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ABSTRACT

With the implementation of carbon neutrality goals, geopolymer concrete (GPC) has shown great potential for
reducing carbon dioxide emissions in the industrial sector. However, current research on GPC structural elements
remains limited, particularly with regard to the flexural behavior of prestressed GPC beams, which is still largely
unexplored. In this study, an experimental investigation was carried out on a total of 14 prestressed T-beams
containing 12 GPC specimens and 2 PCC control specimens to examine flexural behavior under different pa-
rameters including reinforcement ratio, prestressing tendons stress level, and cross-sectional configuration. The
test results indicate that GPC beams generally exhibit lower flexural stiffness and cracking moments compared
with conventional concrete beams, primarily due to the lower elastic modulus of GPC and crack resistance.
Nevertheless, no significant difference was observed between the two materials in terms of ultimate compressive
strength. The applicability of both Chinese code GB 50010-2010 and American code ACI 318-25 to predicting
the flexural stiffness, cracking moment, and ultimate strength of the tested beams was evaluated. Moreover, this
study adopts three-dimensional digital image correlation (DIC-3D) technology to measure and visualize the
strain distribution over the flange surface of prestressed GPC beams. Finally, finite element analysis was con-
ducted to simulate the performance of the prestressed GPC beams, with parametric studies performed to assess
the effects of reinforcement ratio and prestressing ratio.

1. Introduction

Geopolymers are typically produced from pozzolanic or other
aluminosilicate-rich materials, often incorporating industrial by-
products and mineral wastes. Compared with the production of Port-
land cement concrete (PCC), replacing ordinary Portland cement with
geopolymer binders can reduce carbon dioxide emissions by up to 75%
[1,2]. Another key pathway for carbon reduction in geopolymer con-
crete (GPQ) is its ability to make extensive use of construction and de-
molition waste. Studies have shown that recycling construction waste
through geopolymerization yields more favorable outcomes than simply
incorporating construction waste as a supplementary cementitious ma-
terial in PCC [3].

In recent years, GPC structures have attracted growing attention as it
integrates the mechanical advantages of environmental benefits of

geopolymer materials [4,5]. To advance its practical application in en-
gineering, it is essential to investigate the mechanical performance of
GPC structures, with particular emphasis on the structural behavior of
GPC beams. In terms of flexural performance of GPC beams, various
studies have reported that GPC beams exhibit mechanical behavior
similar to that of conventional reinforced concrete (RC) beams. Ven-
katachalam et al. [6], Monfardini et al. [7], Yost et al. [8], Prinsse et al.
[9], and Lee et al. [10] investigated the influence of longitudinal rein-
forcement ratio on the flexural and shear behaviors of slag-based GPC
beams, and concluded that their flexural and shear performance is
comparable to that of ordinary concrete beams. Consequently, existing
design codes for flexure and shear of conventional RC beams are
applicable to GPC beams. Similarly, Prachasaree [11] evaluated the
strength parameter effects of fly ash-based GPC beams under flexural,
shear, and torsional loading using experimental data and several design
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codes (such as ACI 318-25 [12], AS3600 [13], CSA [14], and CIB-FIP
[15]), and reported that the predictions achieved acceptable accuracy.
On the other hand, some studies have revealed different findings. Alex
[16] conducted a comparative investigation on the flexural behavior of
fly ash-based GPC beams and conventional concrete beams, showing
that the average cracking load of GPC beams was about 22% higher,
with larger deflection as well as improved load-carrying capacity and
ductility. Similarly, Ahmed [17] studied nine fly ash-based GPC beams
reinforced with carbon fiber reinforced polymer (CFRP) bars and three
PCC beams, and found that the flexural performance of GPC beams
significantly improved with increasing reinforcement ratio. Compared
with PCC beams, GPC beams exhibited narrower crack widths, while
ACI 440.1R—15 [18] underestimated their flexural strength.

With ongoing advancements in concrete production technologies,
prestressed concrete has emerged as an economically efficient solution
for long-span structures. The potential of GPC in prestressed applications
has been investigated, demonstrating that its mechanical performance is
comparable to that of conventional ordinary PCC with the same grade
[17]. In particular, understanding the behavior of prestressed GPC
beams is critical for facilitating the broader adoption of prestressed GPC
in factory-based segmental precast construction. Despite this, limited
experimental studies on prestressed GPC beams are available. Kobayashi
etal. [19] performed flexural tests of prestressed rectangular GPC beams
using alkali-aggregate reaction concrete, and reported that the
load-deflection relationship was similar to that of conventional con-
crete, despite a moderate reduction of the peak load. Sonal et al. [20]
proposed a mix design for GPC and tested four concrete beams, only two
of which were prestressed geopolymer beams subjected to flexural test.
The study demonstrated that prestressed GPC beams exhibited greater
load-carrying capacity compared with their non-prestressed counter-
parts of the same batch. Magnuson [21,22] investigated geopolymer mix
designs and concrete performance, and tested two prestressed GPC
beams to evaluate flexural and shear behaviors. Theoretical predictions
of ACI 318-19 [23] agreed well with the test results. Neupane and
Hadigheh [24] examined the mechanical properties of GPC with a
compressive strength of 50 MPa cured at ambient temperature. The in-
direct tensile and flexural strengths of GPC were approximately 27%
higher than those of the counterpart PCC concrete. Muthuramalingam
et al. [25] developed a mix design for prestressed concrete utility poles
using low-calcium fly ash activated with sodium-based solutions, and
observed the reduced deformation in the prestressed poles compared to
PCC poles. Kastiukas et al. [26] studied the effect of curing methods (i.e.,
conventional oven curing and microwave radiation) on the compressive
strength of GPC, and reported that microwave radiation reduced curing
time for prestressed concrete to achieve the target strength. In contrast
to these studies, Qian and Zhang [27] investigated the flexural behavior
of GPC beams and reported that the initial stiffness decreased, cracking
load decreased, and crack widths increased. The stiffness degradation
was attributed to a lower elastic modulus and the presence of structural
cracking. In addition, both the Chinese [28] and American codes [29]
specify the effective flange width of composite beams in the elastic
stage, and they adopt the same values for the plastic stage, which is
inherently conservative [30]. Whether these provisions remain valid for
geopolymer concrete requires further investigation. With the aid of
current DIC—3D technology, obtaining the strain distribution across the
flange of T-beams would provide a more reliable basis for analyzing the
effective flange width.

In summary, available experimental studies on prestressed GPC
members are limited, and the existing researches do not comprehen-
sively address all influencing factors, such as concrete strength, rein-
forcement ratio, cross section configuration, and prestressing ratio.
Moreover, finite element models lack experimental validation for pre-
stressed GPC beams. As a result, there remains a notable gap in sys-
tematic investigations and well-established design theories for
prestressed GPC beams. Given this context, it is necessary to conduct a
comprehensive study on their structural behavior and to develop a
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complete mechanical performance evaluation framework, providing
both theoretical guidance and empirical data for future research and
engineering applications. For this reason, the present study investigated
the structural performance of prestressed GPC beams using a mix design
based on fly ash and finely ground blast furnace slag as raw materials,
activated with a sodium-based solution. The GPC was cured under
ambient conditions to facilitate precasting in the factory. Ordinary PCC
of the same grade (50 and 70 MPa) was used as a control, and the
flexural performance of both prestressed PCC and GPC beams was
compared. Current design code application and numerical analysis re-
sults were also verified.

2. Materials and test methods
2.1. Raw materials

GPC generally features diverse mix proportions, and variations in
mix constituents inevitably lead to distinct mechanical properties [31].
The raw materials adopted to prepare GPC in the present experiment fall
into three categories: powders, alkali activators, and aggregates. The
powders used in this study include slag and fly ash. The addition of slag
to concrete increases its drying shrinkage, whereas the incorporation of
fly ash reduces this shrinkage [32]. When fly ash is added to GPC, it
extends the setting time but lowers the compressive strength [33].
Further, the use of NaOH in the activator increased concrete strength,
while proper mixing of NayCOgs resulted in reasonable setting time,
workability, and compressive strength. The slag has a density of
2880 kg/m® and a specific surface area of 426 m?/kg, while the fly ash
has a density of 2310 kg/m?® and a fineness of 257 m?/kg. The average
particle size of slag is 18.10 pm with a median diameter (dso) of 13.9 pm,
whereas the fly ash is classified as Class F, with an average particle size
of 37.03 pm and dso of 24.04 pm. The alkali activator consists of NaOH,
sodium silicate (water glass), and sodium carbonate. The activator so-
lution was prepared one day prior to casting, sealed, and stored at room
temperature to prevent carbonation and moisture loss.

Coarse aggregate consisted of crushed stones with particle size
ranging from 5 mm to 20 mm and a density of 1623 kg/m? . Fine
aggregate was river sand with the maximum particle size of 4.51 mm
and a density of 1466 kg/m® . The mix proportions of GPC significantly
affect its performance [34], and the specific mix proportions used in this
study are presented in Table 1. P.O42.5 R cement was used for C50
strength grade, and P.052.5 R cement was used for C70 strength grade.
The mix proportions of ordinary PCC used in this study are listed in
Table 2.

2.2. Specimens

Fig. 1 shows the beam specimen configuration. To ensure flexural
failure without shear failure, shear span-to-depth ratio was set to 4.3. D8
stirrups with a spacing of 100 mm were provided in accordance with GB
50010-2010 [28]. To minimize cracking at the beam top surface caused
by concrete shrinkage and prestress-induced camber, additional D6 bars
were arranged at the top of the beams. Further, sufficient anchorage
length was provided at both ends of the constant moment zone to pre-
vent tendon slip during loading. According to GB 50010-2010 [28], the
required anchorage lengths for 15.2 mm prestressing tendons in C50 and
C70 concrete are 1900 mm and 1596 mm, respectively. In this study, the
distance from the loading point to each beam end was set at 2000 mm,
which satisfied the anchorage length requirement. The control pre-
stressed beam had a height of 300 mm, a web width of 170 mm, and a
flange width of 340 mm, reinforced with two prestressing tendons of
15.2 mm diameter (Fig. 1(a)). Two additional 20 mm diameter
deformed bars were placed at the beam bottom (Fig. 1(b)), to investigate
the effect of reinforcement ratio. To investigate the influence of flange
width and thickness on the flexural performance of GPC beams, flange
width of (340, 510, and 850 mm) and flange thickness of (60 and
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Table 1
Mix proportion of GPC.
(kg/m>) Slag Fly ash Sand Gravel NayCOs3 Sodium silicate solution NaOH Water
GPC50 350 116 674 1055 12 163.2 12.3 83.3
GPC70 397 100 661 1034 17 214.2 15.2 38.8
Table 2
Mix proportion of PCC.
(kg/m>) Cement Slag Fly ash Silica fume Sand Gravel Superplasticizer Water
PCC50 457 - 114 - 696 1044 4.57 160
PCC70 450 120 - 20 610 1070 15 138
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Fig. 1. Geometry and reinforcement details of prestressed beams (unit: mm).

90 mm) were considered. The main test parameters were concrete
strength, reinforcement ratio, and prestressing ratio. All specimens were
designed based on the reference section shown in Fig. 1(a), with
15.2 mm prestressing tendons as the default. Specimens were labeled
according to concrete type and test parameters: C and G denoted ordi-
nary PCC and GPC, respectively, while R, D, P, F and H represented
reinforcement ratio, tendon diameter, prestressing ratio, flange width
and thickness, respectively. For example, the specimen labeled
G70-F850 refers to a GPC beam with a compressive strength of 70 MPa
and a flange width of 850 mm. The specimen matrix and detailed pa-
rameters are summarized in Table 3.

Prestressing tendons were tensioned on a couple of prestressing beds
to the designed control stress (Fig. 2(a)). The tendon stresses measured
by force sensors after anchorage (excluding prestress losses due to
concrete compression) are summarized in Table 3. Following tendon
anchorage, reinforcement assembly, formwork installation, and con-
crete casting were carried out (Fig. 2(b)). The concrete casting proced-
ure followed the method described in the literature [35]. The properties
of reinforcements and tendons can be seen in Table 4.

According to GB/T 50081-2019 [36], the compressive strength f, of
concrete was measured using 150 mm x 150 mm x 150 mm standard
cubes. The axial compressive strength (f. = ac1feo) and the axial tensile
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Table 3
Details of specimens.
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No. Specimens feo (MPa) h¢ (mm) be (mm) Longitudinal foso (MPa) Prestressing ratio (%)
reinforcement
1 C50 56.40 60 340 2TD15.2 1230.57 66.16
2 C70 70.47 60 340 2TD15.2 1189.07 63.93
3 G50 50.78 60 340 2TD15.2 1230.57 66.16
4 G50-R2 50.15 60 340 2TD15.2 + 2RD20 1189.07 63.93
5 G50-D12.7 39.23 60 340 2TD12.7 1189.07 63.93
6 G50-F510 53.83 60 510 2TD15.2 1201.57 64.60
7 G50-F850 50.00 60 850 2TD15.2 1134.64 61.00
8 G50-H90 45.66 90 340 2TD15.2 1189.07 63.93
9 G70 63.37 60 340 2TD15.2 1230.57 66.16
10 G70-P50% 65.82 60 340 2TD15.2 1143.07 51.46
11 G70-D12.7 60.60 60 340 2TD12.7 1109.49 59.65
12 G70-F510 65.20 60 510 2TD15.2 1201.57 64.60
13 G70-F850 64.42 60 850 2TD15.2 1134.64 61.00
14 G70-H90 65.88 90 340 2TD15.2 1143.07 61.46

Note: f,, is the concrete compressive strength tested from cube, h¢ and by are the thickness and width of flange, respectively. In the description of longitudinal rein-
forcement, "T" represents tendons and "R" represents rebars. fi,¢o is the effective prestress stress obtained from load sensor before tendon release.

N
|\

] \“'

il

(c) Preparation of alkali
activator

Fig. 2. Manufacturing process of specimens.

Table 4

Mechanical properties of steel bars and tendons.
Steel bars and tendons Diameter (mm) fy (MPa) fu (MPa)
HRB400 8 398.4 546.2
HRB400 6 399.5 554.1
Strand—12.7 12.7 1860.2 1910.3
Strand—15.2 15.2 1860.5 1922.7

strength (f;=0.395(f,)*%°) were calculated in accordance with GB/T
50152-2012 [37], where a,; is 0.76 and 0.79 for concrete with strengths
of 50 MPa and 70 MPa, respectively. The elastic modulus of the 50 MPa
and 70 MPa PCC was 32.39 GPa and 34.71 GPa, respectively, whereas
the corresponding value for geopolymer concrete was 24.19 GPa and
28.62 GPa.

During concrete preparation, slag, fly ash, and sand were first added
and mixed for 3 min to achieve uniformity. The alkali activator was then
added and mixed for 2 min, followed by the coarse aggregate, which was
mixed for an additional 5 min until a homogeneous mixture was ob-
tained (Fig. 2(e)). For each batch, at least three 150 x 150 x 150 mm
cubes were prepared to determine compressive strength. After casting,

the beam surface was covered with a plastic film to prevent moisture
loss, and water spraying was applied daily during early curing to
enhance surface humidity and reduce cracking due to shrinkage. All
specimens were cured at room temperature until the testing date. Once
the concrete had reached at least 75% of its design compressive strength,
the tendons were released. A gradual stress-release method was adopted,
in which the prestressing force was reduced to below 10% of the tendon
yield strength (f,y) using threaded clamps before cutting, thereby
avoiding sudden fracture of the tendons and ensuring sufficient
anchorage length at the beam ends.

2.3. Experimental program

Four-point loading was applied to the prestressed GPC beams. The
constant bending region was 1200 mm, and the span length was
3800 mm. The experimental setup is shown in Fig. 3. A total of five
displacement gauges were installed on the beam, to measure the
deflection at the mid-span and loading points and the possible slip of the
prestressing tendons at both ends. Strain gauges were attached on the
tendon at the mid-span, loading point, quarter-span location, and beam
end. Force-controlled loading was applied using a 100-ton hydraulic
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hydraulic jack
Load sensor

Fig. 3. Test setup.

jack at 10 kN step before cracking and 20 kN step after cracking. A 100-
ton load sensor was placed on the top of the hydraulic jack to measure
the applied load. The deflection, load at the first crack, and crack
propagation were recorded during each increment.

As shown in Fig. 4, digital image correlation (DIC) technique was
employed to capture vertical surface images of the beam specimen in
order to track speckle patterns. In addition, a DIC—3D system was
installed on the beam top surface to obtain strain distributions across the
wide flange and evaluate the shear lag effect. To verify the accuracy of
the DIC—3D deformation measurements, strain gauges were attached to
the top surface of the flange on the side where the DIC—3D measurement
was conducted.

3. Test results
3.1. Load-deflection relationship

Although the reinforcement ratios of all specimens satisfied the
minimum reinforcement requirements (0.15%) specified in GB
50010-2010 [28], the overall reinforcement ratio were relatively low.
As a result, the majority of specimens exhibited a failure mode governed
by prestressing tendons yielding (Fig. 5). Only five beams experienced
crushing of the top concrete in the compression zone. Fig. 5 shows that
flexural behavior of prestressed GPC beams is comparable to that of
prestressed PCC beams. From the load-deflection curves, it can be
observed that the most notable difference between the GPC and PCC
beams lies in the significantly higher initial stiffness exhibited by the
PCC beams, while the difference in the peak load is relatively small. A
more detailed discussion is provided in the subsequent sections.

The typical load-deflection curve of the beams can be divided into
four distinct stages, as shown in Fig. 6. Three critical points can be
identified: the first cracking load (point A); the point where the number
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of cracks ceased to increase (point B); and the yielding of reinforcement
(point C). Accordingly, the flexural behavior may be classified into the
following four stages. (1) Elastic stage (OA): At the initial loading stage,
mid-span deflection and measured strains increased linearly with
applied load, showing elastic flexural behavior. (2) Crack development
stage (AB): Once the load exceeded the cracking load, cracks first
appeared at mid-span and then propagated toward the supports. The
spacing of cracks was approximately equal to the stirrup spacing. With
further loading, flexure-shear cracks formed beneath the loading points.
The number of cracks stabilized, and no new cracks developed. (3)
Stabilized cracking stage (BC): The number of cracks remained essen-
tially constant, but crack widths and heights increased progressively.
Occasional “snapping” sounds were heard from the prestressing ten-
dons, as cracks developed, and the slip of steel tendon occurred. As
cracks widened, the restraining effect of reinforcement diminished, and
the prestressing tendons approached yielding. (4) Yielding stage (CD):
When the load reached 80-90% of the peak load, mid-span deflection
continued to increase while the load plateaued, indicating yielding of
the prestressing tendons. The main crack rapidly extended toward the
bottom of the T-beam flange, the neutral axis shifted upward, and failure
occurred due to crushing of the top flange.

The flexural stiffness of all specimens is summarized in Table 5.
Compared with PCC beams made of C50 and C70 concrete, the initial
flexural stiffness of GPC beams decreased by approximately 30.0% and
38.8%, respectively. This reduction can be explained by the lower elastic
modulus of GPC relative to ordinary concrete for beams of identical
cross-section. With the increase in the flange dimensions, the moment of
inertia of the beam cross-section increased, which naturally resulted in a
significant improvement in the initial flexural stiffness of the specimens.
After the load exceeded the elastic stage, the stiffness decreased signif-
icantly, and owing to the earlier cracking in the geopolymer concrete,
this stiffness degradation was more pronounced in the GPC beams than
in the PCC beams after cracking.

When the service load was considered approximately 50-70% of the
load-carrying capacity, the average effective flexural stiffness of GPC
beams made with C50 and C70 concrete decreased by 68.0% and
56.92%, respectively, compared to their PCC counterparts under service
conditions. Unlike the initial stiffness, the flexural stiffness of GPC
beams (G50-R2) with ordinary tensile reinforcement in the tension zone
decreased more gradually. This is because the presence of the conven-
tional reinforcement limited crack propagation, preventing significant
stiffness degradation. In GPC beam specimens, compared to the constant
moment zone, flexural cracks developed more slowly in reinforced
areas; however, once cracking occurred, the stress in the prestressing
tendons rapidly increased until yielding.

Table 6 compares the cracking moment and ultimate moment for
each beam specimen. In general, the cracking moment of GPC beams are
lower than those of PCC beams, primarily because the greater shrinkage

Camera 3

Fig. 4. DIC set up.
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and creep of GPC led to the formation of more microcracks [38,39].
Specifically, compared to PCC beams, the cracking moments of GPC
beams decreased by 63.5% and 54.2% for C50 and C70 concretes,
respectively, while the ultimate moments have almost no difference.

In all tests, the average sectional strain in the constant bending re-
gion generally conformed to the plane section assumption throughout
the loading process. The strain of the mid-span section of the repre-
sentative GPC beams is shown in Fig. 7. Thus, the full flexural response
may be analyzed based on deformation compatibility.

3.2. Failure modes

During concrete curing, pronounced surface cracking was observed
in GPC beams, which would be attributed to the camber induced by
prestressing and the intrinsic drying shrinkage of the concrete. In
contrast, ordinary concrete beams exhibited few or no cracks under the
same conditions. Fig. 8 illustrates the crack patterns at failure and strain
distributions measured by DIC for both PCC and GPC beams. Flexural
cracks were initiated in the region of the maximum moment, followed by
additional flexural cracks at the shear span region occurred as the load
increased. With further loading, most of the flexural cracks propagated
vertically, and subsequently inclined flexure-shear cracks developed. In
the present study, cracks in GPC beams were uniformly distributed, with
an average spacing of approximately 200 mm that corresponded closely
to the stirrup spacing. Similar uniform crack distributions were reported
by Ehsani et al. [40] and Faza et al. [41] for FRP-reinforced concrete
beams. The crack development tendency forming at stirrup locations
would be attributed to local bond deterioration between reinforcement
and GPC, where the presence of stirrups introduces mechanical inter-
locking discontinuities and reduces friction resistance of stirrups, thus
leading to stress concentrations in the surrounding concrete.

As shown in Fig. 8(a) and (b), the maximum crack length of GPC
beams was comparable to that observed in the PCC beams, indicating
that the beams exhibited a similar compression zone depth at the peak
load. For GPC specimens, increasing the reinforcement ratio led to a
larger number of flexural cracks, a reduction in the average spacing
between flexural cracks, and a decrease in maximum crack length (i.e.,

Table 5

Flexural stiffness of specimens.
No. Specimens Bs.r (x10'2 N-mm?) Bs_exp Bs_exp Bs_o.5 (x10'2 N-mm?) Bs_exp Bs_exp

Bsexp Bsap Bsact Bo-on Boar Bsexp Bsan Bsact Bo-an Besa

1 C50 18.51 16.63 17.09 1.11 1.08 14.32 4.82 15.94 2.97 0.90
2 C70 20.38 18.98 20.23 1.07 1.01 16.93 5.45 18.29 3.11 0.93
3 G50 12.94 12.23 12.57 1.06 1.03 4.58 4.71 6.22 0.97 0.74
4 G50-R2 14.06 12.17 12.51 1.16 1.12 4.52 4.13 5.58 1.10 0.81
5 G50-D12.7 7.90 11.80 12.49 0.67 0.63 2.96 4.72 7.06 0.63 0.42
6 G50-F510 12.11 14.20 14.74 0.85 0.82 5.27 4.66 6.63 1.13 0.79
7 G50-F850 18.07 17.34 17.78 1.04 1.02 6.99 4.61 7.59 1.51 0.92
8 G50-H90 10.00 12.04 12.59 0.83 0.79 3.72 4.29 5.68 0.87 0.65
9 G70 12.48 12.88 13.72 0.97 0.91 7.31 5.50 6.84 1.33 1.07
10 G70-P50% 9.90 12.31 13.12 0.80 0.75 5.67 6.76 7.44 0.84 0.76
11 G70-D12.7 7.11 12.48 13.48 0.57 0.53 5.72 5.34 7.21 1.07 0.79
12 G70-F510 18.07 15.26 16.38 1.18 1.10 6.96 4.95 6.97 1.41 1.00
13 G70-F850 17.83 18.41 19.66 0.97 0.91 5.00 5.16 8.24 0.97 0.61
14 G70-H90 18.16 11.68 12.12 1.55 1.50 5.85 3.60 4.81 1.62 1.22

Note: B..r and B,_q 5 are flexural stiffness at cracking load and 0.5M,, respectively; B;.exp is the flexural stiffness obtained from experiment; By.gp and B, ac; are

theoretical stiffness calculated by GB 50010-2010 and ACI 318-25, respectively.
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Table 6
Cracking and ultimate moments of specimens.
No. Specimens Merexp Mg Mcract Mer—exp Mer—exp My.exp My.cs My.act Mu—exp Mu—exp
Mer—cn Mer—act Mg My-aar
1 C50 62.40 24.47 24.40 2.55 2.56 95.36 133.71 96.19 0.71 0.99
2 C70 71.05 28.56 26.25 2.49 2.71 102.64 135.75 109.49 0.76 0.94
3 G50 22.75 24.62 24.49 0.92 0.93 91.46 133.81 96.81 0.68 0.94
4 G50-R2 26.26 24.05 24.01 1.09 1.09 102.12 136.22 96.31 0.75 1.06
5 G50-D12.7 23.53 20.24 20.64 1.16 1.14 69.62 96.33 76.08 0.72 0.92
6 G50-F510 32.50 21.94 22.43 1.48 1.45 92.50 135.84 97.09 0.68 0.95
7 G50-F850 32.50 19.51 20.45 1.67 1.59 93.70 137.69 93.10 0.68 1.01
8 G50-H90 28.73 22.25 22.53 1.29 1.28 91.20 133.10 92.35 0.69 0.99
9 G70 32.57 27.67 25.95 1.18 1.26 90.97 135.30 106.50 0.67 0.85
10 G70-P50% 22.75 19.19 18.71 1.19 1.22 88.71 134.73 102.78 0.66 0.86
11 G70-D12.7 26.00 22.37 21.23 1.16 1.22 68.40 96.71 80.24 0.71 0.85
12 G70-F510 40.30 25.71 24.31 1.57 1.66 101.61 136.97 108.22 0.74 0.94
13 G70-F850 29.25 22.21 21.94 1.32 1.33 96.84 137.81 102.11 0.70 0.95
14 G70-H90 35.75 27.14 24.55 1.32 1.46 104.28 135.43 107.38 0.77 0.97
0.004 0.004 :
10 kN
0.003 | 0.003
0.002 | 0.002
=t =t
"3 0.001 | ‘= 0.001
= =
7 7!
w2
0.000 | 0.000
-0.001 | -0.001
-0.002 } -0.002 ‘
i i i
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Fig. 7. Strain distribution in mid-span section of partial GPC beams.

an increase in the compression zone depth). However, the flange width
and prestressing ratio did not influence the crack distribution. As shown
in Fig. 8(a), the cracking patterns of the GPC beams were similar to those
of the PCC beams. At the final loading stage, a small number of cracks
extended into the crushing zone of the GPC beams. Further, all beams
developed extensive flexural cracking prior to the interaction between
diagonal and flexural cracks, ensuring flexural failure rather than shear
failure. At the peak load, bond-slip of prestressing tendons at the beam
ends did not exceed 2.5 mm, indicating that no bond failure [42].

3.3. Effect of concrete strength and prestressing ratio

Fig. 9 compares the flexural stiffness and moment capacities between
PCC and GPC beam specimens. As shown in Fig. 9(a) and (b), PCC beams
exhibited higher flexural stiffness than GPC beams with the same con-
crete strength. The initial stiffness of C70 PCC beam was higher than that
of C50 PCC beam, which is consistent with the increase in elastic
modulus with strength. However, the increase in initial stiffness for the
GPC beams was not as evident, because GPC had a relatively low elastic
modulus and its initial stiffness was influenced by multiple factors,
resulting in greater variability. In contrast, the flexural stiffness under
service conditions increased with the concrete strength. Cracking and
ultimate moments for PCC and GPC beam specimens are compared in
Fig. 9(c). As the concrete strength increased from 50 MPa to 70 MPa,
both PCC and GPC beams exhibited higher cracking moments corre-
sponding to the increased compressive strength. Moreover, PCC beams
demonstrated superior cracking moment compared to prestressed GPC

beams, which is similar with observations reported in the existing study
[43]. This discrepancy may be attributed to the use of steam curing in
the literature [20], which likely reduced the development of micro-
cracks during the curing process. As the concrete strength increased, the
cracking moment also increased, which was attributed to the increase of
the tensile strength of concrete. The ultimate moment was governed
primarily by the compression zone depth, and the influence of concrete
strength on the ultimate moment was minimal in this study. As seen in
Table 5 and Table 6, a lower prestressing ratio reduced the initial stiff-
ness, stiffness at service condition, and cracking moment of the beams,
while having only a minor influence on the ultimate strength.

3.4. Effect of rebar ratio

Fig. 10 illustrates the influence of reinforcement ratio on the flexural
stiffness and moment of GPC beam specimens. The flexural stiffness at
initial and service conditions of the beams increased as the reinforce-
ment ratio increased. For G50 concrete beams, the initial stiffness of
specimens G50-R2 and G50 increased by 77.9% and 63.8% compared to
specimen G50-D12.7, respectively, while for specimen G70, the corre-
sponding increase was 57.9% compared to specimen G70-D12.7. As the
reinforcement ratio increased, both the cracking and ultimate moments
of the beams were significantly enhanced.

Increasing the reinforcement ratio proved to be the most effective
method to improve the ultimate moment and flexural stiffness of under-
reinforced GPC beams. Specifically, specimen G50 with 2A15.2 tendons
exhibited the cracking moment of approximately 22.75kN-m and
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Fig. 8. Crack distribution and DIC results at ultimate state.

ultimate moment of 91.46 kN-m, maintaining its load-carrying capacity
over the deflection of 80-140 mm, demonstrating good ductility and
uniform crack distribution. In contrast, specimen G50-R2 with higher
reinforcement ratio exhibited lower cracking load of 26.26 kN-m. After
cracking, it retained considerable stiffness, resulting in significantly
enhanced flexural stiffness but reduced ductility. On the other hand,
specimen G50-D12.7 exhibited the lowest cracking load (23.53 kN-m)
and ultimate load (69.62 kN-m).The reinforcement ratio has a notice-
able influence on both the flexural stiffness and the flexural load-
carrying capacity of the specimens.

3.5. Shear lag effect

To verify the validity of 3D digital image correlation (DIC—3D)

techniques, both strain gauges and DIC—3D techniques were employed
to comprehensively measure the strain distribution across the flange
section of the T-beams. Fig. 11 compares the strains obtained from the
two methods at different points. Due to the concentration of coarse
aggregates and cracks, which may cause uneven strain distribution on
the surface, the DIC strain data represent the average strain within
200 mm of the neutral axis. Note that strain gauge was malfunctioned in
G70-F510. Overall, the strain trends measured by the strain gauges and
DIC were consistent, increasing gradually with deflection, which vali-
dates the reliability of the DIC method even under large structural de-
formations. Besides, DIC measurements exhibited more continuous and
smoother strain distributions in detail, whereas strain gauge data
sometimes showed missing or fluctuating values at certain locations
because the strain gauges measured only local deformation. The strain
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Fig. 11. Comparison of strain distribution between DIC and strain gauges.

distributions of G50-F850 and G70-F850 were not entirely consistent.
This discrepancy can be attributed to the limited measurement range of
strain gauges (approximately 100 mm) compared to the larger coverage
of DIC. After concrete casting, prestressed GPC beams may develop
cracks or microcracks at the top due to drying shrinkage and prestress-
induced camber, which can lead to higher strain values during load
period recorded by DIC.

Fig. 12 presents the full-section strain distribution obtained via DIC
and the strain profiles along the width of the section. The DIC strain
diagram shows the strain distribution within a range of approximately
400 mm around the mid-span, and the vertical direction includes data
only within half of the flange width. During loading, the section strain
distribution was highly non-uniform: strains were the largest near the
central portion of the flange and gradually decreased toward the edges.
The shear lag effect was more pronounced in the flange with a width of
850 mm (Fig. 12(b) and (d)), compared to the flange with a width of

510 mm (Fig. 12(a) and (c)). In addition, as the deflection increased, the
shear lag effect became more pronounced. The dark blue regions in
Fig. 12 correspond to initial shrinkage crack, which was first close,
resulting in evident strain concentrations. This non-uniformity is pri-
marily caused by the crack development and the heterogeneous defor-
mation between coarse aggregates and mortar. Meanwhile, in specimen
G50-F850, it can be observed that cracks also affect the strain values,
with a sudden change appearing at about 200 mm along the width di-
rection. Such full-field strain visualization, which is difficult to obtain
using conventional strain gauges, provides critical insights into the
deformation mechanisms of T-beams under flexural behavior.

In analyzing the DIC data, strains in the cracked regions were treated
as visual indicators of crack evolution, while effective data were
extracted from the continuous regions for the investigation of shear lag
effects. This approach ensures the rationality of shear lag analysis while
preserving information on the influence of cracks on the overall
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structural response. Although the presence of cracks inevitably in-
troduces additional uncertainty into the DIC measurements, it simulta-
neously provides valuable insights into structural damage, offering a
basis for understanding the degradation of beam performance under
realistic loading conditions.

3.6. Discussion

3.6.1. Cracking moment and flexural stiffness

It should be emphasized that the comparative analysis on cracking
moment and flexural stiffness between prestressed GPC and PCC beams
in this study is constrained by the limited experimental conditions and
fixed GPC mix proportions adopted in the test. Universal conclusions
regarding inherent performance differences between GPC and ordinary
PCC cannot be generalized from the present test data alone. The
discrepancy of the structural performance between GPC and PCC is
significantly affected by the elastic modulus and tensile strength. For
this reason, an analysis is conducted to determine whether the methods
for calculating the stiffness and cracking moment of prestressed concrete
beams, as specified in the GB 50010-2010 and ACI 318-25 [12,28], are
applicable to GPC beams. The cracking moment specified in GB
50010-2010 [28] is as follows:

Mcr = (6pc + Vft)WO (1)
where oy, is the concrete pre-compressive stress generated at the edge of
the crack boundary by the pre-applied force, after all prestressing loss is
deducted;f; is the tensile strength of concrete; y is the factor of inertia
moment of cross-section, which can be taken as 1.5; and Wy is the elastic

10

resistance moment at the tension edge of the member's equivalent
section.

The cracking moment of the prestressed beam specified in ACI
318-25 [12] is as follows:

m, = bl @
fo =0.6224/f. 3)
fcl = 0-8fco (4)

where I, represents the inertia moment of the concrete gross section; y;
denotes the distance from the centroidal axis of the gross section
(neglecting reinforcement) to the tension face; f; is the modulus of
rupture of concrete; f. is the standard cylindrical compressive strength;
A is the correction factor for concrete performance based on density,
taken as 1.0 in this study; f., is the standard cubic compressive strength.

The cracking moment of prestressed GPC beams calculated from Egs.
(1) and (2) is summarized in Table 6. ACI 318-25 [12] (Eq. (2)) (with the
range of 0.93 ~ 1.66) and GB 50010-2010 [28] (Eq. (1)) (with the range
of 0.92 ~ 1.67) provided similar prediction results. The estimations of
GPC beams in both codes are conservative. Besides, for ordinary con-
crete specimens in this experiment, the cracking moment was signifi-
cantly underestimated.

GB 50010-2010 [28] specifies the effective stiffness of reinforced
concrete flexural members as follows:
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where ks = %—k, E. is the elastic modulus of concrete; I is the moment of

inertia of the cross-section after converting rebars area to concrete area;
ag is the ratio of the elastic modulus of steel to that of concrete; p is the
tensile reinforcement ratio; bs and hf are the width and thickness of
flange, respectively; hg is the effective height of the beam; and b is the
width of web.

ACI 318-25 [12] uses the theory of the effective moment of inertia
(Eq. (8)), to calculate the stiffness of prestressed concrete beams. The
equivalent moment of inertia I is calculated from the concrete gross
section inertia I; and transformed cracked section inertia I.,, which is
then used to determine the stiffness of the component. The formula is
relatively simple and easy to understand; however, the prediction ac-
curacy is significantly influenced by the cracking moment M,;.

Bs = El.
Mo\ ? M.\ °
= () e [1-(5) Je

Table 5 compares the predictions of flexural stiffness with the test
results. The predictions of Eq. (5) align well with the experimental re-
sults. However, due to manufacturing errors in specimen G50-D12.7, the
flexural stiffness was noticeably overestimated. The normalized mean
and mean absolute error of the predicted stiffness at service for the GPC
beams, based on GB 50010-2010 [28] and ACI 318-25 [12], are 1.12
and 0.2, and 0.82 and 0.176, respectively. Overall, GB 50010-2010 [28]
is more suitable for predicting the short-term stiffness of GPC beams
under flexural behavior. ACI 318-25 [12] predictions tend to be more
unconservative and lower than the actual values. Thus, the GB
50010-2010 [28] for calculating the flexural stiffness is applicable to
GPC beams.

(8

©)]

3.6.2. Ultimate moment
In GB 50010-2010 [5], the bending moment of prestressed beams
can be calculated as follows:

M, = fubx (o - g) +fe (bf - b) hy (ho - %) A (ho - a;>

where hyg is the effective height of cross-section; x is the compressive
zone depth; f,” and A are the yield strength and cross-sectional area of
compressive reinforcement, respectively; and a’ is the distance from the
resultant force point of the longitudinal reinforcement in the compres-
sion zone to the compressed edge of the section.

In ACI 318-25 [12], the nominal flexural strength is calculated using
an equation similar to that in the Chinese code, with the primary dif-
ference being the term representing the contribution of the prestressing
tendons. The flexural strength is defined as follows:

(10)

M, = Apfys(dy — 5) +Ad, (d-5) — A (¢-3) an
_ Apfps + Adfy — Alf
a= O.szicb - a2
. d
fps :fpu{l—;—j{f)p%+d_p%(p_p/):|} (13)
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where a is the depth of the equivalent rectangular concrete stress block;
Aps is the cross-sectional area of prestressing tendons; fp,s and fpy is the
stress in the prestressing tendons at the nominal flexural strength and
nominal yield strength, respectively; y,, is a factor for the type of pre-
stressing tendon; f; is a factor related to the depth of an equivalent
rectangular compressive stress block to the neutral axis depth; p,, is the
prestressing tendon ratio (= Ap/bd,); d,, and d; are the effective depths of
the prestressing tendons and mild tensile reinforcement, respectively; p
and p are the mild tensile and compressive reinforcement ratio,
respectively.

As seen in Table 6, the mean value and coefficient of variation for
flexural capacity predictions using GB 50010-2010 [28] are 0.71 and
0.035, respectively, while those obtained from ACI 318-25 [12] are
0.944 and 0.061. Eq. (11) predicted well the nominal flexural moment,
with average ratio of test results to predictions ranging from 0.86 to
1.06. Thus, the ACI 318-25 [12] for calculating the ultimate moment is
applicable to GPC beams, albeit with slightly unconservative pre-
dictions, which can be attributed to the absence of conventional longi-
tudinal reinforcement in the test specimens. Compared with GB
50010-2010 [28], ACI 318-25 [12] provides a more accurate calcula-
tion of nominal flexural strength, primarily because it accounts for the
prestressing steel stress at the ultimate limit state. In contrast, GB
50010-2010 [28] applies reduction factors to material strengths during
design (e.g., the design value of 1860 MPa prestressing tendons is taken
as 1320 MPa), which can also yield reasonably accurate results. GB
50010-2010 [28] is developed for flexural capacity calculation of bal-
anced-reinforced beams. Deviations exist between predicted and actual
strand stress when no reinforcing bars are arranged in the specimens.
However, ACI 318-25 [12] remains somewhat conservative when
evaluating T-shaped sections. Besides, Loov [44] reported that the pre-
diction accuracy of ACI 318 was dependent on the amount and place-
ment of the non-prestressed reinforcement.

3.6.3. Shear lag effect

Due to the lower elastic modulus of GPC compared with PCC, the
shear strains in the concrete flange may prevent the cross-section from
remaining plane, resulting in a non-uniform normal stress distribution
along the slab width, called “shear lag” effect. Whether this phenome-
non differs from that observed in ordinary concrete also requires further
investigation. In terms of loading conditions and boundary conditions
related to the cross-section configuration, the type of constraint can
significantly influence the shear lag effect. Typically, the shear lag effect
has a considerable impact on the calculation of the effective flange width
of T-beams (refer to Fig. 13). To further investigate the mechanism of
shear lag transfer and the shear lag effect in engineering practice, the
effective flange width (beg) of specimens G50-F510, G50-F850, G70-
F510 and G70-F850 is calculated as follows:

b _ Jyotxy)dx
eff ——

Omax

14

where ¢ is the measured stress accounting for shear deformations; and

Fig. 13. Shear lag effect on beam moment.
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Omax 1S the maximum stress along the cross section.

The design approach specified in GB50010-2010 [28] adopts the
allowable stress method. Its provisions for determining the effective
flange width of composite beams are similar to those in ACI 318-25
[12]. The effective flange width is defined as the minimum of: (1)
one-third of the span; (2) the spacing between the centerlines of two
adjacent T-beams; and (3) twelve times the thickness of the RC slab
outside the deck haunch. In the AASHTO [29], the effective flange width
is taken as the minimum of: (1) one-quarter of the span; (2) 12h¢ plus the
larger of the web width or half the width of the top flange; and (3) the
average spacing between adjacent T-beams. The comparison of the
effective flange width beg and the flange width bgy, under different
width-to-span ratios is shown in Fig. 14(a). Given the relatively small
width-to-span ratio in this study, both the GB50010-2010 [28] and
AASHTO [29] indicate that the best /bsyp should be taken as almost 1
(0.966 for AASHTO).

The effective flange width obtained from the full-section strain data
extracted from DIC is shown in Fig. 14(b). The effective width of the
section increased as the deflection increased. The maximum effective
flange width ratio of befs /bgyp at the ultimate moment in specimens G50-
F510, G50-F850, G70-F510, and G70-F850 was 0.924, 0.767, 0.956, and
0.818, respectively. As the section size increased, the shear lag effect
became more pronounced, resulting in a lower effective flange width.
Additionally, for the same flange width, G70 concrete achieved a larger
effective flange width ratio, compared to G50 concrete.

When the flange width was 510 mm, the effective flange widths
specified in both GB50010-2010 [28] and AASHTO [29] were essen-
tially identical to the flange width. In this study, however, the effective
flange width measured in GPC slabs with a flange width of 850 mm was
approximately 15% smaller than the code-specified values. Thus,
directly applying the existing code provisions to GPC may not be suffi-
ciently conservative.

4. Numerical analysis
4.1. Finite element model

To complement the experimental results, a three-dimensional finite
element (FE) analysis of the prestressed GPC beams under direct loading
was conducted using Abaqus. Concrete was modeled using C3D8R solid
elements, with the concrete damage plasticity model adopted as the
constitutive model, and the tensile constitutive behavior of PCC was
defined according to GB 50010-2010 [28] (Eq. (15)), and GPC model
was used according to the literature [45] (Fig. 15(a)). In addition, the
plastic damage parameters of GPC are set identical to those of ordinary

04}
—s— GB50010-2010 [28]
—e— AASHTO [29]

“0.0 0.2 0.4 0.6 0.8

0.2
(Flange width)/(span length)

(a) Code-based effective width under different

width-span ratios
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concrete as suggested by Hassan et al. [46]. Specifically, the dilation
angle (¢), plastic potential eccentricity (e), initial biaxial-to-uniaxial
compressive strength ratio (f,o/fc0), loading surface shape parameter
(K.), and viscosity parameter are specified as 37°, 0.1, 1.16, 2/3, and
0.005, respectively.

£ n
c. —f. - 15)
¢ fcmgcm n—1+ (Ec/é‘cm)nk
where f., is the concrete compressive peak stress; e, is the strain cor-
responding to the peak stress; andn = 0.8 + (fem/17). The value of k can
be calculated as follows:

_ [0.67 + (fn/62), &c/Eem > 1
k= { 1, £c/€m <1 (16)

Reinforcing bars and prestressing tendons were represented by T3D2
truss elements. Specifically, the transverse bars were embedded within
the concrete, and the interaction between the transverse bars and con-
crete was modeled using an embedded bond approach, which has been
shown to have negligible impact on the overall structural response [47,
48]. In this method, the reinforcement bars were considered axial
members embedded in the solid concrete, ensuring that their displace-
ment was consistent with the surrounding concrete. The bond behavior
between prestressing tendons and concrete differs from that of ordinary
reinforcement, gradually degrading with increasing interfacial shear
stress. Thus, modeling the interaction requires specific assumptions,
taking into account the bond-slip relationship between the tendons and
concrete. In the FE model, prestressing tendons were connected to the
concrete via nonlinear spring elements, with the bond-slip effect rep-
resented by the springs. The bond-slip relationship is described as fol-
lows (Fig. 15(c)):

Tmax = 39.6f."% —76.5 a7

where 7yax is the maximum bond stress; 77 in Fig. 15(c) is the residual
friction stress, taken as 0.47y,y; and 61 and Syay are the bond-slip, taken
as 3 mm and 12 mm, respectively.

Prestressing force was applied using the internal cooling method,
and the relationship between stress and temperature is defined as fol-
lows:

6 = qATE 18)
where «a is the length reduction factor per unit temperature (= 0.0186/

(°C-MPa)); AT is the cooling temperature; and Ej is the elastic modulus
of the prestressing tension (= 20 GPa). Note that the prestressing loss of
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Fig. 14. Effective flange width comparison.
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Fig. 15. Constitutive model used in FE model.

shrinkage and creep is not considered in this study.

Regarding mesh discretization, the mesh size along the beam length
is set to 20 mm for the constant bending moment region at midspan, and
40 mm for the remaining regions.

4.2. Validation of FEA models

To validate the accuracy of the finite element model, the load-
deflection curves obtained from the simulations of specimens C50 and
G50-R2 were compared with the experimental results (Fig. 5), as well as
with the crack development patterns (Fig. 8). The simulated load-
deflection curves exhibited a similar trend to the experimental ones,
and the discrepancies between the two remained within an acceptable
range (Fig. 16(a)). Besides, the time-dependent prestress loss induced by
concrete shrinkage and creep is not introduced into the current nu-
merical model, which may also bring minor deviations between simu-
lated and measured mechanical responses. However, the FE model did
not account for the bond-slip effect between the stirrups or top rein-
forcement and the surrounding concrete, nor did it incorporate possible
manufacturing defects or gaps. These simplifications may have led to a
slight overestimation of the initial stiffness. Meanwhile, the crack
pattern in Fig. 16(b) is similar to that in Fig. 8. This confirms that the FE
model can effectively capture the mechanical behavior of both ordinary
concrete and GPC beams.

4.3. Parametric study of GPC beams: effect of reinforcement ratio and
prestressing ratio

Fig. 17(a) illustrates the effect of reinforcement ratio on the pre-
stressed GPC beams. The specimen labels indicate the full reinforcement
configuration of each beam. The three beams analyzed in the FEA
correspond to reinforcement ratios of 1.8%, 2.5%, and 2.8%,

160} L
=120t
£\
2 80t/
o |
— Test results-C50
I FEA-C50
40
Test results-G50&2D20
—-— FEA-G50&2D20
0 L 1 1
0 40 80 120 160

Displacement (mm)
(a) Load-deflection curves

respectively. As the reinforcement ratio increased, the load-carrying
capacity improved, but its deformation capacity decreased. The
maximum loads for reinforcement ratios of 1.8%, 2.5%, and 2.8% were
170.8 kN, 189.5 kN, and 199.7 kN, respectively, which represent in-
creases of approximately 21.32%, 35.18% and 42.43% compared to
specimen G50. The FEM analysis results indicate that increasing the
bottom tensile reinforcement can enhance the load-carrying capacity,
but for adequately reinforced beams, the improvement is less pro-
nounced, as the load-carrying capacity is limited by the crushing of the
top compressed concrete.

Analyses were also conducted for PGC beams with different pre-
stressing ratio (Fig. 17(b)). All beams were designed with the same
reinforcement ratio as specimen G50 (i.e., two 15.2 mm prestressing
tendons), and only the prestressing ratio was varied in the parametric
study. Prestressing ratio has a limited influence on the load-carrying
capacity, showing the similar peak load of 140.0-142.2 kN regardless
of prestressing ratio of 50-70%. Moreover, lower prestressing ratio re-
sults in longer second and third stages in (Fig. 6) the load-deflection
curves, indicating that T-beams will exhibit larger displacements
under the same applied load.

5. Conclusion

In this study, flexural performance of 14 prestressed concrete beams
was investigated. The research parameters include concrete strength,
reinforcement ratio, and cross-section configuration. The performance
of GPC was compared with that of PCC according to both Chinese and
American design codes. Additionally, the shear lag effect in concrete
structures was analyzed. Finally, a parametric analysis was conducted
using finite element methods to further explore the performance of GPC
beams. The principal conclusions can be summarized as follows:

y v
W

ATYAREEN
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) Dk )

Damage T: —s
0.000 0327 0.654 0917

(b) Crack pattern

Fig. 16. Comparison between FEA results and test results.
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Fig. 17. Comparison of flexural behavior.

1. GPC beams exhibit lower flexural stiffness compared to the corre-
sponding PCC beams. primarily due to the inherently lower elastic
modulus and cracking moment of geopolymer concrete. Flexural
stiffness increases noticeably with higher reinforcement ratios and
concrete strength.

2. The cracking moment of GPC beams is lower than that of PCC beams.
The reinforcement ratio and cross-sectional dimensions have little
effect on the cracking moment of the beam. The prestressing ratio
can improve the crack resistance of the beams.

3. The similarity in the ultimate load capacity between GPC beams and
PCC beams arises from the fact that both systems share the same
fundamental flexural resistance mechanism, relying on concrete in
compression and reinforcement in tension.

4. The pattern of cracks in GPC beams resemble those of PCC beams,
with cracks primarily occurring along the stirrup locations. As the
reinforcement ratio increases, the number of bending cracks in-
creases, and the average distance between cracks decreases.

5. The applicability of the current design methods in the Chinese code
(GB 50010-2010) and the American code (ACI 318-25) for geo-
polymer concrete was evaluated. Both codes exhibit only minor
differences in predicting the short-term stiffness and cracking
moment. Moreover, ACI 318-25 provides a more accurate estimation
of stress of tendon and is therefore more suitable for estimating the
ultimate flexural moment of GPC beams.

6. DIC—3D technology was applied to measure the shear lag effect at
the top flange of prestressed beams, enabling full-field strain distri-
bution analysis. The test results show that the effective flange width
of the GPC T-beam is overestimated by GB 50010-2010 and ACI
318-25.
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