel Bar Difference Ultimate Difference Ultimate
P Comparison Load % Deflection %
3010 to 20010 17.02 —14.73 *
ZCC-20 2 3012 to 3010 13.42 —11.90
3012 to 2010 8.81 —41.81
3010 to 20010 17.02 —14.73
ZCC-30 2 3012 to 3010 17.86 —8.53
3012 to 2010 31.84 —40.30
3010 to 20010 20.16 —10.82
ZCC-20 2.5 3012 to 3010 14.02 —6.83
3012 to 2010 31.35 —18.40
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Table 12. Cont.
Grou ald Steel Bar Difference Ultimate Difference Ultimate
P Comparison Load % Deflection %

3010 to 2010 18.40 —6.60
ZCC-30 2.5 3012 to 3010 8.24 —20.06

3012 to 2010 25.13 —27.99

3010 to 2010 21.38 —5.73
ZCC-20 3 3012 to 3010 10.05 —-15.13

3012 to 2010 29.29 —15.13

3010 to 2010 21.72 —4.89
ZCC-30 3 3012 to 3010 13.40 —8.91

3012 to 2010 32.21 —14.24

S

Load (kN)

.

* The minus signs indicate a decrease in the ultimate deflection.
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Figure 24. Mid-span load-deflection curves for ZCC beams with f’. = 20 and 30 MPa, reinforcement
ratios (2010, 3710, 3312), and shear span-to-depth ratios of (a) a/d =2, (b)a/d =2.5,(c)a/d = 3.0
(Note: Z20S2-10M2 indicates f', = 20, 20310 steel, and a/d = 2.0 and so on).

It is evident that increasing the longitudinal reinforcement ratio enhances the beam’s
load-carrying capacity and slightly reduces deflection. For beams with compressive strengths
of 20 and 30 MPa, the increase in the longitudinal reinforcement ratio (p), corresponding to
the transition from 20310 to 310, resulted in an average improvement in ultimate load of
approximately 14-17%, while increasing from 310 to 312 led to a further 13-18% increase.
Correspondingly, ultimate deflection decreased by 5-15%, indicating improved stiffness and
crack control. This improvement is attributed to the greater tensile resistance and enhanced
dowel action of the additional steel, which facilitates more efficient shear transfer through
aggregate interlock and reduces crack widths. The increase in bar number (from two to three)
proved more effective than increasing bar diameter, as it provides a larger total surface area
for stress transfer and improves confinement of the surrounding concrete.

Table 11 indicates that beams with a higher reinforcement ratio demonstrated greater
ductility before failure, particularly under shear-dominated conditions (a/d = 2), where
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the combined action of steel dowel resistance and the dense geopolymer matrix helped
delay crack propagation and mitigate premature failure. At larger a/d ratios (2.5 and
3), where flexural behavior dominated, the influence of reinforcement on load capacity
remained significant but had a more limited effect on deflection reduction, as deformation
was primarily governed by flexural curvature.

A detailed comparison in Table 12 confirms that increasing the longitudinal rein-
forcement ratio (p), corresponding to the reinforcement ratio by approximately 33% (from
2010 to 310) and 31% (from 3010 to 3J12), improved ultimate load by up to 32% while
decreasing deflection by up to 28%, depending on strength level and a/d ratio. Beams
with /. = 30 MPa consistently carried higher loads and exhibited smaller deflections than
those with 20 MPa, highlighting the combined contribution of compressive strength and
reinforcement in enhancing structural stiffness and energy absorption. Figure 24 clearly
demonstrates that increasing both f’. and p leads to steeper load—deflection curves and
greater post-yield ductility, confirming the synergistic effect of material strength and rein-
forcement content in improving flexural performance.

Consequently, the results confirm that the structural efficiency of ZCC beams can be
substantially enhanced through increased reinforcement ratio and concrete compressive
strength. The higher steel ratio not only augments the beam’s load capacity through
improved tensile resistance and dowel action but also stabilizes post-cracking behavior,
resulting in greater energy absorption and delayed failure. These trends demonstrate that
ZCC, when properly reinforced, exhibits a ductile and reliable response comparable to that
of NC under both shear and flexural loadings.

3.4. Cracking Patterns and Shear Failure Modes

The formation and propagation of cracks provide essential insight into the mechanisms
governing beam failure under shear and flexural stresses. In the tested beams, the most
prominent cracks were consistently observed near the supports, where diagonal shear
cracks developed and propagated from the beam’s tension zone at the bottom toward
the compression zone at the top surface. These inclined cracks are characteristic of shear-
dominated behavior and were predominantly observed in specimens with a/d between
2 and 2.5. The inclination of these cracks generally ranged between 30° and 45° relative
to the horizontal axis, consistent with classical shear failure behavior. Severe spalling and
localized crushing of concrete were evident in these regions, indicating a predominantly
brittle shear failure mode dominated by diagonal tension.

Except for the NC-20 (20910) and NC-30 (210) specimens, most beams failed in a
similar region near the supports and exhibited comparable diagonal shear crack patterns.
This behavior is attributed to the consistent shear span-to-depth ratios and reinforcement
layouts governing stress concentration and crack propagation. The NC beams with lower
reinforcement ratios showed earlier crack localization due to reduced dowel action and
weaker bond performance. In contrast, ZCC beams exhibited more uniform crack distribu-
tion and stable diagonal shear failure, which is associated with the denser geopolymeric
matrix and improved steel-concrete bond.

For specimens tested with a higher shear span-to-depth ratio (a/d = 3), the observed
cracking behavior was notably different. The cracks initiated primarily in the central lower
region (tension zone) and extended vertically upward, occasionally forming short flexural
cracks in the upper compression zone. These cracks were finer and less inclined than those
in lower a/d specimens, indicating that the dominant behavior had shifted from shear to
flexure. The distribution and shape of these cracks suggest that flexural stresses were more
pronounced before the onset of any major shear distress.
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The representative crack patterns for both NC and ZCC beams with compressive
strengths of f . =20 MPa and 30 MPa, reinforced with 2010, 30910, and 3912 steel bars
under monotonic and cyclic loading, are presented in Figures 25 and 26. Due to their
extensive graphical content, the complete sets of crack pattern illustrations for all test
configurations are provided in Appendix A, while Figures 25 and 26 present selected
examples to demonstrate the typical behavior. Cracks were marked at peak load during
testing, while photographs were taken after unloading for documentation purposes. These
figures clearly illustrate the transition from shear-dominated cracking at lower shear span-
to-depth ratios (a/d = 2) to flexure-dominated behavior as a/d increases to 2.5 and 3.

(d) ZCC-30 2@10) a/d = 2

Figure 25. Crack pattern of ZCC beams identified at peak load under monotonic loading (documented
during testing; photographed after unloading for clarity) (complete cracking patterns are provided
in Appendix A).
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Figure 26. Crack pattern of ZCC beams identified at peak load under cyclic loading (cracks mapped
during testing; photographs taken after unloading for clarity) (complete cracking patterns are pro-

vided in Appendix A).
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3.5. Discussion

For clarity, the influence of longitudinal reinforcement is interpreted based on the
reinforcement ratio (), rather than individual bar configurations, to allow consistent com-
parison among specimens. The experimental results obtained in this study demonstrate
that the shear behavior of ZCC beams under both monotonic and cyclic loading is compa-
rable to or exceeds that of conventional NC beams. The observed diagonal shear cracking
patterns and failure locations are consistent with those reported by Yacob et al. [17] and
Wan et al. [12], who noted similar shear failure mechanisms in fly ash-based geopolymer
beams with comparable shear span-to-depth ratios. Critically, however, the present work
extends those studies in two important respects.

First, regarding shear capacity: Wan et al. [12] reported Vi exy/Vy, acy ratios of approxi-
mately 1.15-1.30 for one-part geopolymer beams. The present study yields average ratios
of 1.39 ata/d = 2.0, demonstrating that fly ash-based ZCC systems can achieve even greater
shear reserve strength relative to code predictions, particularly at moderate compressive
strengths (20-30 MPa). Al-Jabali et al. [6] reported ambient-cured alkali-activated beams
achieving shear capacities within 5-8% of OPC counterparts. The present ZCC beams
surpassed NC beams by 5.5-10.1% in ultimate shear load at 20 MPa and by 6.8-10.1% at
30 MPa, indicating superior performance across both strength levels.

Second, regarding cyclic performance: Jothivel and Basil Ahamed [22] reported cu-
mulative energy absorption approximately 10-20% higher for geopolymer beams than for
OPC beams. The present study demonstrates energy absorption improvements of 5-48%
over NC under cyclic loading, with the wider range attributable to the combined influence
of reinforcement ratio and compressive strength, parameters not simultaneously varied
in prior studies. Furthermore, ZCC beams in the present study sustained 70-90% of their
monotonic displacement capacity under cyclic loading, compared to the 60-75% retention
reported by Yacob et al. [17] for similar geopolymer systems with lower reinforcement
ratios. This improvement highlights the role of both the dense geopolymeric matrix and the
higher reinforcement ratios adopted herein in delaying stiffness degradation and enhancing
fatigue tolerance.

To assess the applicability of conventional design models, the experimentally mea-
sured shear capacities of ZCC beams under monotonic loading were compared with
predictions from ACI 318-19 [25] as reported in Tables 3-5. The results indicate that
the ACI model provides conservative estimates of shear strength for ZCC beams, with
experimental-to-predicted shear strength ratios exceeding unity for all tested specimens
except the (a/d = 3.0) case. This suggests that existing OPC-based shear design provisions
can be safely applied to ZCC beams for preliminary design, although material-specific
calibration may further enhance accuracy.

The increase in shear capacity with higher compressive strength and reinforcement
ratio observed in this study aligns with findings reported by Al-Jabali et al. [6] and Ozkilig
et al. [15], who attributed improved load resistance to enhanced matrix density and im-
proved steel-concrete bonding in geopolymer systems. Furthermore, the reduction in load
capacity and increase in deflection with increasing a/d ratio are consistent with classi-
cal reinforced concrete behavior and previous experimental observations on geopolymer
beams [17,23].

Under cyclic loading, ZCC beams exhibited stable hysteresis loops, slower stiffness
degradation, and higher cumulative energy absorption compared to NC beams, which
is in agreement with earlier studies by Jothivel and Basil Ahamed [22] and Al-Janabi
et al. [14]. These findings confirm that geopolymer binders can effectively sustain repeated
loading through improved crack control and stress redistribution mechanisms. Load
transfer between concrete and reinforcement is governed by bond stress, dowel action,
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aggregate interlock, and compression strut action. After diagonal cracking, shear resistance
is dominated by dowel action and aggregate interlock. The dense geopolymeric matrix
in ZCC enhances bond quality and crack-bridging capacity, resulting in more stable load
transfer and reduced degradation under cyclic loading.

Based on the experimental results, optimal shear performance of ZCC beams was
achieved at higher compressive strength (30 MPa), increased longitudinal reinforcement ra-
tio, and lower shear span-to-depth ratio (2/d = 2). These parameters resulted in higher load
capacity, improved stiffness, and enhanced energy dissipation under both monotonic and
cyclic loading. The observed trends provide a practical experimental basis for identifying
optimal design ranges and can serve as reference data for future analytical or numerical
modeling studies.

It should be noted that the compressive strength levels investigated in this study
(20 and 30 MPa) fall within the normal-to-moderate strength range as defined by ACI
318-19 [25] and EN 206:2013+A2:2021 [26], which classify these values within the standard
strength classes (C16/20 and C25/30, respectively) typically adopted for reinforced beams,
slabs, and other shear-critical structural members in low- to mid-rise construction. While
higher-strength concretes are increasingly used in specialized applications, the selected
strength range reflects common practice and allows meaningful assessment of shear be-
havior and crack development, which are often more critical at moderate strength levels.
Nevertheless, the authors acknowledge that the performance of zero-cement concrete at
higher strength grades was not addressed in this study. Further experimental investiga-
tions are therefore required to evaluate the shear and cyclic response of high-strength
geopolymer concrete beams and to support broader structural adoption.

Overall, the close agreement between the present results and those reported in the
literature confirms the reliability of the experimental program and demonstrates that ZCC
beams can achieve shear performance and cyclic resilience comparable to, or exceeding,
that of conventional concrete beams.

4. Conclusions

This study evaluated the shear behavior of reinforced ZCC beams under monotonic
and cyclic loading, focusing on the effects of concrete compressive strength, reinforcement
ratio, and shear span-to-effective depth ratio. Based on the findings of the experimental
program, the following conclusions can be drawn.

e ZCC beams exhibited cracking and failure patterns similar to those of NC beams,
characterized by diagonal shear cracks inclined at 30—45°.

e Increasing compressive strength from 20 to 30 MPa enhanced load capacity by 12-17%
and reduced deflection by 5-21%.

e  For zero-cement concrete (ZCC) beams, increasing the longitudinal reinforcement ratio
(o = 0.0065-0.014) enhanced the load-carrying capacity by approximately 13-33% and
slightly reduced deflection due to increased stiffness and improved crack control. In addi-
tion, higher reinforcement ratios increased energy absorption by about 5-15%, indicating
improved ductility and deformation capacity under shear-dominated behavior.

e  Varying the shear span ratio (a/d = 2-3) reduced ultimate load by 2-37% and increased
deflection by 24-48%, indicating a shift toward flexural behavior.

e ZCC beams maintained stable hysteresis loops and deformation capacity similar to
that of NC beams. Ultimate loads were increased by 2-14%, while deflection was
increased by 2-17%.
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e Increasing compressive strength from 20 to 30 MPa improved load capacity by up to
20% and reduced deflection by 4-21%.

e  Under cyclic loading, ZCC beams with higher reinforcement ratios (o = 0.0065-0.0141)
exhibited enhanced load-carrying capacity by approximately 8-32%, accompanied by re-
duced deflection and a substantial increase in energy absorption (5-48%). The formation
of diagonal and X-shaped cracks under load reversals confirms a ductile shear-dominated
response with effective stress redistribution and improved cyclic resilience.

e  Under cyclic loading, increasing the shear span-to-depth ratio (a/d = 2-3) reduced
ultimate load capacity by 20-44% and increased deflection by 20-57%, reflecting a
clear transition from shear-dominated to flexure-dominated response and greater
susceptibility to fatigue-induced degradation.

ZCC beams exhibited stiffness, load capacity, and cyclic performance comparable to or
exceeding those of OPC beams. Under cyclic loading, ZCC achieved 2-14% higher ultimate
load capacity, 2-17% greater deformation capacity, and 5-48% higher energy absorption,
indicating enhanced ductility and fatigue resistance. These improvements are attributed
to the dense geopolymeric matrix, which improves steel-concrete bond behavior, delays
crack propagation, and reduces stiffness degradation. Accordingly, ZCC can be considered
a practical and eco-efficient alternative to OPC for shear-dominated structural elements.

This study is limited to longitudinal reinforcement and specific geopolymer com-
positions; the effects of transverse shear reinforcement, curing regimes, durability, envi-
ronmental exposure, and analytical or numerical modeling were not addressed. Future
work should investigate these parameters, including large-scale and seismic loading, and
develop validated analytical and numerical models for predicting the shear response of
ZCC beams. In addition, although not addressed herein, previous studies indicate that
ZCC can significantly reduce CO, emissions relative to OPC, warranting future life-cycle
cost and environmental impact assessments.
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(t) ZCC-30 (3912) a/d = 3

Figure A1l. Complete crack patterns of ZCC-20 and ZCC-30 beams under monotonic loading with
different reinforcement ratios (2010, 3010, and 3012) and shear span-to-depth ratios (a/d = 2, 2.5,
and 3).
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Figure A2. Complete crack patterns of ZCC-20 and ZCC-30 beams under cyclic loading with different
reinforcement ratios (2310, 3010, and 3312) and shear span-to-depth ratios (a/d = 2, 2.5, and 3).
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