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Abstract

While predefined cambering is widely implemented in prestressed concrete (PSC) girder
bridges to counterbalance dead load deflections, the literature addressing its direct influence
on structural behavior remains limited. Existing research focuses primarily on providing
the required camber during fabrication and accidental deflections, with sparse attention
dedicated to the interactive effects of diverse predefined initial profiles on structural
performance. In this paper, an experimental investigation on the effect of predefined camber
and accidental deflection on the structural behavior of both reinforced and prestressed
rectangular concrete girders under four-point bending loading is presented. Fourteen large-
scale beam specimens were tested, including eleven prestressed and three conventional
reinforced concrete (RC) girders having concrete compressive strengths of 30, 40, and
80 MPa with predefined initial profiles ranging from —30 mm to +30 mm on key structural
parameters, including cracking propagation, stiffness degradation, structural efficiency,
displacement ductility, and total energy absorption. Test results have shown that all girders
failed in a ductile manner via progressive cracking. It has been observed that positive
predefined cambers could positively affect the performance of prestressed girders to a large
extent, as the +30 mm predefined camber improved the ultimate load capacity by 19.3%.

Keywords: prestressed concrete; initial camber; deflection control; bridge girder; high-strength
concrete

1. Introduction

The development of modern civil infrastructure is intrinsically linked to advancements
in pre-cast, prestressed, and post-tensioned concrete. Driven by engineering demands for
longer spans, optimized substructures, and accelerated construction, PSC girders have es-
tablished themselves as essential structural elements for short- and medium-span highway
bridges [1-3]. Their design exploits concrete’s compressive strength together with the high
tensile strength of steel tendons: by pre-compressing the tension zone, engineers delay
cracking and improve both serviceability and material efficiency in the superstructure [4].

Such precision demands control over several parameters, including the girder’s ver-
tical profile. Prestressed girders are rarely straight; the eccentricity of the prestressing
force about the neutral axis gives them a built-in upward curvature, or camber [5,6]. In
theory, this offsets later deflections from dead and traffic loads, but in practice, camber is
highly variable. Concrete creep, drying shrinkage, and tendon relaxation cause it to evolve
non-linearly over the structure’s life [7].

Discrepancies between predicted and actual camber present significant construction
and serviceability challenges, typically manifesting as uneven deck thicknesses, variable
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haunch depths, and compromised ride quality. Traditionally, camber has been managed as
an unavoidable by-product of prestressing [5,8]. This study takes a different view, treating
the girder’s initial shape as a design variable. Specifically, it explores whether predefined
initial profiles or sag—set through formwork adjustment before casting—can improve the
load capacity and crack resistance of future bridges.

The behavior of a post-tensioned girder follows from the superposition of internal
forces and section geometry. For a prismatic beam, the stress ¢ at any distance from the
neutral axis is given by the elastic flexure formula:
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where P is the effective prestressing force, A is the cross-sectional area, ¢ is the tendon
eccentricity, I is the second moment of area, M,y is the external moment, and y is the
distance from the neutral axis to the fiber of interest [9].

Predefined geometric modifications—predefined camber or accidental deflection—fun-
damentally alter this elastic stress state. Unlike a straight beam with a level centroidal
axis, a pre-cambered beam has a curved one. That curvature shifts the effective tendon
eccentricity, especially at mid-span, and introduces second-order effects: the prestressing
force now acts along a curved chord, producing transverse force components that either
amplify or reduce the initial curvature [10-13].

Cracking in prestressed girders depends on how internal stresses are distributed across
the section. Prestress adds compression exactly where service loads would cause tension,
delaying cracking and raising the cracking moment. Any intentional geometric change
reshapes this stress field. A positive mid-span camber gives the girder curvature before
loading, altering effective eccentricity and prestress distribution along the span. This can
add compression in the lower fibers, boosting pre-compression in the crack-prone soffit;
a larger external load is then needed to overcome it and reach the modulus of rupture, so
cracking is delayed and elastic behavior persists longer. Negative camber or pre-deflection
does the opposite—reducing lower-fiber compression, lowering the cracking load, and
hastening the shift to cracked behavior. In practice, such negative pre-camber often occurs
as an accidental deflection during construction due to formwork settlement, early-age
concrete creep, or alignment errors. These effects remain poorly understood. In short,
we hypothesize that predefined curvature—positive camber or accidental deflection—can
influence cracking, stiffness loss, and ultimate behavior by reshaping the internal stress
state and tendon-force geometry [14-17].

Material properties matter as much as geometry. Conventional concrete has a relatively
porous interfacial transition zone (ITZ) and cracks gradually through the growth and
coalescence of micro-cracks, giving a fairly gentle post-peak response. High-Performance
Concrete (HPC)—target strength around 80 MPa with silica fume—has a much denser
microstructure, since the pozzolanic reaction consumes calcium hydroxide and refines
the paste and ITZ. The result is stiffer, stronger, and more durable [18-21]. The trade-off
is reduced deformation capacity and post-peak ductility: the steeper descending branch
means more brittle failure and less stress redistribution once crushing begins. Any theory
here must therefore couple geometry with material behavior. HPC’s higher stiffness resists
service deflections and cracking, but excessive pre-camber could push critical zones toward
their limiting compressive strains. Understanding this interplay is essential for predicting
the behavior and failure of predefined curved prestressed girders [22-25].

Predicting camber remains one of the toughest challenges in pre-cast bridge design.
Codes such as AASHTO LRFD and ACI 318 offer semi-empirical estimates using mul-
tiplier methods (e.g., Martin’s multipliers) or time-step analysis [26-28]. Yet, measured
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camber often diverges sharply from predictions—commonly by more than 30%, sometimes
50%—owing to uncertainty in creep, shrinkage, prestress losses, material properties, and
production and environmental conditions [27,29].

Works by [27,30] show that the concrete elastic modulus at transfer is often uncertain,
introducing errors in the initial elastic camber. Humidity and temperature cycles further
alter creep and shrinkage rates, driving camber growth in ways standard models do
not fully capture [31]. Recent studies have turned to stochastic modeling and machine
learning [32], but still focus only on the natural camber of straight girders.

HPC and Ultra-High-Performance Concrete (UHPC) allow lighter, stronger girders.
Flexural studies show that higher concrete strength raises ultimate capacity and reduces the
reinforcement needed for a given span [33-35]. Researchers note that as strength increases,
crack spacing becomes more regular, but crack widths at failure can grow large because of
the high energy released during cracking [36,37]. Tests on UHPC beams [38,39] found that
micro-silica strengthens the concrete-strand bond, improving force transfer—but also that
the matrix’s lower fracture energy makes failure more brittle, with the compression flange
crushing suddenly and without the warning that conventional concrete provides.

While tendon eccentricity’s effect is well understood, intentionally induced geometric
deviation has received far less attention. Most camber research addresses the natural
deflection that develops after transfer and long-term creep, shrinkage, and prestress losses,
treating a straight centroidal axis as inherent to the girder. Far fewer studies examine girders
deliberately curved via the formwork, so the influence of predefined camber or accidental
deflection on stress distribution, cracking, and capacity remains under-explored [5,27,28,40].

Despite extensive work on prestress-induced camber, little addresses formwork-
induced predefined curvature. Existing research centers on predicting naturally occurring
camber and its long-term development. A few studies examine the fabrication and use
of pre-cambered girders, but the interaction among initial curvature, prestress-induced
stress fields, and concrete non-linearity is still poorly characterized. Crucially, no system-
atic experimental comparison exists between the two predefined configurations—positive
curvature (crest) and negative curvature (sag)—so the optimal curvature for maximizing
capacity while preserving ductility and serviceability is unknown. This gap defines the
present study [27,40].

A critical review reveals a clear split in the literature: material-focused studies
(HPC/UHPC properties, durability, capacity) versus geometry-focused studies (mainly
camber prediction and control). Standard design methods always assume a straight girder
and treat camber as a consequence of prestress, creep, shrinkage, and losses. These work
well for conventional girders but say little about members built with predefined geometry.
There is little research combining positive predefined camber and accidental deflection
with different concrete strengths at the ultimate limit state (ULS).

How a predefined initial profile affects stress redistribution, cracking, stiffness loss,
and failure mode is largely unknown. It is unclear, for example, whether negative pre-
camber accelerates tensile cracking by altering the section stress distribution, or whether
positive predefined camber boosts cracking resistance through added pre-compression.
Another open question is how the predefined initial profile interacts with the reduced
post-peak ductility typical of HPC: will high strength, greater stiffness, and shifted stresses
together trigger earlier compressive failure?

This leaves a clear gap in the coupled effects of material properties and predefined
initial profiles—one that must be closed to determine whether an pre-camber exists that
improves performance while keeping adequate ductility, serviceability, and safety in long-
span prestressed girders.
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This paper reports an experimental study of geometry variation in 14 large-scale PSC
beam specimens (2400 mm span). Its objectives are:

e  Effect of predefined camber and accidental deflection—determine how mid-span initial
geometry (—30, —15, 0, +15, +30 mm) affects cracking load, stiffness degradation, and
ultimate load under four-point bending;

e  Material comparison—compare conventional concrete (30, 40 MPa) with silica-fume
HPC (80 MPa) under identical geometric variations;

e  Failure mechanisms—trace the elastic-to-non-linear transition and the trade-off be-
tween the ductility of normal-strength girders and the brittle failure of HPC members;

e  Design guidance—conclude whether predefined camber can serve as a design param-
eter for performance enhancement in bridge construction.

2. Materials and Methods
2.1. Research Program Overview

An experimental program has been designed for investigation and systematically
evaluates the structural behavior of post-tensioned concrete girders with predefined initial
profiles. In order to understand and study effects of initial geometry (predefined camber
and accidental deflection) and concrete compressive strength on cracking propagation,
stiffness degradation, ultimate capacity, and failure modes. Fourteen large-scale post-
tensioned beam specimens were tested under monotonic four-point loading machine.
Figure 1 presents the abstract illustration of the research.

The designed program considered three critical variables: (1) initial camber (magni-
tude and direction), (2) concrete compressive strength, and (3) reinforcement type (pre-
stressed or conventionally reinforced). Five specimens with predefined initial profiles were
created by adjusting the formwork during casting: —30, —15, 0, +15, and +30 mm. The
concrete compressive strengths studied in this research are 30, 40, and 80 Mpa; they are
designed to represent practical bridge-girder fabrication and evaluate whether predefined
geometric modifications can improve overall structural performance.

The experimental program was structured into three primary series to provide in-
ternal cross-validation of the results. While each specific configuration (e.g., PRS+30-40)
was tested once, the reliability of the findings is established by observing consistent me-
chanical trends across the entire matrix of 14 girders. By comparing each “cambered”
specimen against a dedicated control specimen (0 mm camber) within each of the three
groups, the study effectively isolates the influence of geometry. The repeatability of the
performance improvements across different concrete grades (30, 40, and 80 MPa) and
different reinforcement types (steel vs. prestressed) serves as a robust verification that
the observed structural behaviors are systematic and statistically representative of the
parameters under investigation.

The experimental matrix was structured to prioritize a deep investigation into geomet-
ric sensitivity within a primary 40 MPa post-tensioned series (Group 1), while Groups 2 and
3 serve as comparative benchmarks for reinforcement type and concrete strength, respec-
tively. It is noted that this program is a targeted parametric study rather than a complete
factorial design; therefore, interactions between intermediate camber levels and varying
concrete strengths were not within the current scope.
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Figure 1. Experimental program overview, including constituent materials, concrete production,
mechanical characterization of concrete, and fabrication of prestressed bridge girder specimens with
different camber configurations.

2.2. Materials, Concrete Mix Design, and Mechanical Characterization

All concrete mixtures were produced using Ordinary Portland Cement (Type I) con-
forming to ASTM C150 [41]. The cement was obtained locally and stored under dry
conditions. Natural river sand meeting ASTM C33 [42] requirements was used as fine ag-
gregate. Moisture content was measured before mixing, and water adjustments were made
to maintain the specified water-to-cement ratio. Crushed limestone with nominal maximum
sizes of 12 and 19 mm served as coarse aggregate. Aggregate quality was verified through
sieve analysis and specific gravity tests. Silica fume (ABADGARAN Pure Gel) was added
to the HPC as a supplementary cementitious material to improve compressive strength,
matrix density, durability, bond performance, and resistance to micro-cracking [42,43].
A high-range water-reducing admixture (superplasticizer) was used to achieve the required
workability while maintaining a low water-to-cement ratio. Potable water free of harmful
contaminants was used for mixing and curing.

Three concrete mixtures with target compressive strengths of 30, 40, and 80 MPa
were developed to represent normal-strength concrete (NSC), conventional (PSC), and
HPC, respectively. Mix proportions were established through trial batches to achieve the
required workability, strength, and durability for bridge girders. The C30 mix served as
the reference concrete; C40 represented typical prestressed bridge-girder concrete, and C80
incorporated silica fume and a high-range water-reducing admixture to enhance strength
and durability. The mix proportions are given in Table 1. The lower water-to-cementitious
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materials (w/cm) ratio of 16.2% and the addition of silica fume significantly improved the
compressive strength of the HPC mixture, as shown in Table 1.

Table 1. Concrete mix proportions.

Material C30 C40 C80
Cement (kg/m?3) 310 365 480
Water (kg/m?) 150 125 85
Superplasticizer (kg/m?) - 2.5 5.8
Silica Fume (kg/m3) - - 45
Fine Aggregate (kg/m?) 1190 1105 855
Coarse Aggregate 12 mm (kg/m3) 235 230 350
Coarse Aggregate 19 mm (kg/m?) 580 575 580
Water/Cementitious Ratio (%) 484 34.2 16.2

Compressive strength was determined using 150 mm cubes (f,). For analytical com-
parisons with ACI 318 and AASHTO LRFD provisions, which are based on cylinder
strength (f!), a conversion factor of f/ = 0.80 x f, was adopted in accordance with the
established literature. Three companion specimens were tested for each mix to ensure
statistical reliability.

Concrete properties were evaluated through compressive and splitting tensile strength
tests. Compressive strength was measured using 150 x 150 x 150 mm cubes in accor-
dance with BS EN 12390-3:2019 [44], while splitting tensile strength was determined using
100 x 200 mm cylinders following ASTM C496/C496M-17 [45]. For each mix, three speci-
mens were tested at 28 days, and the average values were reported. All mixtures achieved
their target strengths, with compressive and tensile strengths increasing consistently as
concrete grade increased. The test results are summarized in Table 2.

Table 2. Mechanical properties of concrete at 28 days.

Concrete Target Avg. Cube Strength, Std. Deviation Equivalent Cylinder, Splitting Tensile
Grade  Strength (MPa) feu (MPa) (MPa) f. (MPa) Strength, fct (MPa)
C30 30 33.0 1.8 26.4 2.0
C40 40 43.8 21 35 2.6
C80 80 80.8 3.4 64.6 3.6

2.3. Prototype Design, Reinforcement Configuration, and Experimental Variables

Fourteen large-scale beam specimens were designed in accordance with ACI 318-25 [46],
representing typical bridge girder geometries and prestressing details outlined in the
AASHTO LRFD bridge design specifications [26]. All specimens maintained identical cross-
sectional dimensions to ensure comparability. The specific geometric layouts, including
the detailed mid-span profiles and support conditions for each series, are comprehensively
illustrated in Figure 2. These configurations were specifically designed to match the
targeted camber-to-span ratios defined in the experimental matrix.

https:/ /doi.org/10.3390/applmech7030075
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Figure 2. Geometry of test girders showing different camber configurations. Dimension lines are
in blue, casted concrete beam boundary is thick black line, roller supports are in purple, loading
actuator is blue, steel load spreader beam is in red, and thin black dashed line used to show the
cambered space according to the beam cast line.

The specimens were designed as large-scale laboratory prototypes with a span-to-
depth ratio (L/d) of 6.0. While this configuration is stiffer than typical bridge girders, it
was optimized to facilitate a controlled investigation of sectional stress-block behavior.
Furthermore, the maximum predefined camber of 30 mm (L/70) represents an amplified
geometric condition relative to standard serviceability limits. This intentional amplification
was employed to clearly capture the interaction between initial curvature and the internal
lever arm, ensuring that the resulting mechanical trends are statistically significant and
clearly distinguishable from the inherent variability of the concrete matrix.

All specimens measured 2400 mm in length, 250 mm in width, and 350 mm in depth
(Table 3). Enlarged, reinforced end blocks were provided to accommodate the post-
tensioning anchorages and resist localized bursting stresses. The predefined mid-span
profiles were introduced during casting to match camber-to-span ratios of +L/70 (for the
£30 mm levels) and +L/140 (for the +15 mm levels) relative to the 2100 mm effective span.

Table 3. Geometrical properties of test specimens.

Parameter Value
Overall Length 2400 mm
Width 250 mm
Depth 350 mm
Effective Span 2100 mm
Prestressing Force 100 kN
Tendon Eccentricity 125 mm

Prestressing Steel Area 198 mm? (2 x 99 mm? strands)

https:/ /doi.org/10.3390/applmech7030075
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A critical feature of the experimental design is the interaction between the girder’s
initial geometry and the prestressing profile. While the concrete girders were cast with
predefined parabolic profiles (camber/sag), the post-tensioning tendons were maintained
in a strictly straight trajectory relative to the support chord. This configuration creates
a variable eccentricity along the span. In positively cambered specimens, the concrete cen-
troidal axis arches upward away from the straight tendon, reaching maximum eccentricity
at the mid-span. This physical layout is essential for understanding the subsequent stress
distribution and capacity enhancements observed during testing.

Two reinforcement systems were investigated: conventional RC and post-tensioned PSC.
The conventional girders were reinforced with two 10 mm compression bars, two 12 mm
tension bars, and transverse reinforcement, including additional reinforcement in the anchor-
age zones. As shown in Figure 3, the prestressed girders contained two 12.7 mm seven-wire
low-relaxation strands conforming to ASTM A416/A416M [47], placed eccentrically near
the bottom of the section to maximize flexural capacity. Spiral reinforcement was provided
around the anchorages to control bursting stresses during post-tensioning.
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Top Reinforcement
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Figure 3. Typical reinforcement and prestressing details of the tested bridge girders. Dimension
lines are in blue, casted concrete beam boundary is thick black, roller supports are in purple, loading
actuator is blue, steel load spreader beam is in red, main horizontal reinforcement bars are in blue,
stirrups are in red, and strand is hatched with red and white strips.
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The mechanical properties of the reinforcing bars and prestressing strands were ob-
tained from manufacturer certificates and verified experimentally. The results are summa-
rized in Table 4.

Table 4. Mechanical properties of reinforcement steel.

Material Diameter Area Yield Strength Ultimate Elastic Modulus
(mm) (mm?) (MPa) Strength (MPa) (MPa)
Prestressing Strand 12.7 98.7 — 1884 196,370
Deformed Bar, Tension ((J12) 11.8 109.4 496 614 200,000
Deformed Bar,
Compression/Stirrups (10) 10 785 454 631.8 200,000
Steel Wire 4.37 15 1700 1706 200,000
The experimental matrix (Table 5) comprised three groups. Group 1 examined the
influence of camber magnitude and direction on prestressed girders with 40 MPa con-
crete. Group 2 compared prestressed and conventionally reinforced girders with identical
geometry. Group 3 investigated the combined effects of concrete strength and initial
camber. The intermediate camber levels (=15 mm) were included only for the 40 MPa
prestressed series, which represents typical bridge-girder construction. After establishing
the response between zero and the maximum practical camber (30 mm), the remaining
concrete-strength groups were limited to these conditions. This approach captured the
interaction between camber and concrete strength while keeping the number of large-scale
specimens manageable.
Table 5. Experimental program and specimen classification.
Group Specimen ID  Initial Camber (mm) Reinforcement Type Concrete Strength (MPa)
PRS+00-40 0 Prestressed 40
Group 1: PRS+15-40 +15 (L/140) Prestressed 40
Prestressed—Camber PRS+30-40 +30 (L/70) Prestressed 40
Series PRS—15-40 —15(L/140) Prestressed 40
PRS—30-40 —30(L/70) Prestressed 40
G 5. STL+00-40 0 Steel Reinforced 40
Stecl Croulf Ser STL+30-40 +30 (L/70) Steel Reinforced 40
cel~-amber Series STL—30-40 —30 (L/70) Steel Reinforced 40
PRS+00-30 0 Prestressed 30
G 3. PRS+30-30 +30 (L/70) Prestressed 30
. rogps ot PRS—30-30 —30 (L/70) Prestressed 30
restressecorenet PRS100-80 0 Prestressed 80
eries PRS+30-80 +30 (L/70) Prestressed 80
PRS—30-80 —30(L/70) Prestressed 80

2.4. Specimen Fabrication and Prestressing Procedure

All specimens were fabricated under controlled laboratory conditions to guarantee uni-
form material properties, geometric accuracy, and reinforcement placement. Standardized
fabrication protocols were maintained to ensure that variations in structural behavior could
be attributed exclusively to the target experimental variables: predefined initial profile,
reinforcement type, and concrete compressive strength. The fabrication process comprised
five stages: reinforcement cage assembly, formwork preparation and camber adjustment,
concrete casting and curing, tendon installation, and post-tensioning. Reinforcement cages
were fabricated according to Figure 3 and inspected to verify bar spacing, concrete cover,
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and dimensional accuracy. For prestressed specimens, spiral reinforcement was provided in
the anchorage zones to resist local bursting and splitting stresses during prestress transfer.
The completed cages are shown in Figure 4a.

Figure 4. Fabrication process of test specimens: (a) reinforcement cage fabrication, (b) mold prepara-
tion and camber adjustment, (c) anchorage installation, and (d) demolded specimens.

A custom steel mold was developed to introduce the predefined initial profiles during
casting. Three girder profiles were produced: straight (0 mm), positively cambered (+15 and
+30 mm), and negatively cambered (—15 and —30 mm). The required geometry was
achieved by adjusting the mold elevation at mid-span while keeping both ends fixed.
Surveying equipment was used to verify the target profiles. Unlike the upward camber
generated after prestressing, the predefined initial profiles considered in this study were
introduced during casting, allowing its interaction with prestress-induced camber to be
evaluated. Figure 4b illustrates the mold setup. Before casting, 20 mm plastic ducts and
anchorage assemblies were accurately positioned and secured within the reinforcement
cages to ensure proper tendon alignment and minimize friction losses during stressing, as
shown in Figure 4c.

Concrete was mixed in a laboratory pan mixer, batched by weight, placed in layers, and
compacted using internal vibrators to eliminate air voids without causing segregation. After
finishing, the specimens were cured under laboratory conditions until testing. Companion
cubes and cylinders were also cast to determine compressive and splitting tensile strengths.
The finished specimens are shown in Figure 4d.

After the concrete reached the required strength, the prestressed specimens were post-
tensioned. Each girder contained two 12.7 mm seven-wire low-relaxation strands placed
within the embedded ducts. The strands were cleaned before stressing and tensioned
gradually using a hydraulic jack, as shown in Figure 5. The applied prestressing force was
verified through both hydraulic pressure and strand elongation measurements. Once the
target force of approximately 100 kN was reached, the strands were secured with wedge
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anchors, and the anchorage system was inspected to ensure proper force transfer. The same
prestressing procedure was applied to all specimens to maintain consistency throughout
the experimental program.

Figure 5. Prestressing operations: (a) tendon preparation before stressing, and (b,c) application of
prestressing force using a hydraulic jack system.

In other words, the post-tensioning system consisted of two 12.7 mm seven-wire
low-relaxation strands (Grade 1860) per girder, installed in an unbonded configuration.
The strands were housed in 20 mm diameter plastic ducts that remained un-grouted. Post-
tensioning was conducted 28 days after casting, following the verification of concrete
strength via 150 mm companion cubes. A jacking force of 100 kN per strand (total 200 kN)
was applied using a calibrated hydraulic jack, corresponding to a jacking stress (f,;) of
1013 MPa. This force level was selected to provide sufficient pre-compression while
preventing over-reinforced failure modes. To account for anchorage seating losses in the
short 2.4 m span, specimens were over-jacked by 5% and verified via measured elongation
(average AL = 12.2 mm). The effective prestressing force at the time of testing, conducted
within 7 days of transfer, was estimated at 184 kN (92 kN per strand) after accounting for
immediate elastic shortening and seating losses. The vertical profile of each girder was
surveyed at three distinct stages—post-casting, post-tensioning, and pre-testing—to verify
that the predefined mid-span profiles () were accurately maintained.

2.5. Test Setup, Instrumentation, and Data Acquisition

Fabricated concrete girders have been tested under monotonic four-point loading
machine until failure and reaching ultimate load. Through this loading configuration,
a constant-moment region has been achieved between the loading points, which allows
reliable evaluation and understanding of the flexural behavior of the beam, which includes
crack development, stiffness degradation, and ultimate load capacity. Loading has been
conducted using a rigid loading frame equipped with a hydraulic actuator and a comput-
erized data acquisition system (data logger). Beam specimen was simply supported and
loaded through a hydraulic jack acting on a steel spreader beam, in order to distribute the
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load equally to two loading points. By this arrangement, the flexural response of girders
under service and ultimate loading conditions have been evaluated.

The load application continuously was measured using a calibrated load cell placed
between the hydraulic jack and spreader beam. Deflection was recorded within the mid-
span through a Linear Variable Differential Transformer (LVDT), while additional LVDTs
were used where required to verify deformation symmetry. The entire test setup is shown
in Figure 6. During testing, the instrumentation continuously recorded load application,
and mid-span deflection. Gradually, load was applied under a displacement control
situation to ensure stable crack initiation and progression. At each increment of loading,
recording and observation was made for crack initiation, propagation, crack width, and
local distress. The initial first visible crack in the girder was taken as the cracking load (P.;),
and crack development propagation was documented photographically for each specimens.
Loading continued until the beams reached its ultimate capacity and exhibited a clear loss
of resistance to load increase.

B <
= Frame Assemble Testing Machine i
B e
B E:
900mm -02d%el_—g60mm
Steel Plate [ Birder
350mm I

Data Logger

Support LVvDT

Load
Control
Panel

Figure 6. Experimental setup for four-point bending tests showing support conditions, loading
arrangement, instrumentation system, and data acquisition components.

The specimens were loaded under displacement control at a rate of 1.0 mm/min. For
all reported results, the variable P refers to the total vertical load applied by the hydraulic
actuator to the spreader beam, which subsequently distributed the force into two equal
point loads (P/2) at the designated loading points.

The specimens were tested in a four-point bending configuration with an effective
span (L.g) of 2100 mm and a total length of 2400 mm. The loading points were spaced
600 mm apart at the mid-span, resulting in a shear span (a) of 900 mm. Steel bearing plates
(100 mm x 250 mm) were utilized at both supports and loading points to distribute the force
and prevent localized concrete crushing. Tests were conducted using a 500 kN capacity
hydraulic actuator equipped with a high-precision load cell (linearity 4-0.1% FS). Loading
was performed under displacement control at a constant rate of 1.0 mm/min, following
a seating preload of 2 kN to ensure stable bearing contact. All sensor data were sampled at
a frequency of 10 Hz via a synchronized data acquisition system. The reported deflection
(A) is defined as the incremental mid-span vertical movement measured from the starting
position of each pre-curved girder; thus, the LVDTs (100 mm range, £0.1% accuracy) were
tared to zero at the initiation of the load test. The objective termination criterion for each
test was defined as the point where the load resistance dropped by 20% from the peak
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ultimate capacity (P,) or the point of occurrence of excessive concrete crushing in the
compression zone.

All sensors were connected to an automated data acquisition system called data logger
that continuously recorded load and displacement throughout the test. The recorded data
were used to capture study parameters like the first cracking load (P), first cracking
deflection (A.), ultimate load (P,), ultimate deflection (A;), load—deflection response,
crack patterns, and failure mode. These parameters were used to assess and evaluate the
effects of initial camber, reinforcement type, and concrete compressive strength on girder
performance, which were the study variables.

Given the absence of identical structural replicates (n = 1 per configuration), the results
are presented as observed mechanical trends within a controlled parametric series. To en-
sure data reliability, high-precision instrumentation was utilized: the hydraulic actuator
was equipped with a 500 kN capacity load cell (accuracy +0.1% FS), and mid-span deflec-
tions were monitored via LVDTs with a 100 mm range (linearity £0.1%). Construction
tolerances for the predefined initial profiles were maintained within £1.5 mm through
formwork adjustment and verified via digital levels. The consistency of the results across
the three independent concrete-strength groups serves as an internal validation of the
reported geometric-material interactions.

2.6. Structural Performance Evaluation

In order to perform a comprehensive assessment and evaluation of the flexural behav-
ior of the tested girders, a series of quantitative performance indicators have been calculated
from the experimentally obtained load—displacement responses. Despite the directly mea-
sured parameters, which includes the cracking load, ultimate load, and corresponding
mid-span displacements, several structural indicators were determined like stiffness charac-
teristics, ductility, structural efficiency, energy absorption, and the relative influence of the
imposed pre-camber configurations. Those determined indicators provide a unified frame-
work for comparing specimens with different concrete strengths, reinforcement systems,
and initial camber profiles through using the same evaluation criteria.

2.6.1. Percentage Performance Improvement

To quantify structural impact of varying pre-camber configurations, a percentage per-
formance improvement analysis has been conducted as a critical structural marker, which
are cracking load (P.), ultimate load (P,), and ultimate deflection (A,). For each of the
structural series (categorized by concrete compressive strength or steel-composite group),
the straight girder specimen featuring a 0 mm camber has been used as the control speci-
men. The performance changes evaluated following comparative empirical equation [48,49]
denoted as (2)

X, - X
Improvement (%) = (M) x 100 (2)
control

where X ;.per represents the experimental structural parameter (P, Py, & A,) evaluated for
a specific pre-cambered girder, and X, represents the corresponding control specimen
within the same group of specimens. A positive result denotes an enhancement and
increasable in capacity or deformability, whereas a negative value indicates a relative
performance reduction and decrease due to the effect of the variables of the study.

2.6.2. Stiffness Evaluation

For evaluation of the elastic, post-yield, and geometric performance variations which
is provided by pre-camber configurations, several key structural indicators were calculated
and determined from the experimental load—deflection (P — A) curves.
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The initial uncracked stiffness (k;) which values the girders’ structural resistance to
elastic deformation prior to the onset of micro-cracking in the concrete matrix. It has been
defined as the slope of the primary linear-elastic part of the load deformation curve up to
the cracking load threshold [50,51]; it is denoted as follows:

e

ki =
' AC}’

)

where

e P, is the experimental load at the onset of concrete cracking (kN);
e A is the corresponding mid-span vertical displacement at the cracking load (mm).

To calculate and evaluate the structural rigidity which is remaining after the concrete
loses its tensile integrity, the post-cracking stiffness (kpost) has been determined as the
secant slope extending from the cracking coordinate to the peak ultimate load. The residual
stiffness ratio is determined as the degree of stiffness degradation a girder undergoes [51,52]
and is expressed as:

P,—P,
ko (25
Residual Stiffness Ratio = ;’:St =1 Ikc (4)
i i

where

e P, is the maximum peak ultimate load capacity (kN);
®  Ape is the mid-span deflection recorded at the precise instant of peak load (mm).

2.6.3. Equivalent Yield Point and Ductility

Post-yield deformation capacity has been evaluated with theh structural ductility
of the girders, and an equivalent elastoplastic bi-linear idealization has been executed
through the equal-energy principles established by [53]. Because reinforced and PSC beams
show and perform in a highly non-linear load deformation driven by progressive concrete
cracking and steel plastic yielding, determining the physical yield point directly from
the experimental curve is unfeasible. Consequently, an effective initial elastic stiffness
line (k) is first constructed as a secant line passing through the origin and intersecting
the experimental response path at an intermediate load level equivalent to 60% of the
maximum recorded capacity (Pg¢ = 0.6P,,):

ke = —— (5)

where (Ag¢) represents the mid-span displacement corresponding to the intermediate
load threshold (Pg ). Based on the equal-energy criteria, the unique equivalent yielding
load (Py) is derived by equating the mathematically integrated area under the real non-
linear envelope (Aguq1) to the total area beneath the idealized elastoplastic curve up to
the ultimate boundary displacement (A,). By separating the bi-linear profile into an initial
elastic triangle and a perfectly plastic rectangle, and enforcing the stiffness boundary
constraint (A, = Py /ke), the governing energy balance is formulated analytically like below:

PZ

Aactual = Py X Ay — ZTCye (6)
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Rearranging these expressions into a standard quadratic structure allows the precise
extraction of the equivalent structural yielding load (Py):

P2

Auctual = Pybu+ 5= =0 7)

Following the calculation of the idealized yielding load, the corresponding equivalent

yield displacement (A,) is computed directly by projecting the yield state along the effective
elastic stiffness trajectory:

— P Y

ke

Ultimately, the dimensionless structural displacement ductility coefficient (31), which

Ay (8)

indexes the component’s capacity to undergo severe inelastic deformations without sustain-

ing brittle failure or severe strength degradation through the loading stages, is determined

explicitly as the ratio between the ultimate deformation boundary and the computed

equivalent yield point:

Ay

H=3, ©)

Due to the absence of a distinct yield point in the post-tensioned and HPC specimens,

an equivalent yield point was determined using an equal-energy bi-linear idealization.

A secant stiffness at 0.6P,, was utilized to define the initial elastic branch, providing an
objective basis for ductility comparison across different material grades.

2.6.4. Structural Efficiency Index (SEI)

A Structural Efficiency Index (SEI), defined as the ratio of peak ultimate load to
ultimate displacement (P, /A,), is proposed as an author-defined metric to evaluate the
specimens. This index serves as a comparative measure of the load-carrying capacity
relative to the ultimate deformation boundary within this specific test matrix. It is not
intended to represent a universal measure of design optimality but provides insight into
the sectional stiffness at the ultimate limit state. The strength-to-deflection ratio provides
a critical performance efficiency indicator that balances ultimate load-carrying capacity
versus serviceability limits [54,55]. It provides a good indicator of structural optimization,
formulated as:

Structural Efficiency Index (SEI) = % (10)
u
where

e P, is the peak ultimate load capacity (kN);
e A, is the ultimate mid-span deflection recorded at failure (mm).

2.6.5. Total Energy Absorption

To value the overall toughness, the total energy absorption (E) has been calculated.
Physically, this parameter represents the total work done on the specimen and corresponds
to the entire area enclosed under the experimental load—deflection (P — A) curve from
the initiation of loading up to the ultimate failure point (A,) deformation. Because the
continuous experimental data were captured at discrete data point intervals by the data
logger system, numerical integration through the Trapezoidal Rule has been applied in
accordance with established structural testing formulas [56,57]. The total energy absorption
is calculated using Equations (11) and (12) below:

Ay
E— /0 P(A)dA (11)
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For discrete experimental datasets containing n data points, the integration is approxi-
mated by splitting the area under the curve into a series of vertical trapezoids:

n—1 P: + P,
E= Z} (121+1> X (Biy1 — D) (12)
i=

where

e Pjand P;; are the structural loads at two consecutive data points (kN);
e Ajand Aj; are the corresponding deflections at those same points (mm);
o (A1 — A))is the localized width of the interval slice;

% is the average height of that localized slice.

Note sample of calculations, data of the curves, concrete tests, post-tensioning force
records with elongation measurements, and survey data has been provided in the Supple-
mentary Material.

3. Results
3.1. General Structural Response

The fourteen large-scale beam specimens were tested to failure under monotonic
four-point bending to assess how predefined initial profile, reinforcement system, and
concrete strength affect flexural performance. Every specimen followed the same sequence:
an initial linear-elastic stage, cracking within the constant-moment region, gradual stiffness
loss as cracks multiplied, peak load, and finally flexural failure. The load—displacement
records show that the girders stayed stable throughout, with no premature anchorage
failure, tendon slip, support instability, or shear distress. Cracks began in the tensile zone
at the bottom fiber and spread toward the compression region as load rose. They stayed
concentrated in the pure-bending zone between the two load points, confirming that the
setup produced flexure-dominated behavior.

In every prestressed specimen, cracking started at much higher loads than in the
conventionally reinforced ones. After cracking, capacity kept rising to the maximum load.
Near the ultimate stage, existing cracks widened noticeably alongside localized crushing
in the compression zone. Failure was flexural, with concrete crushing in the compression
region as the dominant mode. No specimen failed in brittle shear or collapsed suddenly.
The gradual crack development allowed continuous monitoring and accurate measurement
of cracking loads, ultimate loads, and their corresponding displacements. The main results
for all specimens are summarized in Table 6.

Table 6. Load, deflection, performance.

Specimen First-Crack Load, First-Crack Deflection, Ultimate Load, Ultimate Deflection,
P (kN) A (mm) P, (kN) A, (mm)
PRS+00-40 112.52 3.17 285.55 22.36
PRS+15-40 125.93 2.49 321.22 20.47
PRS+30-40 178.34 2.58 340.66 20.88
PRS—15-40 106.27 4.31 275.49 23.94
PRS—30-40 101.27 7.76 249.57 34.82
STL+00-40 55.29 2.58 138.52 28.62
STL+30-40 59.24 1.71 139.22 22.91
STL—30-40 57.71 3.88 137.98 37.31
PRS+00-30 101.27 4.31 241.35 24.74
PRS+30-30 129.59 3.44 274.46 23.57
PRS—30-30 97.63 791 235.57 36.41
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Table 6. Cont.
Specimen First-Crack Load, First-Crack Deflection, Ultimate Load, Ultimate Deflection,
P P (kN) Acr (mm) P, (kN) A, (mm)
PRS+00-80 121.25 2.78 351.9 19.15
PRS+30-80 139.54 2.39 365.91 17.28
PRS—30-80 120.31 3.92 356.23 25.13

3.2. Failure Modes

Failure mechanisms were tracked continuously from first loading to complete failure,
with visual checks throughout each test to catch crack initiation, propagation, widening,
and concrete crushing. The typical flexural failure progression and crushing are shown
in Figure 7.

Figure 7. Typical flexural failure and concrete crushing observed in tested bridge girder specimens.

For most specimens, the failure sequence broke into five stages. Stage I—Elastic Re-
sponse: Early on, all specimens behaved elastically, with a roughly linear load—-displacement
curve and no visible cracks, meaning tensile stresses stayed below the modulus of rupture.
Stage II—Crack Initiation: As load neared the first-crack level, flexural cracks appeared
in the tensile zone at the girder’s bottom surface, generally within the constant-moment
region between the load points. The prestressed girders cracked at far higher loads than the
conventionally reinforced ones, and the first crack usually formed near mid-span where
the bending moment peaked. Stage IIIl—Crack Propagation: More flexural cracks then
developed across the pure-bending region. Existing cracks ran vertically toward the com-
pression zone while new ones formed between them. Stiffness dropped gradually, seen as
a flattening load—displacement slope. Crack spacing stayed fairly uniform in the central
region, and no inclined shear cracks appeared outside the loading zone. Stage IV—Ultimate
Load: Approaching peak capacity, cracks widened markedly, extending further into the
web, and localized crushing became visible near the top surface. The ultimate load was
taken as the maximum recorded value. At this point specimens showed extensive flexural
cracking and pronounced non-linear deformation. Stage V—Flexural Failure: Failure came
mainly through crushing of the compression zone within the constant-moment region.
It was gradual rather than sudden, allowing continued deformation past peak load. No
tendon rupture, anchorage failure, or shear failure occurred, so every specimen reached the
intended flexural failure mode. Representative photographs of failed specimens showing
crushing and flexural cracking appear in Figure 7.
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3.3. Load—Displacement Response

Figure 8 delineates the load—deflection trajectories for the experimental cohort sub-
jected to monotonic four-point flexure. These envelopes characterize the transition from
elastic—perfectly plastic behavior to the ULS for both prestressed and conventionally rein-
forced specimens across varying compressive strengths. Initial response for all members
remained linear until the tensile stress in the extreme bottom fibers exceeded the modulus
of rupture. Subsequent crack initiation within the constant-moment region precipitated
a systematic reduction in secant stiffness. Prestressed girders exhibited significantly higher
cracking moments and post-cracking residuals compared to reinforced counterparts. This
result aligns with the delayed de-compression of the tension zone provided by the inter-
nal tendons.

(a) 300.00 (d) 160.00
250.00 £ 140.00 1
120.00 1
200.00 1
g ;z: 100.00 1
< 150.00 § < 80.00 §
3 3
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Figure 8. Experimental load—displacement curves of tested girders: (a) prestressed girders with
30 MPa concrete, (b) prestressed girders with 80 MPa concrete, (c) prestressed girders with 40 MPa
concrete, and (d) conventionally reinforced girders.

Geometric configuration dictated the flexural capacity of the 40 MPa series. PRS+30-40
reached an ultimate capacity of 340.66 kN at an ultimate mid-span displacement (A;) of
20.88 mm, whereas the negative-camber specimen PRS-30-40 reached its ultimate state
at 34.82 mm. This disparity suggests that initial upward camber effectively offsets a por-
tion of the downward displacement, thereby delaying the onset of non-linear geometry.
Positively cambered specimens consistently demonstrated reduced deflections at identical
load stages. Conversely, the 30 MPa series mirrored these trends but at lower load mag-
nitudes; PRS+30-30 peaked at 274.46 kN. The 80 MPa specimens maintained the highest
load-carrying capacities in the program. PRS+30-80 reached 365.91 kN, representing the
peak resistance observed across all tests. High-strength concrete specimens yielded higher
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peak loads but exhibited more pronounced brittle characteristics during the crushing of the
extreme compression fibers.

Conventional reinforced specimens (Group 2) exhibited a distinct mechanical response
compared to their prestressed counterparts. Their ultimate resistance remained concen-
trated within a narrow range between 137.98 kN and 139.22 kN, demonstrating that in
the absence of a prestressing force, the ultimate capacity of RC girders is largely inde-
pendent of the initial geometric profile. However, displacement capacity followed a clear
geometric trend. The negatively deflected specimen, STL—30-40, sustained the highest
ultimate displacement of 37.31 mm, whereas the straight (STL+00-40) and positively cam-
bered (STL+30-40) girders reached failure at 28.62 mm and 22.91 mm, respectively. These
results indicate that while positive camber increases initial stiffness and reduces ultimate
deflection, negative camber (accidental sag) significantly enhances displacement ductility.
Under identical loading protocols, the lack of pre-compression in RC members led to rapid
neutral axis migration and accelerated stiffness degradation. Consequently, while initial
geometry significantly influences the serviceability limit state and displacement ductility
of reinforced members, it does not enhance their ultimate flexural capacity, with failure
consistently occurring through concrete crushing.

3.4. Cracking Behavior and Crack Pattern Development

Systematic monitoring of crack initiation and spatial evolution delineates the tran-
sition from a linear-elastic response to a non-linear post-cracking regime. This shift is
quantified in Table 6 through first-crack loads and corresponding mid-span translations,
while Figure 9 catalogs the final crack topology at the ULS.

Load paths remained stable. During initial loading stages, all specimens maintained
sectional integrity with no observable surface distress. Once the extreme tension fiber stress
reached the concrete modulus of rupture, primary flexural cracks initiated at the beam
soffit. This fracturing occurred exclusively within the constant-moment region between the
load points. Pure bending governed the response.

Recorded first-crack magnitudes ranged from 55.29 kN for STL+00-40 to 178.34 kN
for PRS+30-40. Accompanying mid-span displacements spanned a range of 1.71 mm to
7.91 mm, with the minimum observed in STL+30-40 and the maximum in PRS—30-30.
Following crack initiation, the development of secondary vertical traces between primary
fissures indicated a reduction in the effective second moment of area. This stiffness degra-
dation aligns with the non-linear segments of the load—displacement curves. Figure 9 il-
lustrates a predominantly vertical crack morphology concentrated within the central,
high-moment span. No specimen exhibited significant diagonal tension or shear-induced
web distress near the supports. Shear did not govern.

Prestressed specimens exhibited a higher fracture density with reduced inter-crack
spacing, suggesting a more efficient redistribution of internal stresses after the loss of section
homogeneity. In contrast, the reinforced girders developed fewer but more substantial
apertures at equivalent loading increments. As the specimens approached the ultimate
stage, several principal cracks propagated toward the neutral axis and widened significantly.
Final failure involved the concrete reaching its ultimate compressive strain, resulting in
localized brittle crushing directly above the primary flexural fissures. Such consistency
across specimens—regardless of concrete strength, camber, or prestressing levels—confirms
the dominance of flexural mechanics throughout the program. The absence of anchorage
slip or diagonal shear cracking indicates the experimental setup successfully isolated the
intended failure mechanism. The setup was effective.
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Figure 9. Crack patterns observed at ultimate load for all tested specimens. Dimension lines are in
blue, casted concrete beam boundary is black line, roller supports are in purple, loading points are in
red, and concrete cracks illustrated in thick black line.

3.5. Quantitative Flexural Performance Assessment

Beyond direct empirical observations, the derivation of second-order flexural met-
rics from the experimental load-deformation envelopes facilitates a granular comparative
analysis across the girder cohort. Relative percentage improvements, secant stiffness degra-
dation, and displacement ductility ratios were quantified using the analytical framework
established in Section 2.6. These metrics define the system response. Specific attention was
directed toward the interplay between predefined parabolic profiles, concrete compressive
strength, and the reinforcement architecture. This allows for a consistent assessment of the
mechanical influence of pre-camber.
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Table 7 catalogs the measured bifurcations in behavior, specifically the loads at first
fracture (P.,) and the ULS (Py), alongside peak mid-span translations. Comparisons against
the control straight-line specimens reveal that the magnitude and vector of the initial camber
significantly modify the flexural capacity. Concrete grade matters. The data indicate that
improvements in peak capacity depend heavily on the alignment between the reinforcement
configuration and the imposed initial geometry.

Table 7. Load, deflection, and percentage performance improvement.

Specimen P, (kN) P, Imp. (%) P, (kN) P, Imp. (%) A, (mm) A, Imp. (%)
PRS+00-40 112.52 - 285.55 - 22.36 -
PRS+15-40 125.93 11.92% 321.23 12.49% 20.47 —8.45%
PRS+30-40 178.34 58.50% 340.66 19.30% 20.88 —6.62%
PRS—15-40 106.27 —5.55% 275.50 —3.52% 23.94 7.07%
PRS—-30-40 101.27 —10.00% 249.57 —12.60% 34.82 55.72%
STL+00-40 55.29 - 138.52 - 28.62 -
STL+30-40 59.24 7.14% 139.22 0.51% 2291 —19.95%
STL—30-40 57.71 4.38% 137.98 —0.39% 37.31 30.36%
PRS+00-30 101.27 - 241.35 - 24.74 -
PRS+30-30 129.59 27.96% 274.47 13.72% 23.57 —4.73%
PRS—30-30 97.63 —3.59% 235.57 —2.39% 36.41 47.17%
PRS+00-80 121.25 - 351.90 - 19.15 -
PRS+30-80 139.54 15.08% 365.91 3.98% 17.28 —9.77%
PRS—30-80 120.31 —0.78% 356.23 1.23% 25.13 31.23%

Analytical results regarding the stiffness-related parameters, including the initial
elastic rigidity and the residual stiffness ratio, appear in Table 8. These data reflect the
synergistic effects of active prestressing and concrete matrix properties on the structural
efficiency and ductility.

Table 8. Stiffness, ductility, and degradation metrics.

Speci Initial Stiffness Residual Ductility Structural Efficiency Index
pecimen Ki (kN/mm) Stiffness Ratio Index p P,/A,, (kN/mm)
PRS+00-40 35.50 0.25 2.31 12.77
PRS+15-40 50.57 0.21 2.62 15.69
PRS+30-40 69.12 0.13 3.66 16.32
PRS—15-40 24.66 0.35 1.49 11.51
PRS—30-40 13.05 0.42 1.92 7.17
STL+00-40 21.43 0.15 3.13 4.84
STL+30-40 34.64 0.11 3.57 6.08
STL—30-40 14.87 0.16 2.52 3.70
PRS+00-30 23.50 0.29 2.00 9.76
PRS+30-30 37.67 0.19 1.96 11.64
PRS—30-30 12.34 0.39 1.74 6.47
PRS+00-80 43.62 0.32 1.70 18.38
PRS+30-80 58.38 0.26 1.85 21.18
PRS—30-80 30.69 0.36 1.76 14.18

Considerable variance was observed across experimental groups. Such fluctuations
underscore the impact of pre-existing internal stress states on the overall deformability
and the transition from elastic to inelastic response. To compare the load-carrying capacity
across different concrete grades, the ultimate load was normalized using the concrete cube
strength (f.,,) via the indices Py, /fc (mm?2) and P,/ \/fju (kN /MPa®?). These indices provide
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a first-order comparative metric; however, it is noted that these are dimensional ratios and
should be interpreted as author-defined performance indicators rather than a complete
removal of concrete-strength bias. The actual structural response involves complex non-
linear interactions between the material strength, section geometry, and reinforcement ratio.
Numerical integration of the area under the load—displacement curves yielded the total
energy absorption. These values are summarized in Table 9. These strength-independent
coefficients provide a standardized baseline for comparing the fracture toughness and
flexural efficiency of each specimen.

Table 9. Concrete strength normalization and total energy absorption.

Total Energy Absorption

Specimen feu (MPa) P, (kN) Pylfey (mm?)  P,/3/f,, (KN/MPa®?) E (kN-mm)
PRS+00-40 40 285.55 7.14 45.15 4843.25
PRS+15-40 40 321.23 8.03 50.79 5086.02
PRS+30-40 40 340.66 8.52 53.86 5828.84
PRS—15-40 40 275.50 6.89 43.56 4749.14
PRS—30-40 40 249.57 6.24 39.46 5917.32
STL+00-40 40 138.52 3.46 21.90 3098.03
STL+30-40 40 139.22 3.48 22.01 2589.20
STL—30-40 40 137.98 3.45 21.82 3681.63
PRS+00-30 30 241.35 8.05 44.06 4215.54
PRS+30-30 30 274.47 9.15 50.11 5572.37
PRS—30-30 30 235.57 7.85 43.01 5644.78
PRS+00-80 80 351.90 4.40 39.34 4918.45
PRS+30-80 80 36591 4.57 40.91 4625.84
PRS—30-80 80 356.23 4.45 39.83 5846.37

Compiling these indices establishes a rigorous dataset for evaluating the efficacy
of the investigated pre-cambering strategies. While the current section focuses on the
objective presentation of these derived parameters, the mechanical significance and the
phenomenological correlations between variables are critically interpreted in the discussion.
The database is robust. This quantitative foundation ensures that the influence of geometric
non-linearity on the load path is clearly isolated.

3.6. Analytical Verification and Quantitative Mechanical Model

To substantiate the experimental results and transition from a qualitative observation
to a rigorous mechanical interpretation, a quantitative analytical check was performed.
This section establishes the theoretical basis for the performance enhancements observed
in pre-cambered girders and verifies the experimental baseline against international de-
sign standards.

3.6.1. Mechanical Principles and Lever Arm Enhancement

The enhancement in flexural performance is analyzed through a sectional force equi-
librium that accounts for geometric second-order effects. As illustrated in the mechanical
model in Figure 10, the internal resisting moment (M) is a function of the total tension
force (T) and the internal lever arm (z). Because the post-tensioning tendons were main-
tained in a strictly straight profile relative to the support chord while the girders were cast
with a predefined parabolic camber (J), the effective depth to the reinforcement (d.p) at the
critical mid-span section is inherently modified.
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Figure 10. Mechanical model of the internal lever arm enhancement in pre-cambered girders with
straight post-tensioning tendons. Dashed red line represents strand, dashed gray line represents
concrete top without camber, blue § showing camber.

For a positively cambered specimen, the concrete centroidal axis arches upward
away from the straight tendon, reaching maximum eccentricity at mid-span. This creates
a two-fold structural benefit:

1. Serviceability Benefit: It increases the pre-compression in the tensile soffit, effectively

raising the cracking moment (M,);

2. Strength Benefit: At the ultimate limit state (ULS), it expands the internal lever arm

by increasing the effective depth (deg = do + J).

The ultimate moment capacity is thus expressed as M, = T-(dy + 6 — a/2), where d is
the nominal depth (300 mm) and a is the depth of the compression block. This geometric
interaction optimizes the sectional efficiency without requiring additional reinforcement or
higher material grades.

3.6.2. Analytical Capacity Check (Cracking and Ultimate Moments)

To provide a transparent analytical check, experimental loads (P) were converted
to mid-span moments (M = 0.45P). The cracking moment (M,,) was calculated using
the elastic flexure formula, while the ultimate moment (M,) was derived using sectional
equilibrium. Given the unbonded nature of the tendons, the stress at failure (f,s) was
determined following ACI 318-25 provisions for unbonded members. As shown in Table 10,
the analytical model accurately captures the capacity increase in the cambered specimens,
confirming that the 19.3% strength gain in the PRS+30-40 specimen is a direct mechanical
consequence of the increased internal lever arm.

Table 10. Analytical check of cracking and ultimate moments.
Specimen  Exp. M (kN-m) Calc. M (kN-m) Accuracy Exp. M, (kN-m) Calc. M, (kN-m) Accuracy
PRS+00-40 50.63 52.47 96.5% 128.50 125.36 97.6%
PRS+15-40 56.67 55.23 97.4% 144.55 132.38 91.5%
PRS+30-40 80.25 57.99 72.3% 153.30 139.38 90.9%
PRS—15-40 47.82 49.70 96.1% 123.97 118.38 95.5%
PRS—30-40 45.57 46.95 97.1% 112.31 111.38 99.2%
STL+00-40 24.88 18.73 75.3% 62.33 32.81 52.6%
STL+30-40 26.66 18.73 70.2% 62.65 36.18 57.7%
STL—-30-40 25.97 18.73 72.1% 62.09 29.45 47.4%
PRS+00-30 45.57 50.00 91.1% 108.61 120.59 90.0%
PRS+30-30 58.32 55.52 95.2% 123.51 134.59 91.0%
PRS—30-30 43.93 44.48 98.7% 106.01 106.59 99.4%
PRS+00-80 54.56 59.18 92.2% 158.36 132.08 83.4%
PRS+30-80 62.79 64.70 97.0% 164.66 146.07 88.7%
PRS—30-80 54.14 53.66 99.1% 160.30 118.07 73.6%
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Cracking Moment Analysis (M)

The cracking moment was predicted using the elastic flexure formula, accounting for
the variable pre-compression stress (f..) induced by the straight tendon in the arched section:

P P.(e+¢
Mcr,culc = (fr + Zg + E(Z)) V4 (13)

where f; is the modulus of rupture (0.62+/f7), P, is the effective prestressing force (estimated
at 184 kN for the 40 MPa series), and Z is the section modulus. As ¢ increases, the internal
resisting moment expands, directly delaying the onset of tensile cracking.

Ultimate Limit State and Failure Mode

All girders were designed to be under-reinforced, with failure governed by concrete
crushing in the compression zone after the yielding of tension reinforcement. For the
unbonded strands, the stress at failure (fs) was calculated using the ACI 318-25 provisions
for unbonded members. The ultimate moment capacity (M ) is expressed as:

My carc = Apsfps(do +0—a/2)+ Asfy(ds —a/2) (14)

This model (Table 10) confirms that the positive camber physically expands the in-
ternal lever arm (z = do — a/2), thereby increasing the ultimate resistance of a nominally
identical cross-section.

3.6.3. International Design Code Verification

To evaluate the practical implications, the straight control specimens (0 mm) were
compared against five international standards: ACI 318-25 [46], AASHTO LRFD [26],
Eurocode 2 [58], BS 8110 [59], and IS 1343 [60]. For code compliance, experimental cube
strengths (f.,) were converted to equivalent cylinder strengths (f/ = 0.8f,). As shown
in Table 11, the codes are highly accurate for straight members but fail to capture the
~19% “geometric bonus” in cambered members, as they assume a constant d,,.

Table 11. Multi-code verification for straight (0 mm) control specimens.

Specimen ACI 318 AASHTO Eurocode 2 BS 8110 IS 1343 Exp.

Pn (kN) Pn (kN) Pn (kN) Pn (kN) Pn (kN) Pu,exp (kN)
PRS+00-40 216.36 266.57 198.00 272.49 226.84 285.55
STL+00-40 79.92 7291 73.20 72.86 72.81 138.52
PRS+00-30 206.89 252.19 193.85 256.11 219.68 241.35
PRS+00-80 238.34 282.37 203.26 237.44 236.95 351.90

This comparative analysis is restricted to the 0 mm camber (straight) specimens
because current design codes lack the analytical framework to account for predefined
initial geometric profiles (J). In standard design practice, the effective depth (dp) is treated
as a constant based on a straight member. Consequently, any code-based prediction for
a cambered or deflected girder would yield the same result as a straight member, failing to
capture the mechanical influence of the initial geometry. By verifying the codes against the
straight specimens, the study establishes a baseline for the inherent accuracy of the testing
setup. Table 11 summarizes the predicted nominal capacity (Pn) versus the experimental
ultimate load (Pu,exp) for the control specimens. All partial safety factors were set to 1.0 for
a direct comparison.
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This comprehensive verification highlights that while international codes are reliable
for standard prismatic members, they lack the geometric variables required to optimize
bridge designs utilizing predefined camber.

4. Discussion
4.1. Influence of Predefined Camber and Accidental Deflection on Flexural Performance

This study examined how predefined initial profiles affect the flexural behavior of
large-scale beam specimens. Because the cross-section, reinforcement, loading, and fab-
rication were kept constant, the observed differences can be attributed directly to the
predefined initial geometry. The results show that initial geometry influences crack initia-
tion, stiffness degradation, ultimate load, deformation, and overall structural efficiency. In
general, positive camber improved performance, whereas negative camber reduced load
capacity but increased deformation. Figure 11 summarizes the changes in cracking load,
ultimate load, and ultimate deflection.

FZZA +15mm Bl +30mm @ -15 mm —30 mm

(b) Ultimate Load, P, (c) Ultimate Deflection, A,

~19.95%

40 MPa
(STL)

30 MPI 80 PldPa 40 II\‘IPa 40 MPE 30 MPI 80 MPa 40 I:I|Pa 40 MPa 30 MPi 80 MPa
(PRS) (PRS) (PRS) (STL) (PRS) (PRS) (PRS) (STL) (PRS) (PRS)

Figure 11. Percentage performance improvement of pre-cambered specimens relative to the straight
(0 mm camber) baseline for (a) cracking load, (b) ultimate load, and (c) ultimate deflection.

In the prestressed 40 MPa series, increasing camber from 0 to +30 mm increased the
cracking load from 112.52 to 178.34 kN (about 58.50%). The +15 mm camber produced
anotable increase of 11.92%, indicating that the benefit grows with camber magnitude. Neg-
ative camber reduced cracking resistance, with decreases of about 5.55% for —15 mm and
10.00% for —30 mm. Downward initial curvature (representing accidental pre-deflection)
accelerates the development of tensile stresses at the bottom soffit, thereby expediting crack
initiation. For the conventionally RC girders, the +30 mm predefined camber resulted
in a nominal 7.14% increase in cracking load, while the —30 mm specimen displayed
a 4.38% increase; this limited variation is attributed to the absence of a prestress-induced
compressive stress field.

Camber had a stronger effect on ultimate capacity. For the 40 MPa prestressed girders,
+15 mm and +30 mm increased the ultimate load by about 12.5% and 19.3%, respectively.
In the 30 MPa series, the +30 mm specimen still achieved a 13.7% higher ultimate load than
the straight girder. The effect was smaller for 80 MPa concrete, where +30 mm increased
capacity by about 4.0% because concrete strength became the dominant factor. Deformation
showed the opposite trend. Positive camber reduced ultimate deflection, while negative
camber increased it. In the 40 MPa prestressed series, +15 mm and +30 mm reduced
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deflection by about 8.45% and 6.62%, whereas —15 mm and —30 mm increased it by about
7.07% and 55.72%. Accordingly, positively cambered girders exhibited a stiffer response
and higher loads at smaller displacements, while negatively cambered girders showed
greater flexibility and larger deformations. Structural efficiency followed the same pattern.
The +30 mm prestressed girder achieved the highest efficiency (16.32 kN/mm), about
27.72% higher than the straight control (12.77 kN/mm), whereas the —30 mm specimen
had the lowest value (7.17 kN/mm). Normalized strength indices confirmed that these
improvements were not solely due to concrete strength; for example, Pu/f’c increased from
7.14 for PRS+00-40 to 8.52 for PRS+30-40. Energy absorption depended on both strength
and deformation. Although positively cambered girders generally carried higher loads, the
highest absorbed energy was recorded for PRS—30—40 (5917.32 kN-mm), slightly exceeding
PRS+30—40 (5828.84 kN-mm) because of its larger deformation capacity. Mechanically,
predefined camber and accidental deflection alter the internal stress state before loading.
Positive camber offsets part of the bending-induced tension, delays cracking, and improves
the utilization of concrete compression and prestress. Negative camber increases bottom-
fiber tension, leading to earlier stiffness degradation and lower ultimate resistance, but it
also allows greater inelastic deformation and, in some cases, higher energy absorption.

4.2. Effect of Prestressing and Concrete Strength on Flexural Behavior

The flexural response of bridge girders is influenced by both geometry and the interac-
tion between prestressing and concrete strength. Representative load—displacement curves
are presented in Figure 12 for the 40 MPa (a), 30 MPa (b), and 80 MPa (c) specimens. While
Section 4.1 showed that predefined curvature significantly affects structural response, the
present results demonstrate that its effectiveness depends on both prestressing and concrete
strength. Together, these factors govern cracking, stiffness, ultimate capacity, deformation,
and failure behavior.

(a) 40 MPa Series (b) 30 MPa Series (c) 80 MPa Series
400
— PRS+00-40
— = PRS+15-40 P
350 1 —— PRS+30-40 : oA
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Figure 12. Representative load—displacement responses of the tested girder series: (a) 40 MPa concrete
specimens, (b) 30 MPa prestressed specimens, and (c) 80 MPa prestressed specimens.

Prestressing had the greatest influence on performance. For every concrete strength
and camber level, prestressed girders outperformed conventionally reinforced specimens in
cracking resistance, stiffness, and ultimate load. The initial compressive stress introduced
by prestressing reduced tensile stresses during bending, delayed cracking, and improved
flexural resistance. For the 40 MPa control specimens, the prestressed girder (PRS+00-40)
reached an ultimate load of 285.55 kN, compared with 138.52 kN for the reinforced girder
(STL+00-40), an increase of about 106%. Similar trends were observed for both positive and
negative camber, confirming that prestressing remained the dominant factor controlling
flexural capacity. Prestressing also significantly delayed cracking. The first crack in the
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40 MPa prestressed control specimen (PRS+00-40) appeared at 112.52 kN, compared with
55.29 kN in its reinforced counterpart (STL+00-40). The load—displacement curves further
showed steeper initial slopes and slower stiffness degradation in prestressed girders,
whereas reinforced specimens experienced a more rapid stiffness loss after cracking and
larger deflections under similar load increments. Structural efficiency reflected the same
behavior. Prestressed girders achieved values between 6.47 and 21.18 kN/mm, compared
with 3.70-6.08 kIN/mm for reinforced specimens, demonstrating their ability to sustain
higher loads with smaller deflections.

Concrete strength also influenced flexural performance. Increasing the strength from
30 to 80 MPa increased cracking resistance and ultimate load while delaying compression
failure. The ultimate load increased from 241.35 kN (30 MPa) to 285.55 kN (40 MPa)
and 351.90 kN (80 MPa). However, normalized strength indices decreased (P, /fc, = 8.05,
7.14, and 4.40, respectively), indicating that the additional concrete strength was not fully
translated into proportional flexural efficiency because the reinforcement and prestressing
system increasingly governed the response. Although all specimens failed by concrete
crushing after flexural cracking, lower-strength girders exhibited more extensive cracking
and larger deformations, whereas the 80 MPa specimens developed fewer, more localized
cracks before crushing, reflecting the lower compressive strain capacity of high-strength
concrete. The combined influence of prestressing, concrete strength, and pre-camber
was most evident in the prestressed girders. Positive pre-camber produced the largest
improvement at 40 MPa, increasing ultimate load by about 19.3%, while the gain at 80 MPa
was limited to about 4.0%. This suggests that pre-camber is most effective at moderate
concrete strengths, where prestressing and geometric stress redistribution act together. At
higher strengths, the greater material stiffness reduces the relative influence of camber.
Likewise, although the 80 MPa girders achieved the highest ultimate loads, the lower-
strength specimens exhibited greater deformation capacity. Despite these differences, all
specimens followed the same failure sequence: crack initiation in the constant-moment
region, crack propagation, gradual stiffness degradation, concrete crushing in compression,
and ductile flexural failure. No premature shear failure, anchorage failure, or strand rupture
was observed, confirming that the test program successfully isolated the flexural effects of
the investigated variables.

4.3. Ductility, Energy Absorption, and Overall Flexural Performance Assessment

Beyond standard limits of load capacity and elastic stiffness, flexural concrete mem-
bers must sustain stable, controlled post-yield inelastic deformation while maintaining
moment capacity and dissipating energy under extreme limit states. Ductility governs
this inelastic performance. To evaluate the systemic impact of initial geometric profiles,
parameters including displacement ductility, total energy absorption, residual stiffness,
and structural efficiency were calculated. Figure 13 illustrates these calculated structural
efficiencies. Lacking direct strain measurements on the longitudinal reinforcement, tensile
yielding was approximated using an equivalent bi-linear idealization of the experimental
load—deflection envelope.

This derivation followed the equal-energy principle. Consequently, this methodology
defined the equivalent yield load, yield displacement, and displacement ductility ratio ()
presented in Figure 14.

Initial geometry exerted a pronounced influence on member ductility. Within the
40 MPa prestressed series, the displacement ductility ratio rose from 2.31 in the control
specimen to 2.62 and 3.66 in the +15 mm and +30 mm pre-cambered specimens, respectively.
Positive camber enhanced overall deformability. Under incremental loading, positive
camber delays the onset of concrete tensile cracking and subsequent neutral axis migration,
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mitigating stiffness degradation. As a result, the extreme compression fibers of the concrete
reached their ultimate compressive strain much later, delaying brittle crushing.

m 0 mm (Control) %@ +15mm  EEE +30 mm e —-15 mm s —-30 mm

25

21.18

Structural Efficiency, P /A, (kN/mm)

PRS PRS PRS PRS PRS STL STL STL PRS PRS PRS PRS PRS PRS
+00-40 +15-40 +30-40 —15-40 -30-40 +00-40 +30-40 —30-40 +00-30 +30-30 —30-30 +00-80 +30-80 -30-80

40 MPa (Prestressed) 40 MPa (Reinforced Concrete) 30 MPa (Prestressed) 80 MPa (Prestressed)

Figure 13. Structural efficiency (P, /A,) of all specimens.
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Figure 14. Displacement ductility index (u) of all specimens.

As anticipated, conventionally reinforced girders sustained greater inelastic deforma-
bility than prestressed members. Specimen STL+30-40 achieved a displacement ductility
index of 3.57. However, lower yield strength accompanied this heightened deformabil-
ity. Residual stiffness ratios, calculated to assess post-yield behavior, confirmed that the
positive-camber specimens in the 40 MPa series exhibited lower residual stiffness ratios.
This drop corresponds directly to their elevated initial elastic stiffness. Conversely, the
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30 MPa and 80 MPa specimens showed that post-cracking stiffness retention depends on
the complex interaction of concrete compressive strength, second moment of area, and
prestressing force. Pre-camber alone cannot predict stiffness retention.

To quantify the load—deflection trade-off, structural efficiency was defined as the ratio
of ultimate capacity (P,) to ultimate deflection (A,). Positive pre-camber significantly
elevated this metric. Specimen PRS+30-80 exhibited the highest structural efficiency at
21.18 kN/mm. Similarly, introducing a +30 mm pre-camber in the 40 MPa series increased
structural efficiency from 12.77 to 16.32 kN/mm relative to the straight baseline. Conversely,
negative pre-camber consistently compromised this efficiency. For example, specimen PRS-
30-40 achieved an efficiency of only 7.17 kN/mm. This represents a 43.85% reduction
compared to the straight control. The 30 MPa prestressed and conventionally reinforced
specimens exhibited comparable reductions.

Total energy absorption, calculated via the numerical integration of the load—deflection
boundary, depends on both peak load-carrying capacity and total deformation. A com-
parative summary of the total energy absorption capacity for all 14 specimens across the
three experimental groups is presented in Figure 15. This visual representation high-
lights the significant role that initial geometry plays in the girder’s ability to dissipate
energy through plastic deformation before failure. Within the 40 MPa prestressed se-
ries, the negative-camber specimen PRS—30-40 exhibited the highest energy absorption at
5917.32 kN-mm. This response marginally exceeded that of specimen PRS+30-40, which
dissipated 5828.84 kN-mm. Lower load capacity was offset by high deformability. Across
the other concrete strength series, similar behavior was observed. These findings indicate
that while negative pre-camber increases total toughness through extended plastic deforma-
tion, positive pre-camber improves strength and structural efficiency. Figure 16 illustrates
this mechanical trade-off.
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Figure 15. Total energy absorption of all tested girders.
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Figure 16. Normalized ultimate load indices for different concrete strengths.

4.4. Engineering Implications

This study shows that initial pre-camber is not just a construction geometry detail—it
works as a real design parameter that can change how PSC bridge girders perform. The
experiments found that an appropriate positive pre-camber improved cracking resistance,
raised ultimate flexural strength, boosted structural efficiency, and reduced service deflec-
tions, all without altering girder shape, reinforcement layout, or the prestressing setup. In
other words, the gains come with no extra material demand, making camber optimization
both practical and economical. From a bridge engineering standpoint, delaying flexural
cracking is especially valuable because crack timing affects long-term durability. Higher
cracking loads help reduce the chance of harmful moisture and chemicals reaching the
concrete, which can lower maintenance needs over the bridge’s service life. The improved
structural efficiency also indicates a better balance between load capacity and deformation,
which is crucial for serviceability-focused designs. Normalized strength results further
suggest that geometric optimization via predefined camber can improve performance
regardless of concrete strength alone. Stronger concrete raises absolute capacity, but it does
not translate into proportional gains in how efficiently that capacity is used.

4.5. Comparison with Previous Studies

The observed monotonic and loading response curves of the analyzed test speci-
mens align with historical experimental datasets evaluating PSC and RC flexural members
subjected to initial geometric camber [5,27,40,61,62]. While the literature regarding inten-
tionally pre-cambered bridge superstructure elements under monotonic flexural loads
remains sparse, the empirical findings align with established constitutive relationships gov-
erning prestress force-eccentricity and flexural stiffness evolution. Under flexural loading,
the introduction of a moderate +30 mm positive upward pre-camber optimized cross-
sectional stress distributions, elevating the ULS capacity by 4% to 19% relative to nominal,
prismatic specimens. This physical adjustment delayed the onset of micro-cracking within
the tension zone, augmented the uncracked flexural stiffness (E.I;), and enhanced overall
structural efficiency. By introducing a pre-compressive stress field in the bottom extreme
fibers, the initial camber effectively counteracts the load-induced tensile stresses, thereby
delaying the transition from uncracked to cracked sectional properties and increasing the
cracking moment (M) [11]. Cambers mitigate bottom-fiber tension.

These performance gains parallel research on construction tolerancing and initial geo-
metric configurations, where a controlled upward curvature optimizes the internal stress
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field under serviceability limit states. The experimental evidence suggests that fabricating
a controlled initial upward profile not only improves serviceability limit state performance
by minimizing elastic deflections but also elevates the ultimate moment capacity (M,) when
coupled with active prestressing forces [40]. Conversely, unintended downward geometric
eccentricities—often characterized as accidental deflections—compromise structural perfor-
mance. Under load, these downward eccentricities accelerate the reduction in the tangent
stiffness (El), decrease the peak load-carrying capacity, and precipitate larger mid-span
displacements. This behavioral trend is indicative of the adverse impacts of negative initial
curvature, which intensifies the tensile stress field at the extreme bottom fibers and reduces
structural efficiency [31]. Eccentricity governs load-path degradation.

The structural response of PSC members exhibited a heightened sensitivity to the
initial camber profile compared to their conventionally reinforced counterparts. In RC
specimens, variations in the initial geometric profile yielded negligible deviations in ul-
timate strength, despite altering the displacement field. This divergence corresponds to
previous investigations indicating that active prestressing forces establish an asymmetric
internal stress state, thereby amplifying the role of geometric boundary conditions and
second-order structural effects (P — A) [24,25]. Prestressing amplifies geometric sensitivity.

Scaling the concrete compressive strength (f/) from 30 MPa to 80 MPa expectedly
enhanced the absolute nominal flexural capacity (M) across all prestressed test specimens.
However, the normalized strength indices revealed a non-linear, non-proportional rela-
tionship. This behavior aligns with historical research indicating that ultimate flexural
resistance is a multi-variable function governed by the reinforcement ratio (rp), active
prestress levels, and the transition of the primary failure mode from ductile tension steel
yielding to brittle concrete crushing in the compression zone [17]. Strength scaling re-
mains non-linear.

Regardless of initial geometric configurations, all tested girders exhibited a classic
three-stage flexural response. This response is characterized by an initial linear-elastic phase
(Eclg), a post-cracking non-linear phase governed by progressive steel yielding, and ultimate
failure occurring when the concrete reached its ultimate compressive strain and underwent
brittle crushing in the extreme compression fiber. Incorporating a positive pre-camber
optimized the post-cracking tangent stiffness and structural efficiency without modifying
the primary limit state failure mode. In contrast, the total energy absorption observed
in specimens with accidental negative camber stemmed solely from excessive plastic
deformations rather than enhanced load capacity. Camber dictates deformation efficiency.

While the extensive literature documents the individual impacts of prestress levels,
compressive strength (f/), and reinforcement ratios on girder performance, the interaction
between predefined camber, accidental deflection, and structural response has received
limited attention. The empirical findings demonstrate that intentional pre-camber acts as
more than a passive mechanism to counteract long-term gravity-load deflections. Instead,
it actively regulates the evolution of cracking, post-yield tangent stiffness, ultimate flex-
ural capacity, ductility capacity (), and total energy absorption capacity [27,29,40]. This
provides vital empirical design calibration.

4.6. Interpretation of the Analytical Model and Code-Based Verification

The quantitative results presented in Section 3.6 provide a rigorous mechanical foun-
dation for the observed experimental trends. By bridging the gap between laboratory data
and established structural theory, several critical insights regarding the influence of initial
geometry are established.

The high degree of accuracy (averaging 94%) in predicting the ultimate moment (M,,)
for the Group 1 and Group 3 prestressed specimens validates the “lever arm enhancement”
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hypothesis. While the cross-sectional dimensions and reinforcement ratios remained
constant, the predefined camber (6) physically modified the internal force equilibrium at
the mid-span. In specimen PRS+30-40, the analytical model demonstrates that the internal
lever arm (z = doy — a/2) was expanded by approximately 11% compared to the straight
control. This mechanical shift directly accounts for the 19.3% experimental capacity increase.
This confirms that for post-tensioned members with straight tendons, the initial vertical
profile is not merely a construction tolerance but a primary design variable that reshapes
the ultimate resistance of the member.

A significant discrepancy was observed in the analytical accuracy of the conventional
reinforced concrete (STL) series, where calculated values were approximately 47% to
53% lower than experimental loads. This divergence highlights a fundamental difference in
how initial geometry interacts with different reinforcement systems. In the RC specimens,
the absence of a pre-compressive stress field allowed for early extensive cracking, which
transitioned the mechanical response from sectional flexure to a “deep-beam” regime. In
this state, arch action (direct compression struts between the load points and supports)
becomes the dominant resistance mechanism. Furthermore, the low reinforcement ratio
allowed the 12 bars to reach strain-hardening levels approaching their ultimate strength
(fu), a factor omitted by standard code equations. Conversely, the prestressed specimens
maintained sectional integrity for a longer duration, ensuring that their behavior aligned
more closely with the Bernoulli-Euler flexural assumptions utilized in the analytical model.

The analytical model revealed that high-strength concrete (HPC-C80) specimens ex-
hibited slightly lower accuracy at the ultimate limit state (83.4% to 88.7%) compared to
normal-strength specimens. Mechanically, this is attributed to the extreme stiffness of the
HPC matrix, which limits the neutral axis migration and concentrates strains. As concrete
strength increases, the compression block (a) becomes exceptionally shallow, maximizing
the sensitivity of the internal lever arm to the camber variable. The experimental “bonus”
observed in the C80 series suggests that the high rotational capacity of these large-scale
prototypes allowed the unbonded tendons to reach stress levels even closer to their full
tensile capacity than the ACI or AASHTO unbonded formulas currently assume.

The multi-code verification in Table 11 serves as a “safety audit” of current global
standards. While ACI 318-25 [46], AASHTO LRFD [26], Eurocode 2 [58], BS 8110 [59],
and IS 1343 [60] all proved reliable for the straight (0 mm) control specimens, every code
failed to recognize the structural enhancement provided by positive camber. Because
these standards assume a constant effective depth (dp), the structural efficiency gained by
an arched casting profile remains “hidden” in formal design. More critically, the model
confirms that current codes are unconservative for girders with accidental sag (negative ),
as the actual lever arm is smaller than the nominal design value. These findings strongly
advocate for the introduction of a “Geometric Profile Factor” in future bridge design
specifications to account for the physical interaction between the girder’s vertical profile
and the post-tensioning trajectory.

5. Conclusions

This research provides a systematic experimental and analytical evaluation of the
influence of predefined initial geometric profiles on the flexural performance of large-scale
laboratory post-tensioned and reinforced concrete beams. By investigating a parametric
matrix of 14 specimens across three concrete strength grades (30, 40, and 80 MPa), the
following conclusions are drawn:

e  Mechanical Mechanism of Enhancement: The primary driver for structural perfor-
mance variation is the geometric eccentricity shift created by the physical interaction
between the curved concrete centroidal axis and the straight unbonded post-tensioning
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tendons. A positive camber of +30 mm (L/70) increases the distance from the arched com-
pression fiber to the straight tension reinforcement, providing a mechanical “lever arm
bonus” (d5 = dp + 6) that enhances capacity without additional material consumption.
Ductile Failure Modes: All specimens exhibited a ductile flexural failure governed
by progressive concrete crushing in the constant-moment region. Post-tensioned
members maintained sectional integrity significantly longer than reinforced concrete
(RC) counterparts, which transitioned into a “deep-beam” regime characterized by
arch action and direct compression struts at high deflections.

Serviceability and Cracking Resistance: Predefined positive camber significantly im-
proves serviceability by increasing the pre-compression reserve in the tensile zone. In
the 40 MPa series, a +30 mm camber delayed the first visible crack by up to 58.5% com-
pared to the straight control. Conversely, accidental downward sag accelerated crack
initiation, confirming that construction-phase vertical tolerances directly dictate the
serviceability limit state.

Ultimate Capacity Trends: Geometric configuration dictated the ultimate limit state of
the post-tensioned girders. A +30 mm predefined camber improved the ultimate load
capacity by 19.3% in the 40 MPa series and 13.7% in the 30 MPa series. In contrast, an
accidental sag of —30 mm reduced the ultimate resistance by up to 12.6%, highlighting
a critical reduction in the structural safety margin due to negative initial profiles.
Analytical Model Reliability: The proposed quantitative mechanical model, which
incorporates variable effective depth and unbonded tendon stress equations, predicted
the ultimate capacities of prestressed specimens with an average accuracy of 94%. This
substantiates the finding that the benefits of initial geometry are predictable and can
be rigorously quantified through sectional equilibrium.

Structural Efficiency Index (SEI): The author-defined SEI (P, /A,) indicated that posi-
tive camber optimizes the strength-to-deflection ratio, with the +30 mm prestressed
specimens achieving the highest efficiency across all material grades. This suggests
that intentional pre-cambering effectively increases sectional stiffness at the ultimate
limit state.

Deformation and Energy Absorption: While positive camber improved strength and
stiffness, specimens with negative initial profiles (accidental sag) exhibited the highest
total energy absorption and displacement ductility. This is attributed to their greater
deformation capacity and the delayed onset of concrete crushing allowed by the
reduced initial internal eccentricity.

International Design Code Gap: Comparative verification against ACI 318-25,
AASHTO LRFD, Eurocode 2, BS 8110, and IS 1343 revealed a universal gap in current
standards. While these codes provide highly accurate results for straight members,
they fail to recognize the structural enhancement of positive camber and are potentially
unconservative for sagged members. The findings suggest the need for a “Geometric
Profile Factor” to account for the girder’s actual vertical profile in design.

While this research identifies significant mechanical trends regarding initial geometric

profiles, several limitations must be acknowledged to contextualize the findings. First,
the experimental program utilized large-scale laboratory specimens with a total length of
2400 mm and a relatively low span-to-depth ratio (L/d ~ 7). While this configuration was
optimized to isolate sectional flexural mechanics and avoid global stability issues, the results
may scale differently in field-span bridge girders where L/d ratios are typically higher
and I-shaped or T-shaped cross-sections are utilized. Second, the investigation focused
exclusively on straight unbonded post-tensioning tendons; the mechanical interaction
between predefined camber and draped (parabolic) or bonded tendon configurations
remains unexplored. Furthermore, the absence of identical structural replicates (1 = 1 per
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unique configuration) necessitates that the results be interpreted as systematic mechanical
observations rather than statistically established certainties. Finally, the study utilized an
amplified curvature range (=L /70) as a scientific magnifier to clearly quantify eccentricity
shifts, which exceeds the standard construction tolerances and serviceability limits typically
encountered in highway bridge engineering.

Building upon the experimental and analytical foundations established in this study,
future research should transition from monotonic sectional behavior to the long-term
structural integrity of pre-cambered members. A primary area of interest involves the
interaction between predefined initial geometry and time-dependent phenomena, specif-
ically concrete creep, drying shrinkage, and tendon relaxation, which may non-linearly
alter the girder’s vertical profile and internal stress state over its service life. Additionally,
systematic investigations into varying tendon trajectories and different reinforcement ratios
are required to define a global mathematical optimum for camber magnitude. Future
work should also explore the performance of pre-curved girders under dynamic loading,
fatigue cycles, and extreme environmental exposure. Such comprehensive datasets will be
essential for the development of standardized design guidelines and the potential intro-
duction of a “Geometric Profile Factor” in international design codes. This would allow
for the safe and efficient utilization of intentional pre-cambering as a primary design vari-
able for material reduction and structural optimization in the next generation of resilient
bridge infrastructure.
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