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ABSTRACT

Geopolymer concrete (GPC) has emerged as a sustainable alternative to ordinary Portland cement concrete
(PCQ), but its shear behavior in prestressed members remains insufficiently understood. In this study, the shear
performance of 15 prestressed GPC beams was experimentally investigated and compared with that of pre-
stressed PCC beams. Key parameters included concrete compressive strength, shear span-to-depth ratio, stirrup
spacing, stirrup yield strength, and longitudinal reinforcement ratio. Test results revealed that prestressed GPC
beams exhibited shear resistance comparable to that of PCC beams, but showing a 36.7%-63.3% lower diagonal
cracking load, 76.1%-128.2% larger mid-span deflection at peak load, and 2.9-3.0 times wider diagonal cracks at
ultimate state. The shear resistance was found to increase with higher concrete strength and longitudinal rein-
forcement ratio. Reducing the shear span-to-depth ratio significantly enhanced the shear resistance and accel-
erated the development of stirrup and tendon strains. An experimental database comprising 390 beam tests was
assembled to assess the prediction accuracy of six current design codes. Comparison shows that ACI 318-25 and
AASHTO 2024 provide relatively reliable predictions for prestressed beams. Based on the Rankine failure cri-
terion and ultimate equilibrium theory, a new shear capacity model was proposed, demonstrating improved
prediction accuracy for prestressed PCC and GPC beams. The findings contribute to a better understanding of the
shear behavior of prestressed GPC beams and support the development of rational design methods for sustainable
concrete structures.

1. Introduction

load-resistant members in buildings and bridges, shear performance of
beams directly affects structural safety and service life. The combination

Driven by the global dual carbon targets and the increasing demand
for sustainable infrastructure, the inherent drawbacks of traditional
Portland cement concrete (PCC) (e.g., high carbon emissions and energy
consumption) have become increasingly prominent, prompting the
search for environmentally friendly and high-performance alternative
materials as a key research focus in civil engineering [1,2]. Geopolymer
concrete (GPC), synthesized from industrial by-products such as fly ash
and slag through an alkali-activation reaction to form an inorganic
polymer binder, can reduce carbon emissions by 80%-90% compared
with ordinary concrete, which exhibits excellent mechanical perfor-
mance, corrosion resistance, and high-temperature durability, making it
a promising alternative to conventional concrete [3-5]. As critical

of prestressing techniques with geopolymer materials would provide
new opportunities for lightweight and high-performance members, and
the study of shear behavior in prestressed GPC beams holds significant
engineering and environmental value.

Extensive research has been conducted on the shear behavior of
prestressed PCC beams. Zwoyer and Siess [6] performed shear tests on
prestressed concrete beams and observed that the compressive stress
induced by prestressing force could effectively restrain the propagation
of inclined cracks and significantly enhanced the shear capacity of
beams. Elzanaty et al. [7] investigated the shear performance of pre-
stressed beams fabricated with high-strength concrete and pointed out
that although prestressing improved the mechanical state, the shear
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Fig. 1. Configuration and reinforcement details of specimens (unit: mm).

strength increased with the increase of prestressing force; Rupf et al. [8]
carried out tests on post-tensioned I-shaped beams and found that the
prestress level affected the sectional stress distribution and governed the
shear strength and failure mode of prestressed concrete beams in com-
bination with the amount of shear reinforcement and presence of
flanges. Park et al. [9] verified a strain-based shear strength model and
demonstrated that prestressing force significantly improved the shear
capacity of PC beams by adjusting the compression zone depth and
cracking moment, with a more pronounced enhancement for beams
with large shear span ratios.

Existing studies on the shear behavior of GPC beams are focus mainly
on non-prestressed members [10-15], and there are very few in-
vestigations that specifically focus on the shear behavior of prestressed
GPC beams, with most relevant publications [16-20] taking prestressed
GPC beams as the research object but not prioritizing shear perfor-
mance. This has severely restricted the popularization and application of
GPC. Existing studies reported that non-prestressed GPC beams exhibi-
ted certain shear behavior characteristics similar to those of PCC beams.
Both materials exhibited similar crack development patterns under
shear force, such as the development of diagonal cracks and shear
strength contributions of aggregate interlocking and dowel action [21,
22]. However, due to intrinsic differences in microstructure and inter-
face properties, their shear mechanisms exhibited distinct features.
Consequently, GPC beams showed greater brittleness, faster crack
propagation, and lower shear ductility compared with PCC beams with
the same concrete strength [15,23]. Zhang et al. [24] conducted static
tests on ten reinforced concrete (RC) beams and found that
textile-reinforced geopolymer mortar (TRGM) increased shear resis-
tance by 47%-106%, though the cracking load was lower than that of

beams strengthened with ordinary mortar. Wu et al. [25] investigated
18 slag-based GPC beams under shear and observed that while shear
resistance and failure modes were comparable to those of ordinary
concrete beams, the cracking load was lower. Shear span-to-depth ratio
(a/d) had a significant effect on the normalized shear strength, and the
concrete strength contributed to the shear strength as a function of

UC')O‘GS. Madheswaran et al. [26] reported that for thin-web T-beams,
shear span-to-depth ratio (1.9 and 2.5) and stirrup spacing significantly
influenced shear performance, and predictions of ACI 318-08 [27] were
conservative but suitable for preliminary design. Aldemir et al. [28]
produced GPC beams using construction and demolition waste (CDW)
and found comparable shear performance to ordinary concrete beams.
Irmawaty et al. [29] demonstrated that in precast GPC mortar panel
retrofitting, use of anchor bolts and mesh reinforcement could enhance
shear capacity by 14.1%-34.9% and improve the ductility. GPC mem-
bers are prone to cracking. The application of prestress can increase the
cracking load of GPC members and promote their engineering
application.

Despite these advances, available systematic research on prestressed
GPC beams remains limited: (1) Most studies focus on non-prestressed
GPC beams [24-26,28,29], leaving the coupling effect of prestressing
and geopolymer material properties on the shear mechanisms unclear,
and systematic data on crack development and reinforcement strain
distribution under prestressing force are lacking; (2) Quantitative in-
fluence of key design parameters, such as shear span-to-depth ratio,
longitudinal reinforcement ratio, stirrup configuration (spacing and
strength), on the shear performance of prestressed GPC beams is not
fully established, and comparative analyses with PCC are scarce [22,25];
(3) Existing shear strength prediction models, such as GB50010-2010
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Table 1

Parameters of test specimens.
Specimens Length (mm) Shear span (mm) a/d feo (MPa) ft (MPa) fpso (MPa) Ag (mmz) ps (%) s (mm)
C50-12.5-N175-1 3550 875 2.5 50.62 3.42 1214.5 760.3 0.29 175
C70-12.5-N175-1 3550 875 2.5 70.47 4.10 1214.5 760.3 0.29 175
G50-A1.5-N175-1 2850 525 1.5 47.31 3.29 1214.5 760.3 0.29 175
G50-12.5-N175-1 3550 875 2.5 47.31 3.29 1129.7 760.3 0.29 175
G50-A3.5-N175-1 4250 1225 3.5 47.31 3.29 1129.7 760.3 0.29 175
G50-A2.5-N300-I 3550 875 2.5 47.31 3.29 1129.7 760.3 0.17 300
G50-A2.5-H175-1 3550 875 2.5 47.31 3.29 1201.5 760.3 0.29 175
G50-12.5-H300-1 3550 875 2.5 47.31 3.29 1138.9 760.3 0.17 300
G50-A2.5-H175-11 3550 875 2.5 47.31 3.29 1201.5 1140.4 0.29 175
G70-A1.5-N175-1 2850 525 1.5 66.99 3.99 1216.4 760.3 0.29 175
G70-12.5-N175-1 3550 875 2.5 66.99 3.99 1216.4 760.3 0.29 175
G70-A3.5-N175-1 4250 1225 3.5 66.99 3.99 1216.4 760.3 0.29 175
G70-A2.5-H175-1 3550 875 2.5 66.99 3.99 1201.5 760.3 0.29 175
G70-12.5-H300-1 3550 875 2.5 66.99 3.99 1138.9 760.3 0.17 300
G70-22.5-H300-1I 3550 875 2.5 66.99 3.99 1138.9 1140.4 0.17 300

Note: s the total length of tested specimen. a and d are the shear span and depth of the beam, respectively. f, is the cubic concrete compressive strength and f; is the
concrete tensile strength. fj,q is the effective prestressing stress obtained from load sensor before tendon release. A; is the cross-sectional area of longitudinal rein-

forcement. ps and s are the stirrups ratio and spacing, respectively.

[30], ACI 318-25 [31], and AASHTO 2024 [32], are based on ordinary
concrete tests; Wu et al. [25] noted that current design codes under-
estimated shear strength of slag-based GPC beams, and Visintin et al.
[22] reported that MC2010 [33] showed deviations up to 33% for GPC
beams without stirrups, while the applicability of current design codes
to prestressed GPC beams has not yet been evaluated; and (4) Theoret-
ical models remain non-specific, as most GPC shear models are adopted
from ordinary concrete models [24,28] without fully accounting for
prestressing effect and geopolymer properties, and no equilibrium-based
formulas at the ultimate state have been established for these members.
Choi et al. [34,35] proposed a method for beam shear capacity based on
Rankine criterion [36]. However, this approach did not account for the
influence of prestressing force. Subsequently, Park and Choi [9] further
developed the model to incorporate prestressing factors. While this
model demonstrated high accuracy in predicting shear resistance, it
required an iterative process to calculate the compression zone depth
and concrete strain. Further, use of a layered discretization method
makes it less practical for engineering applications.

Based on the above research gaps, this study focuses on the shear
performance of prestressed GPC beams through systematic experimental
and theoretical analyses. Beam shear tests were performed to investigate
the load-deflection behavior, crack evolution, and reinforcement strain
distribution, comparing the performance of GPC and PCC beams. The
effects of shear span-to-depth ratio, longitudinal reinforcement ratio,
stirrup ratio, and stirrup strength on the shear performance were
quantitatively = evaluated. Current design codes including
GB50010-2010 [30], ACI 318-25 [31], AASHTO 2024 [32], CEB-FIP
2010 [33], Eurocode 2 [37], and JGC 15 [38] were applied to the test
results, and the prediction accuracy was systematically compared. The
Rankine criterion, as an important branch of ultimate equilibrium the-
ory, has been widely applied in strength analysis of geotechnical and
concrete structures [39] and provides a reliable theoretical basis for
deriving shear capacity for prestressed GPC beams [40]. For this reason,
shear capacity model for prestressed GPC beams was proposed based on
the Rankine criterion and ultimate equilibrium methods, providing
experimental evidence and theoretical support for their engineering
design and application.

2. Test program
2.1. Test specimens

Fig. 1 illustrates the configuration and reinforcement details of the
shear test specimens, including 15 specimens with different parameters
(Fig. 1(a)-(d)) and two rectangular cross-section types (Fig. 1(e)-()).
The test parameters are the concrete type (PCC or GPC), concrete
strength (50 or 70 MPa), shear span-to-depth ratio (A = 1.5, 2.5, or 3.5),
stirrup spacing (s = 175 or 300 mm), longitudinal reinforcement ratio
(0.95 or 1.43%), and stirrup strength (350 or 420 MPa). For section I, 2-
D12 deformed bars were used for compression bars, and 2-D15.2 pre-
stressing tendons and 2-D22 deformed bars were used for tension bars.
In section II, 2-D22 deformed bars in tension were replaced with 3-D22
deformed bars. All specimens were designed to exhibit shear failure. For
sufficient anchorage of strand at the beam ends, D8 bars were used for
stirrups at a spacing of 100 mm over the 700 mm end regions [30,31].
Detailed specimen information is presented in Table 1.

The specimen naming convention combines series symbols with
parameter designations. The initial letter “C” represents PCC, while “G”
denotes GPC, followed by a number indicating the concrete strength
grade. The subsequent “A” and number indicate the shear span-to-depth
ratio (e.g., “A2.5” corresponds to a shear span-to-depth ratio of 2.5). The
letter following the shear span-to-depth ratio, “N” or “H”, denotes the
stirrup strength, with “N” for normal-strength (f, = 350 MPa) stirrups
and “H” for high-strength (f, = 420 MPa) stirrups. The number after the
stirrup designation indicates stirrup spacing in millimeters. Roman nu-
merals at the end, such as “I” or “II”, indicate the cross-section type. For
example, specimen C50-A2.5-N175-1 represents an ordinary concrete
beam with a C50 strength grade, shear span-to-depth ratio of 2.5,
normal-strength stirrups at a spacing of 175 mm, and cross-section type
L

2.2. Material properties

The mix proportions of the PCC and GPC beams are listed in Table 2.
The preparation of GPC involves three main components: binder,

Table 2

Mix proportion of PCC and GPC (kg/m3).
Concrete Cement Slag Fly ash Silica fume Sand Gravel NayCOs3 Sodium silicate solution NaOH Super-plasticizer Water
PCC50 457 - 114 - 696 1044 4.57 160
PCC70 450 120 - 20 610 1070 - - - 15 138
GPC50 - 350 116 - 674 1055 12 163.2 12.3 - 83.3
GPC70 - 397 100 - 661 1034 17 214.2 15.2 - 38.8
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Table 3 Table 5
Chemical compositions of slag and fly ash (wt%). Mechanical properties of steel bars and tendons.
SiO, Al,03 CaO MgO K20 Fe,03 NaO SO3 Steel bars and tendons Diameter (mm) fy (MPa) fu (MPa)
Slag 33.81 14.78 38.81 7.09 0.44 0.36 0.26 2.49 HPB300 8 350 396.2
Fly ash 54.22 31.18 1.24 0.47 1.34 2.36 0.49 0.35 HRB400 8 420 546.2
HRB400 22 420 540.3
Strand-15.2 15.2 1860.5 1922.7

Table 4
Concrete strength development with age.
7d (MPa) 14d (MPa) 28d (MPa)
PCC50 31.78 40.20 50.62
PCC70 56.72 61.83 70.47
GPC50 39.08 43.94 47.31
GPC70 58.67 63.14 66.99
| ——GPC:50MPa
60— N/ ARm E GPC:70MPa -
----PCC:50MPa
PCC:70MPa

Stress (MPa)
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\®]
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Fig. 2. Stress-strain curve of GPC.

alkaline activator, and aggregates. The binder consisted of fly ash being
Class F and slag with a density of 2880 kg/m?® and a specific surface area
of 426 m?/kg. Table 3 shows the chemical composition of the slag and
fly ash. For PCC, C50 and C70 concrete were prepared with P.O 42.5 R
cement and P.O 52.5R cement, respectively. The alkaline activator
comprised waterglass and sodium hydroxide. The waterglass had the
chemical formula Na-O-nSiOz with a modulus of n = 3.31 and a water
content of 64.8%. Prior to casting, the activator solution was prepared in

!

f
L
:
:
s
A
W
8.
i
K.

(a) Compressive strength test of concrete

- =

(b) Elastic modulus test of concrete

advance, sealed, and cooled to room temperature to prevent carbonation
and moisture loss. For aggregates, crushed stone with a particle size
range of 5-20 mm and a density of 1623 kg/m® was used as coarse
aggregate, while fine aggregate had the maximum particle size of
4.51 mm and a density of 1466 kg/m>.

The preparation procedure for slag-based GPC is as follows: first, the
pre-weighed sand, sodium carbonate, fly ash, and slag were added to a
mixer. The prepared alkaline activator and water were then added while
the mixer was running. Coarse aggregate was subsequently added, and
mixing continued until a homogeneous concrete mixture was achieved.
The fresh geopolymer concrete paste was immediately cast into molds
and compacted using a needle-type vibrator to prevent excessive air
bubbles and surface honeycombing.

Concrete strength was tested at 7, 14 and 28 days after concrete
casting. Table 4 shows the concrete strength development under indoor
curing conditions of approximately 30°C. Once the concrete specimens
reached 75% of their specified strength, prestressing tendons were
released. Concrete cubes were cured under the same conditions as the
beams. According to GB/T 50081-2019 [41], the compressive strength
feu of concrete was measured on testing day using 150 mm x 150 mm
x 150 mm standard cubes (Fig. 3(a)). The stress-strain curves of GPC
and PCC obtained from 100 mm x 100 mm x 300 mm prismatic spec-
imens are compared in Fig. 2. The concrete strength of different speci-
mens can be seen in Table 1. Based on the extensive previous
experimental data [25,42,43] on geopolymer concrete the axial
compressive strength (f. = ac1fco) and axial tensile strength (f;=0.395
(fco)o'ss) can be calculated in accordance with GB/T 50152-2012 [44],
where a.; is 0.76 and 0.79 for concrete with strengths of 50 MPa and
70 MPa, respectively. The elastic modulus of concrete was measured
using prismatic specimens of 100 mmx 100 mmx 300 mm (Fig. 3(b)),
and calculated from E. = (F, — Fo)L/AAn, where F, is 1/3 of the axial
compressive strength; Fy is the initial load corresponding to concrete
compressive stress of 0.5 MPa; A is the cross-sectional area of the con-
crete specimen; L is the measurement length of dial gauge; and An is the
average deformation on both sides. The elastic modulus of 50 MPa and
70 MPa PCC was 32.39 GPa and 34.71 GPa, respectively, whereas the
corresponding value for GPC was 24.19 GPa and 28.62 GPa. The prop-
erties of reinforcements and tendons were prepared and tested in

(c) Tensile strength test of rebar

Fig. 3. Test of the mechanical properties of materials.
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Fig. 5. Load-deflection relationship of test specimens.

accordance with standard test methods for metallic materials, with
gauge lengths appropriately set for reinforcing bars and steel strands,
respectively. All tensile tests were carried out on a universal testing
machine (Fig. 3(c)) in accordance with GB/T 28900 [45] for reinforcing
steel and GB/T 21839 [46] for steel strands, and no fewer than three
specimens were tested for each material to ensure repeatability. The
properties of steel bars and tendons can be seen in Table 5.

2.3. Test setup and instrumentation

As shown in Fig. 4, four-point loading was applied at the mid-span of
the beam specimens. The load was applied manually using a hydraulic
jack, and a 1000 kN load cell was employed to measure the applied load.
Prior to the development of flexural cracks, the load increased in in-
crements of 5 kN. Once flexural cracks appeared, subsequent load in-
crements were set at 10% of the theoretical shear resistance P,,. After the
onset of diagonal shear cracks, the load increased in increments of 5% of
P, until specimen failure.

A total of seven linear variable differential transformers (LVDTSs)
were installed on each beam to measure deflections at mid-span and
loading points (LVDT 1-3), as well as potential slip of the prestressing
tendons at both ends (i.e., LVDT 4 and 5 were installed to the exposed
end of the prestressing tendons). Two additional LVDT 6 and 7 were
arranged along a line perpendicular to the line connecting the loading
points and supports to monitor the development of diagonal shear
cracks. Strain gauges (marked in red in Fig. 1) were installed on the
stirrups in shear span region and the prestressing tendons in constant-
moment region to capture the strain response during loading. DIC
acquisition system was also used to collect the strain on the surface of
the specimen. During each loading increment, the deflection, load at

Load
P
I

Pae
P

Pr

Dy, Dy, Dy, D, Deflection

Fig. 6. typical load-deflection curve of prestressed concrete beams under
shear loading.

first flexural crack, diagonal crack formation, and subsequent crack
propagation were recorded.

3. Test results
3.1. Load-deflection relationship

Fig. 5 presents the load-deflection curves of multiple groups of test
beams. Due to the characteristics of four-point bending test, half of the
peak load corresponds approximately to the shear strength of beam
specimens. The curves show that before the development of diagonal
cracks, the specimens remain largely in a linear-elastic state, after which
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Specimens Py (kN) Dg. (mm) P (kN) Dg. (mm) P, (kN) D, (mm) P, (kN) P,/P, Py (kKN) Pgyo/Py sy (mm) Failure mode
C50-12.5-N175-1 136.5 1.30 313.5 5.50 370.5 7.8 508.6 0.73 315.9 0.85 0 S
C70-22.5-N175-1 154.0 1.27 270.0 4.1 470.8 12.0 568.1 0.83 272.6 0.58 0 S
G50-A\1.5-N175-1 126.0 1.05 155.0 2.0 606.2 7.8 827.7 0.73 160.0 0.26 0.37 S
G50-12.5-N175-1 57.0 1.36 170.0 4.1 379.3 13.9 496.6 0.76 190.8 0.50 0.22 S
G50-13.5-N175-1 30.0 1.17 190.0 10.8 250.8 20.6 354.7 0.71 191.3 0.76 0.29 FS
G50-12.5-N300-I 52.0 1.38 125.0 3.8 271.4 13.5 496.6 0.55 223.1 0.82 0.38 S
G50-A2.5-H175-1 102.0 1.94 190.0 4.5 413.8 16.8 496.6 0.83 195.9 0.47 0.31 S
G50-12.5-H300-I 80.0 1.43 188.0 4.7 403.9 18.4 496.6 0.81 199.3 0.49 0.43 FS
G50-12.5-H175-11 72.9 1.32 189.5 4.2 450.4 14.3 595.2 0.76 295.7 0.66 0.33 S
G70-A\1.5-N175-1 75.0 0.78 180.0 1.7 693.2 9.9 935.0 0.74 180.3 0.26 0.30 S
G70-12.5-N175-1 70.0 1.11 154.0 4.1 427.0 16.3 561.0 0.76 154.5 0.36 0.29 S
G70-)\3.5-N175-1 35.0 1.20 175.0 8.4 327.0 25.2 400.7 0.82 187.5 0.57 0.59 S
G70-)\2.5-H175-1 92.0 1.52 220.0 5.3 425.8 19.2 561.0 0.76 223.2 0.52 0.58 F
G70-)2.5-H300-1 81.0 1.46 191.2 4.5 407.8 221 561.0 0.73 200.7 0.49 0.39 S
G70-12.5-H300-1L 65.6 1.00 220.0 4.08 507.20 19.5 656.2 0.77 220.3 0.43 0.5 F

Note: P and Dy, are the flexural cracking load and corresponding mid-span deflection, respectively; Ps. and Dy are the diagonal cracking load and corresponding mid-
span deflection, respectively; P, and D, are the peak load and corresponding mid-span deflection, respectively; P, and Pg,. is the nominal flexural load and service load,
respectively; s, is the slip length of strand end at the ultimate state; S represents shear failure; and FS represents flexure-shear failure; F represents flexural failure. The
graphical meaning of all characteristic load/deflection notations is illustrated in Fig. 6 with a typical load-deflection curve of prestressed concrete beams under shear

loading.

internal forces are redistributed. The stiffness of the specimens is pri-
marily governed by the propagation of diagonal cracks rather than
flexural cracks, and once diagonal cracks develop within the shear span,
beam deflection increases sharply.

Prestressed GPC specimens exhibited the peak loads comparable to
those of ordinary PCC (with a 2.8% lower shear capacity for 50 MPa GPC
and 5.6% higher for 70 MPa PCC), while the specimens with a
compressive strength of f, ~ 70 MPa achieved 43.4% higher peak loads
noticeably higher peak loads than the specimens with f., ~ 50 MPa,
indicating that increasing concrete strength enhanced the load-carrying
capacity. A lower shear span-to-depth ratio of 1.5 increased the peak
load compared with larger shear span-to-depth ratios of 2.5 or 3.5, with
the shear capacity of GPC beams decreasing by 37.4%-38.4% (A=2.5)
and 52.8%-58.6% (L=3.5), suggesting that an increase in shear span-to-
depth ratio reduced the shear resistance. Regarding stirrup parameters,
specimens with normal-strength stirrups (N) at a spacing of 175 mm
achieved higher peak loads than those with 300 mm spacing, and
specimens with high-strength stirrups (H) outperformed the specimens
with normal-strength stirrup at the same spacing, indicating that
reducing stirrup spacing and increasing stirrup strength improved the
load resistance. Differences in cross-sectional configuration also affected
structural performance, with specimens having higher longitudinal
reinforcement ratios (Section II) exhibiting slightly higher (11.0%) ul-
timate loads than Section I specimens, confirming that the beneficial
effect in shear strength of longitudinal reinforcement cannot be
neglected. Furthermore, peak deflection and post-peak ductility varied
with parameters: specimens with larger shear span-to-depth ratios and
wider stirrup spacing displayed more pronounced post-peak deflection,
high-strength 70 MPa GPC specimens exhibited more gradual post-peak
stiffness degradation, whereas PCC specimens showed more brittle
behavior following shear failure.

3.2. Crack patterns and failure modes

Fig. 7 illustrates the failure modes of 15 beam specimens and the
surface strain results measured by DIC at the ultimate state. As shown in
Fig. 7(a), failure types can be mainly classified into three categories:
flexural failure, flexure-shear failure, and shear failure. Flexural failure
occurred in specimens G70-A2.5-H175-1 and G70-A2.5-H300-II. This
exceptional outcome may be attributed to the inherent variability of the
concrete or subjective factors during specimen preparation and testing.
Flexure-shear failure occurred in specimens G50-A3.5-N175-I and G50-
22.5-H300-I, in which severe diagonal cracking developed before

crushing of the top concrete, leading to excessive yielding of stirrups.
The failure types of the test specimens (i.e., shear failure, flexure-shear
failure, and flexural failure) were rigorously classified by combining
direct observation of the ultimate failure state and quantitative analysis
of the load-deflection curves. The failure modes of all beams are sum-
marized in Table 6.

The development of cracks can be divided into three stages: Stage 1:
Initially, vertical flexural cracks develop at mid-span, gradually propa-
gating toward the supports and evolving into diagonal cracks, forming
diagonal crack paths from the support to the loading point. Stage 2:
When diagonal cracks propagate from the support toward the loading
point, the process occurs suddenly, accompanied by a "pop" sound, and a
notable jump in load occurs, resulting in a clear inflection point in the
load-deflection curve. At this stage, some slip of the prestressing strands
can be detected at the cracked end. Stage 3: As the load continues to
increase, cracks around the diagonal cracks propagate and eventually
penetrate the entire web cross-section, leading to sudden brittle failure
accompanied by a loud fracture sound, with a rapid strength
degradation.

Fig. 7(b) shows the distribution of the maximum principal strain on
the specimen surfaces. It can be observed that the strain-concentrated
regions correspond to the shear failure planes within the shear span.
The strain contours exhibit a typical diagonal band pattern, reflecting
the propagation path of diagonal cracks during shear tests. It is evident
that the crack development in PCC and GPC is generally similar. For
GPC, higher longitudinal reinforcement ratio decreased the spacing and
width of cracks. Specimens with high-strength stirrups exhibited wider
and more numerous flexure-shear cracks compared to the counterparts
with normal-strength stirrups, due to the increased shear capacity and
deformation capacity imparted by the high-strength stirrups. In contrast,
specimens with low stirrup ratios (e.g., G50-12.5-N300-I) demonstrated
lower load resistance, and flexural cracks were less pronounced.

Fig. 8 compares the development of the maximum width of the main
diagonal crack width, measured between LVDT 4 and 5, in accordance
with load. Crack widths were automatically measured using LVDTs
(refer to Fig. 4). As shown in Fig. 8(a) and (b), under identical shear
span-to-depth ratios (A2.5) and stirrup spacings, the diagonal crack
widths (0.51-1.60 mm) at ultimate load in PCC beams were smaller than
1.49-4.60 mm in GPC beams (about 3.0 times wider for GPC), and the
diagonal cracking load (270.0-313.5 kN) of PCC specimens was higher
than 154.0-170.0 kN of GPC specimens G50-12.5-N175-1 and G70-A2.5-
N175-1(36.7%-63.3% lower for GPC). This phenomenon is attributed to
the more brittle behavior of GPC compared with PCC. In addition, an
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increase in shear span-to-depth ratio leads to larger crack widths. Due to
the increased stirrup spacing, the diagonal crack width of specimen G50-
22.5-N300-I increased rapidly once diagonal cracking initiated. The use
of high-strength stirrups effectively restrains rapid crack widening,
while increasing the longitudinal reinforcement ratio can also suppress
crack width development to a certain extent.

According to GB 50010-2010 [30], the allowable maximum crack
width under normal indoor environmental conditions is 0.30 mm, while
a limit of 0.20 mm is specified for aggressive environments. For this
reason, the service load (Vg,.) was taken as the load corresponding to a
crack width of 0.2 mm. Both the diagonal cracking strength and V.
were determined based on LVDT measurements. At the early loading
stage, flexural cracks first appeared; with increasing load, diagonal
cracks formed, whose widths were initially smaller than flexural crack
widths. Beyond a certain load level, the diagonal crack width exceeded
the flexural crack width and became dominant. A lower ratio of service
load to ultimate shear strength (Vs./V,) indicates a higher reserve
strength. The average Vy,./V, ratio of GPC beams was approximately

E

Bond Stress (MPa) gﬁ

>

12 Slip (mm)

3

Fig. 10. Bond-slip relationship between strand and concrete [47].

0.49(with a 31.9% lower strength reserve ratio than PCC beams),
whereas that of PCC beams was about 0.72. In addition, the values of
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diagonal cracking load (Pg) and service load (Pg.) were very close,
indicating that the serviceability limit state occurred shortly after the
development of diagonal cracks.

Fig. 9 compares the relationship between tendon slip and applied
load. During the tests, a certain amount of end slip of the prestressing
tendons was observed in all GPC specimens. The onset of tendon slips
consistently coincided with the development of diagonal cracks. When
the bond-slip of strand is less than 3 mm, it can be considered that no
bond failure occurs (Fig. 10) [47]. As seen in Fig. 9, the measured slip
values were less than 0.6 mm, indicating that bond failure of the pre-
stressing tendons did not occur and that the end anchorage length
satisfied design code requirements. Concrete strength and shear
span-to-depth ratio had a pronounced influence on tendon slip. Higher
concrete strength provided greater bond strength to the prestressing
tendons, thereby reducing slip. In contrast, a larger shear span-to-depth
ratio resulted in a greater bending moment under the same vertical load,
which increased the tension force transmitted to the tendons and
generated larger slip. By comparison, stirrup spacing and longitudinal
reinforcement ratio exhibited no noticeable influence on tendon slip.

3.3. Strain of reinforcement

Fig. 11 compares the development of prestressing tendon strain for
prestressed GPC and PCC beams under shear loading. Due to premature
failure of strain gauges, the reinforcement strain data for specimens
G50-13.5-N175-1 and G50-A2.5-N300-I were incomplete. Under

identical shear span-to-depth ratios and stirrup configurations, GPC
beams generally exhibited comparable or slightly higher prestressing
tendon strain levels than PCC beams. This behavior can be attributed to
the lower elastic modulus of GPC beams [48,49], which results in
reduction in deformation stiffness and thus larger flexural deformation
under the same load. The shear span-to-depth ratio A had a pronounced
influence on tendon strain development: compared with specimens with
A = 3.5, those with A = 1.5 and 2.5 showed a slower increase in tendon
strain under the same load. With increasing shear span-to-depth ratio,
the beams tended to exhibit more pronounced flexural behavior,
resulting in higher tensile strain of prestressing tendons. Note that
except for the specimens governed by flexure-shear failure and flexural
failure, the tendon strains at failure in all other specimens were gener-
ally less than or equal to the yield strain. Specimens reinforced with
high-strength stirrups or with smaller stirrup spacing exhibited more
pronounced tendon strain growth, indicating that stronger or high stir-
rups ratio effectively restrained diagonal crack propagation and
enhanced shear resistance, thereby increasing overall flexural defor-
mation of the beam. A comparison between section I and section II
specimens with identical parameters showed that beams with higher
longitudinal reinforcement ratios (section II) generally exhibited lower
tendon strains at the same load level and a significantly higher load
corresponding to tendon yielding. This result demonstrates that an
increased longitudinal reinforcement ratio enlarges the compression
zone depth, which in turn enhances the overall stiffness and delays
tendon yielding, thereby improving the shear performance of
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prestressed GPC beams.

Fig. 12 compares the distribution of stirrup strain along the beam
length at representative loading stages (0.2 Py, 0.4 P, 0.6 Py, 0.8 P, and
peak load P,) in beam specimens. The dashed line denotes the stirrup
yield strain and is used to evaluate the stress state of the stirrups and
their level of participation during shear failure process. At low load
levels (0.2 Py and 0.4 P,), stirrup strains in all specimens remained
relatively small, indicating that shear resistance was mainly provided by
the concrete diagonal compression struts, while the stirrups were not yet
significantly engaged. As the load increased to 0.6P, and 0.8 Py, stirrup
strains within the shear span increased markedly and gradually
concentrated toward the support, reflecting the initiation and propa-
gation of diagonal cracks and the progressive activation of stirrups in
restraining crack development.

Near the peak load P, most specimens exhibited localized surges in
stirrup strain within the shear span, with some measurement points
exceeding the yield strain, indicating a transition of the shear-resisting
mechanism from “concrete-dominated” to a combined action of con-
crete and stirrups. Except for specimen C70-A2.5-N175-1 where stirrup
yielded only on one side, all other specimens showed stirrup yielding on
both sides of the loading point. This symmetry in yielding is attributed to
the extensive development of severe diagonal cracks on both sides. It
should be noted that the strain readings are highly dependent on the
relative position of the strain gauges to the diagonal cracks; a significant
strain increase is typically observed only when a major diagonal crack
passes directly through or very near the gauge location. Compared with
beams having A = 3.5, beams with smaller shear span-to-depth ratios (A
= 1.5 and 2.5) more pronounced stirrup strain development at both ends
and were more prone to stirrup yielding at P,,. This behavior is attributed
to the dominance of shear effects at small shear span-to-depth ratios,
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where diagonal cracks develop earlier and propagate rapidly and con-
crete strut resists a larger portion of shear force directly to the supports.
Under identical shear span-to-depth ratios and stirrup configurations,
GPC and PCC beams showed similar stirrup strain distribution patterns,
both characterized by evident strain concentration within the shear
span. Increasing the concrete strength from 50 MPa to 70 MPa reduced
stirrup strains below 0.6P, load levels, and the load at which stirrups
yielded increased from 0.8 P, to P, suggesting that higher-strength
concrete effectively delayed diagonal crack development and thereby
reduced the load demand on stirrups. However, this phenomenon was
less pronounced in GPC beams. For the GPC specimens, the diagonal
cracking loads were relatively low, ranging between 125 kN and
190 kN, and showed no significant variation. As observed in Fig. 12,
widespread stirrup yielding did not occur in all specimens at P; in most
cases, yielding was limited to a few stirrups near the main diagonal
crack, indicating that shear failure of prestressed concrete beams was
still primarily governed by concrete crushing of diagonal strut or
instability of diagonal cracking.

4. Discussion of test results
4.1. Effect of slag-based geopolymer concrete

Fig. 13 compares the influence of test parameters on the shear ca-
pacity of prestressed concrete beams. As shown in Fig. 13(a), the shear
capacities of GPC beams were comparable to those of PCC beams.
Compared with the GPC beams, the shear capacity of the 50 MPa PCC
beam was approximately 2.8% lower (i.e., 189.7 kN for GPC beam and
185.3 kN for PCC beam), whereas for the 70 MPa grade, the PCC beam
exhibited a 5.6% higher shear capacity than the GPC beam (i.e.,
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213.5 kN for GPC beam and 235.4 kN for PCC beam). However, Fig. 7
indicates that under the same load level, GPC beams exhibit significantly
larger mid-span deflections than PCC beams. For specimens C50-12.5-
N175-I and C70-A2.5-N175-1, the mid-span deflections were 7.9 mm and
12.3mm at P, respectively, whereas the corresponding values
increased to 13.9 mm and 17.7 mm at P, for specimens G50-A2.5-N175-I
and G70-12.5-N175-I. Similar observations were reported in previous
study [25]. This is because elastic modulus of GPC was approximately
20-30% lower than that of PCC. As discussed earlier, both the flexural
cracking load and diagonal cracking load of GPC beams were lower than
those of PCC specimens, and the crack widths in GPC beams were
generally larger. This is mainly because slag-based GPC exhibits poorer
crack resistance compared with PCC. For this reason, the ratio of
strength reservation (Psyc/Py) in PCC beams (0.58-0.85) was higher than
that in GPC specimens (0.26-0.82).

The above analysis further elucidates the systematic behavioral
discrepancies between GPC and PCC beams. While the compressive
strength of GPC governs its ultimate shear capacity, the intrinsically
distinct tensile properties, elastic modulus, and interfacial bond
behavior of GPC control the early-stage cracking, deflection, and crack
propagation. This also confirms that the shear design method for PCC
beams, which focuses on compressive strength, may capture the ulti-
mate shear capacity of GPC beams, but cannot accurately predict their
serviceability performance.

4.2. Effect of shear span-to-depth ratio

As shown in Fig. 13(b), shear span-to-depth ratio A had a pronounced
influence on the shear capacity of prestressed concrete beams. For both
50 MPa and 70 MPa concrete grades, a consistent trend was observed
with increasing A. When the A increased from 1.5 to 2.5 and 3.5, the
shear capacities of the 50 MPa beams decreased by 37.4% and 58.6%,
respectively, while those of the 70 MPa beams decreased by 38.4% and
52.8%. Although the shear capacity decreased significantly with the
increase of A, the diagonal cracking loads of the specimens showed no
substantial variation. As summarized in Table 3, the diagonal cracking
loads of G50 specimens with A ranging from 1.5 to 3.5 remain within
170-190 kN, whereas those of G70 specimens were 155-180 kN. This is
because the initiation and development of diagonal cracks are governed
primarily by the concrete strength to shear resistance. The contribution
of stirrups to the shear capacity becomes effective only after the devel-
opment of diagonal cracks. For the specimens with low A, the dominant
arch action means that the ultimate shear capacity is almost entirely
determined by the compressive resistance of the diagonal concrete strut,
which is the core reason for the similar ultimate shear strength between
GPC and PCC beams.

4.3. Effect of longitudinal reinforcement ratio

As seen in Fig. 13(c), increasing the longitudinal reinforcement ratio
also enhanced the shear capacity of prestressed concrete beams, which
was consistent with the findings reported in the literature [25]. How-
ever, except ACI 318-25 [31] and JGC-15 [38], other codes don’t
explicitly consider the contribution of flexural reinforcement to shear
capacity. For G50 concrete beams with longitudinal reinforcement ratios
of 0.95% and 1.42%, the corresponding shear capacities are 203.9 kN
and 225. 2 kN, respectively, representing an increase of approximately
11.0% in shear strength. Similarly, even though specimen
G70-12.5-H300-1I failed in flexure, its ultimate load capacity was still
25.0% higher than that of G70-A2.5-H300-I. This result indicates that
the influence of longitudinal reinforcement ratio on the shear strength
cannot be neglected. For the section II specimens (G50-12.5-H175-1 and
G70-A2.5-H300-1I), the Py, was 295.7 kN and 220.3 kN, respectively. In
contrast, the corresponding specimens with lower reinforcement ratios
(G50-12.5-H175-1 and G70-12.5-H300-I) exhibited Pgy. of 195.9 kN and
200.7 kN, respectively. These results demonstrate that an increased
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Table 7
Existing shear strength models for prestressed and non-prestressed concrete
beams.

Investigator Shear strength models

GB50010-2010
[301*

Vo = Vs + Vian

A
Ves = evfibwd +fv%d
Vios = 0.05Np0

Vh =Ve + Vs
V. should be less of

ViM,
Vi = 0.054y/felbwd +Vq +ﬁ >0.144/fbwd and Ve =

(0.294\/f + 0.3fpe)bud + Vp,

ACI 318-25 [31]2

Vo = Afid/s
AASHTO-2024 Vo = Vet Ve +V,
[321° Ve = 0.03168/febwd
Vi = Af,d,(cotd + cota)sina/s

CEB-FIP Model
Code 2010 [33]*

cotf + cota

V. P
" 1+ cot?d

Ve = k‘,@zbW
Te

Vs = Auzfy(cotd + cota)sina/s

= Ve + Viskd b,z
Ye

EuroCode 2 [37]° Vo =Ve+ Vs
Ve = [0.12k(100p,fe )" + ocplbwd[0.035k%/% /Fre +
0.150¢ )by d

Vs = Aydfycotd/s<bydyfeq/(cotd + tand)

Vo = Ve + Vs + Vied

Ve =fa '/’p'/}n feeabw-d/ 1y

Vs = (Avfy(sinas +cosas) /s+Apyopy (sinap +cosay ) /sp) /14

JGC-15 [38]°

Note: ! a. is a coefficient related to the shear span-to-depth ratio; defined as
1.5 <ay =1.75/(4 + 1) < 3; and Ny, denotes the effective prestressing force
on the concrete section when the tensile stress at the concrete edge is zero; f; is
the yield strength of stirrups.

2V, is the shear force provided by stirrups; 4 is the lightweight concrete coef-
ficient (= 1.0 in this study); The cracking moment is calculated as Mye =
(I/y)(0.54/Fic + foe — fa); Iis the moment of inertia of the section, and y, is the
distance from the centroid to the extreme tensile fiber; V,; is the flexure-shear
strength; and V., is the web-shear strength; V;, is the component in the direc-
tion of the applied shear of the effective prestressing force.

% ¢ and «a is angle of inclination of diagonal compressive stresses and angle of
inclination of transverse reinforcement to longitudinal axis.

Yke = 0.5(30/fck)1/ 3 < 0.55; z is internal lever arm; fo characteristic value of
cylinder compressive strength of concrete; and y,. partial safety factor for con-
crete material properties (= 1.0 for direct comparison in this study).
Sk=1+ 1/200/d < 2.0; £p<0.02; o¢p = P./A. < 0.2f4; and A, is the gross
sectional area of beam; f.” and f,q are the design values of concrete compressive
and tensile strengths, respectively.

6 Vped is the vertical component of effective prestress force; ficqa = 0.20%; Ted
is the design compressive strength of concrete; 3 = +/1000/d;; py = As/(bwd);
A area of tension reinforcement;; M, decompression moment necessary to
cancel stress due to axial force at extreme tension fiber; M is the design flexural
moment capacity; and y;, is the safety factor (= 1.3 in general and 1.0 for direct
comparison in this study).

longitudinal reinforcement ratio significantly improves the crack resis-
tance of prestressed concrete beams and contributes positively to their
shear performance.

4.4. Effect of stirrups ratio and stirrups yield strength

As shown in Fig. 13(d), an increase in p, increased the shear capacity
for both G50 and G70 specimens. For instance, in the G50-A\2.5 series,
increasing the stirrup ratio from approximately 0.7% to 1.2% resulted in
an increase in V, from 135.7 kN to 189.7 kN, corresponding to an
improvement of nearly 40%. Note that because specimen G70-A2.5-
H175-I failed in flexure, increasing the stirrup reinforcement ratio had a
limited effect on enhancing its ultimate load capacity compared with
G70-12.5-H300-1. At lower p,, the shear resistance was dominated by the
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Fig. 14. Comparison of test results with predictions of current design codes.
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concrete contribution, whereas with increasing p;, the stirrup contri-
bution became increasingly significant for beams reinforced with
normal-strength stirrups.

The effect of stirrup yield strength on the shear capacity is presented
in Fig. 13(e), comparing specimens reinforced with normal-strength (fy
= 350 MPa) stirrups and high-strength (f, = 420 MPa) stirrups, while
maintaining comparable stirrup ratios and spacing. This result indicates
that increasing the stirrup yield strength leads to a moderate but
consistent increase in V,. In G50-A2.5 series with stirrup spacing of
175 mm, increasing f; from 350 MPa to 420 MPa improved the shear
capacity from approximately 189.7 kN to 206.9 kN (i.e., an increase of
about 9.1%). However, for the corresponding G50-12.5 series with a
stirrup spacing of 300 mm, the shear capacity increased from 135.7 kN
to 202.0 kN (i.e., an increase of about 49.0%). A comparable trend is not
observed in G70 series, because for high-strength concrete, the spacing
of 175 mm is already enough to resist the shear force regardless of
stirrup yield strength due to the concrete contribution to shear resis-
tance. For G50 beams, when stirrup spacing decreased from 300 mm to
175 mm, failure mode shifted from stirrup-yielding control to concrete
crushing control. Thus, the effect of stirrup with a spacing smaller than
175 mm is negligible. Moreover, several specimens did not exhibit
extensive stirrup yielding at the peak load, indicating that the shear
failure remained governed by diagonal compression or mixed shear-
compression mechanisms rather than by yielding of transverse rein-
forcement alone.

5. Shear strength model
5.1. Application of existing design methods

Due to the inherent complexity of shear behavior, unlike flexural
behavior, there is no international unified method for estimating the
shear strength of reinforced and/or prestressed concrete members. To
evaluate the applicability of current design codes in predicting the shear
capacity of prestressed and non-prestressed GPC beams, a comparative
study was conducted using GB50010-2010 [30], ACI 318-25 [31],
AASHTO 2024 [32], CEB-FIP 2010 [33], Eurocode 2 [37], and JGC 15
[38]. The detailed shear strength prediction models adopted by these
codes are summarized in Table 7. A total of 390 experimental data points
[7,11-13,25,50-89] were collected for evaluation, including 266 pre-
stressed PCC beams [7,50-82], 109 non-prestressed GPC beams [11-13,
25,83-89], and 15 prestressed GPC beams of this study. All data can be
found in the supplementary materials.

GB 50010-2010 [30] directly incorporates the contribution of pre-
stressing to shear strength, where the prestressing effect is represented
by a term equal to 0.05 Npo. ACI 318-25 [31] distinguishes between
flexure-shear cracking resistance and web-shear cracking resistance in
shear design prestressed members. However, the contribution of pre-
stressing is considered only when the effective prestressing stress sat-
isfies fse > 0.4 fpu, and the prestressing effect is incorporated into the
concrete shear resistance V.. In both AASHTO-2024 [32] and Eurocode 2
[37], the contribution of prestressing is also incorporated into V.. In
contrast, JGC-15 [38] considers the effect of prestressing on the shear
capacity through the ratio M,/My, thereby indirectly accounting for the
influence of prestressing.

xs &= e(d-c )/c,

Fig. 15. Shear force mechanism of beams with stirrups.
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For direct comparison, the measured of the materials were used
instead of the design strengths specified in design codes, and all safety
factors were set to 1.0. Fig. 14 compares the ratios of test results to
predictions of shear capacities for six current design codes in accordance
with key design parameters including concrete axial compressive
strength (f’.), shear span-to-depth ratio (1), longitudinal reinforcement
ratio (p;), and shear reinforcement index (p.f,). The comparison in-
dicates that the average predicted values (mean) of all codes except
AASHTO 2024 are greater than 1, which means these design codes
provide generally conservative predictions of shear capacity, thereby
validating the applicability and safety margins of current design codes
for GPC structural design. Furthermore, for specimens with lower stirrup
ratios, the predictions were even more conservative, which would be
attributed to an underestimation of the concrete contribution to the
overall.

Among the six design codes, the predictions of AASHTO 2024 [32]
agreed well with the experimental results, with a mean value of 0.996
and the smallest coefficient of variation (COV = 0.273), demonstrating
superior accuracy and consistency. However, its predictions tend to be
slightly unconservative in certain cases. ACI 318-25 [31] provided
conservative predictions most of the beams (Mean = 1.277) and
exhibited higher accuracy than other design codes for this category. The
predictions of other codes are relatively conservative, with the ratio of
experimental shear capacity to predicted shear capacity (Vexp/Vpred)
being greater than 1. A general trend is that the prediction conservatism
of all codes decreases with the increase in the shear-span ratio (1) and
stirrups reinforcement (p,f,). The main reason for the generally con-
servative predictions is that current codes underestimate the shear
contribution of concrete for safety purposes, and do not account for the
contribution of longitudinal reinforcement to shear resistance. For pre-
stressed beams with low shear-span ratios, the arch action dominates the
shear transfer mechanism, which is not fully considered in the existing
code models, leading to notable underestimation of the shear capacity.
However, the existing codes achieve only moderate prediction perfor-
mance for non-prestressed GPC beams, and the distribution pattern of
their test data points is similar to that of prestressed PCC beams. Besides,
GB 50010-2010 [30] and ACI 318-25 [31] exhibited higher accuracy in
predicting the strength of prestressed GPC beams of this study. For the
experimental results obtained in the present study, both ACI 318-25
[31] and AASHTO 2024 [32] achieved satisfactory predictive accuracy,
with the ratios Vexp/Vpreqremaining close to unity.

5.2. Proposed shear strength model

In general, concrete beams exhibit two primary failure modes under
shear force, namely early shear failure and flexural yielding-shear fail-
ure. The first mode is characterized by the rapid propagation of diagonal
shear cracks that immediately penetrate the entire beam cross-section,
leading to sudden failure at the peak load. This failure mode typically
occurs in beams without stirrups or with insufficient shear reinforce-
ment. The second mode occurs when an adequate amount of stirrups is
provided. In this case, diagonal shear cracks develop but do not fully
penetrate the concrete cross-section. As the applied load increases, the
stirrups gradually reach their yield strength, followed by shear failure of
the beam. Park et al. [9] proposed a method for predicting the shear
strength of beams under flexure-shear failure based on the Rankine
criterion, which has been shown to provide reasonably accurate pre-
dictions. However, the original Park model requires iterative calcula-
tions to determine the depth of the compressive zone and the concrete
strain, resulting in high computational complexity and limited practi-
cality for engineering applications. To overcome this limitation, the
present study optimizes the calculation procedure of Park’s model by
simplifying the solution process into a direct analytical form. The ac-
curacy of the simplified model is verified using the collected experi-
mental data.

When excessive shear reinforcement is provided, the shear capacity
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Fig. 16. Simplified concrete constitutive model [90].

of the beam exceeds concrete shear capacity, resulting in concrete
crushing in the compression zone at the top of the beam. In this case,
beams are governed by flexural failure. For the first failure mode (when
V. > V;), the load-carrying capacity of the beam is governed primarily
by concrete strength. In contrast, for the second failure mode, the load
resistance depends on the composite action of concrete and reinforce-
ment within the shear-critical region (Fig. 15). The shear strength of
beam with stirrups can be defined as follows:

V=V.+Vs (€D)]

According to the Rankine criterion [36], the stress state of
compressive strength failure is defined as follows:

o= (ﬁy*"ﬁc = —f 2)

2 2
In the tensile region of the uncracked zone, the relationship between
the normal stress and shear stress can be defined as follows:

o= 2 [(Z) + =1, @)

2 2

where o7 and o2 are the principal compressive and tensile stresses,
respectively; and o, are the compressive normal stress; and vy and vy
are the shear stress at compression and tension region, respectively.

Due to the influence of compressive stress, the tensile strength f%
under a combined stress state is lower than the uniaxial tensile strength
ft. For beams that fail in shear, the magnitude of the principal
compressive stress is relatively small. Thus, for simplicity, the tensile
strength under the combined stress state may be taken as f; = f;. The
relationship between the shear stress and principal stress (oy)of the
sections governed by tensile (v,) failure and compressive failure (v,.)
can be expressed as follows:
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Vur = f/t'[f/t + UU(E)] (4)
Vue = \/f/c'[f/c - Gu(e)] 5)

The shear failure of beams is mainly dominated by Eq. ( 4). Since
calculation of shear capacity requires integration of Eq. ( 4), the con-
crete constitutive model was simplified into a multilinear model 6, (¢) =
fle€/€0, treating concrete as a linear elastic material following the
methodology with Szczesniak [90] It should be noted that when the
compressive strain of concrete exceeds (0.002 for PCC and 0.003 for GPC
in general), the shear capacity is lost, and the shear force becomes zero.

The experimental results clearly indicate that the shear capacity of
beams is affected by the longitudinal reinforcement ratio. An increase in
the longitudinal reinforcement ratio enhances the compressive normal
stress and concrete compression zone depth, thereby improving the
shear capacity. The longitudinal reinforcement ratio should be taken
into account to calculate the shear strength. During the calculation, the
beam section is assumed to satisfy the plane section assumption. The
force provided by the uncracked tension zone of the concrete is negli-
gible. Based on the equilibrium of forces, the following relationship can
be established:

Ce
b/ Ouc (X, z)dz + €s/Es,As, = &EsAs + gpsEpsAps (6)
0

where &, E5, and A refer to the strain, elastic modulus, and area of the
steel reinforcement in the tension zone, respectively; and ¢/, Es', and A’
correspond to the reinforcement in the compression zone. Similarly, the
strain, elastic modulus, and area of the prestressing steel are represented
by &ps, Eps, and Aps, respectively.

The compression zone depth is obtained as follows:

—B+ VB2 —4AC
Y 7)
where A = bf.'/(2e0), B = E/As + EAs + EpsAps , C = — (acEsAs +

dE;As + dpsEpsAps) . ac and d, are the concrete cover in respect to
compressive reinforcement and the beam depth in respect to strand,
respectively.

However, during the actual loading process, as the shear span-to-
depth ratio increases, the failure mode of the beam gradually shifts
from shear failure to flexural failure. This transition leads to an increase
in the crack height at the bottom of the section. Consequently, the
compression zone depth (c) should be adjusted via regression analysis.
Based on the collected experimental data, the modified compression
zone depth is defined as follows:

Cep =Cc/(A—0.6) (€))

Adamu et al. [40] suggested that the ratio of the tensile concrete
height within the cracked zone is related to the shear span-to-depth
ratio, as follows:

4 Test results of this study Non-prestressed GPC beams * Prestressed PCC beams
Mean = 1.24
COV=0.22
aé. }?u. ’O... I .q;!{’ ‘.
oo ) 0 . o ¢ ,.° “
¢ T &#’-’ I %* bl
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Fig. 17. Comparison of test results with predictions of the proposed model.
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The tensile strength of concrete is approximately 0.1 times its
compressive strength [91]. Based on the linear assumption of the
constitutive model adopted in this study, the cracking strain is taken as
0.1 times the peak compressive strain. Consequently, the maximum
strain in the compression zone becomes as follows:

(1 — (l)é‘c

¢~ T 10a

(10

By integrating Eq. ( 4) over the cross-section, the shear capacity
provided by the concrete is obtained as follows:

Vib / vl _ 2bee/f]

3E e
Vs = Adfvd/s

Nl
Nlw

(oo Bee)* = (F )| (D)

12)

In addition, the size factor of the members is also incorporated into
the shear strength prediction for more accurate calculations, which can
be expressed as follows:

V=A(Ve+ Vi) 13)
where a /g is the size factor about shear span in meters proposed by
Zararis and Papadakis [92].

Fig. 17 illustrates the predictive performance of the newly proposed
model. The proposed model provides relatively accurate predictions for
the shear capacity of prestressed PCC beams and the prestressed GPC
beams tested, with potential limitations for specimens with extreme
parameter combinations. Overall, the ratio of experimental to predicted
shear strength (Vexp/Vpred) centers closely around the unity line with a
mean value of 1.24, signifying a generally high level of predictive ac-
curacy. Although a coefficient of variation (COV) of 0.22, the majority of
the data points are well-contained within the 0.5-2.0 range. Compared
with current design codes (Fig. 14), the proposed model reasonably
considered the influence of reinforcement ratio on the shear capacity.
The prediction trends for non-prestressed GPC beams are consistent with
those for prestressed concrete, demonstrating that the proposed model is
effective in predicting the shear capacity for PCC and GPC materials.
Also, the proposed calculation method is simpler than that of the liter-
ature [9]. Conversely, the prestressed PCC beams display a broader
distribution, suggesting inherent complexities in the shear behavior of
traditional prestressed members that lead to relatively reduce stability in
predictions. Notably, the experimental results of this study are in high
alignment with the broader dataset, thereby validating the universality
of the proposed model.

6. Conclusions

As an emerging sustainable construction material, geopolymer con-
crete was investigated in this study through shear tests on fifteen pre-
stressed beams. The test parameters included concrete strength, shear
span-to-depth ratio, stirrup spacing, stirrup yield strength, and longi-
tudinal reinforcement ratio. In addition, an extensive experimental
database was compiled to evaluate the shear design provisions of current
design codes, and a new shear strength model was proposed. The main
conclusions can be summarized as follows:

1. Prestressed GPC beams exhibited shear capacities comparable to the
counterpart prestressed PCC beams (a 2.8% lower shear capacity for
50 MPa GPC and 5.6% higher for 70 MPa PCC). However, GPC
beams showed 76.1%-128.2% larger mid-span deflection at peak
load, 36.7%-63.3% lower diagonal cracking load, and 2.9-3.0 times
wider diagonal cracks at ultimate state. No significant differences
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were observed in the failure modes between prestressed GPC and
PCC beams.

2. When the concrete compressive strength increased from 50 MPa to
70 MPa at a shear span-to-depth ratio of 2.5, the shear capacity
increased by 43.4%. Compared with specimens with a shear span-to-
depth ratio of 1.5, the shear capacity of beams with shear span-to-
depth ratios of 2.5 and 3.5 decreased by approximately
37.4-38.4% and 52.8-58.6%, respectively. For G50 concrete beams,
increasing the stirrup ratio from 0.95% to 1.42% led to an 11% in-
crease in shear capacity. Moreover, increasing the longitudinal
reinforcement ratio significantly enhanced the cracking resistance of
the concrete.

3. When the longitudinal reinforcement ratio increased from 0.7 to
1.2%, the concrete compression zone depth was enlarged, resulting
in an approximately 40% increase in the shear capacity of the pre-
stressed GPC beams. Increasing stirrup ratio enhanced the shear
capacity of the specimens, but this effect was limited for the G70
specimens. In contrast, increasing stirrup yield strength alone had a
limited effect on improving the shear capacity in the case of G70
concrete when the minimum stirrups ratio requirement was satisfied.

4. A total of 390 experimental data points, including the collected
present test results and existing test results, were used to evaluate
shear capacity models specified in current design codes. The pre-
diction trends for the shear strength of non-prestressed GPC beams
were consistent with those for prestressed PCC beams. Furthermore,
the current design codes were also applicable to predicting the shear
strength of prestressed GPC beams, but only ACI 318-25 (i.e., mean
Vexp/ Vpred =1.277, and COV=0.345) and AASHTO 2024 (i.e., mean
Vexp/ Vpred =0.996, and COV=0.273) provided relatively accurate
predictions of shear strength.

5. Based on the Rankine failure criterion, a new shear capacity model
for prestressed beams was derived. The proposed method used
simplified constitutive concrete model explained the contribution of
reinforcement ratio to shear resistance, and demonstrated the
improved prediction accuracy (i.e., mean Veyp/Vprea =1.24, and
COV=0.22) compared with existing design approaches.

A major limitation is the absence of repeated tests. Future work is
suggested to include replicate specimens for statistical analysis and
examine the effect of GPC material uniformity on the variability of
brittle shear failure.
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