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ABSTRACT

ARTICLE HISTORY

To investigate the effect of openings on the flexural performance of large-section partially encased composite beams
(referred to as large-section PEC beams), static tests were conducted on five large-section PEC beams with different
configurations. The study focused on the influence of web openings in the primary and secondary beams on the flexural

performance, ductility, and failure modes of the specimens under four-point bending. The results indicate that under static

loading, all specimens exhibited good ductility, with strength-to-yield ratios ranging from 1.18 to 1.30, and retained some
strength reserves after reaching the yield load. Web openings slightly reduced the load-bearing capacity and sectional
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stiffness of the specimens. The strain in the main steel component and the concrete strain along the section height

approximately exhibited a linear distribution, conforming to the plane section assumption. A finite element model was
developed based on the test results. The load-deflection curves and stress contours matched well with the experimental
results, and the error between the simulated and experimental ultimate load-bearing capacities was within 10%. The flexural
load-bearing capacity calculated using the proposed method for large-section PEC beams with web openings showed minor
deviations from the experimental values, with minimal influence from size effects, confirming the safety and reliability of

the adopted formulas.

Copyright © 2026 by The Hong Kong Institute of Steel Construction. All rights reserved.
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1. Introduction

Steel-concrete composite beams represent a hybrid structural form that
integrates the high compressive capacity of concrete with the tensile strength
and ductility of steel materials [1-4]. These composite systems have seen broad
adoption in bridge engineering, industrial buildings, and various civil structures
due to their excellent stiffness, strong load-bearing ability, and limited
deformation under service loads [5—8]. A specific form of such systems, known
as partially encased composite (PEC) members, is produced by embedding shear
connectors into the flanges of steel profiles and casting concrete around them
[9]. During the prefabrication process, PEC components require only lateral
formwork, thereby simplifying the construction procedure. The concrete
confined within the flange regions significantly mitigates the likelihood of both
overall and local buckling, thus contributing to a higher structural capacity [10—
11]. When compared to traditional steel components, PEC beams display
marked improvements in fire resistance [12-13], as well as notable
enhancements in flexural and shear behavior [14—15], which has led to growing
interest in their application both in domestic and international contexts.

To date, extensive research has been carried out on the mechanical behavior
and practical applications of PEC beams. Nakamura et al. [16] demonstrated that,
compared with conventional I-section steel beams, the flexural and shear load-
bearing capacities of PEC beams are increased by factors of 2.08 and 2.98,
respectively. Through both experimental studies and numerical modeling, He et
al. [17-18] identified that PEC beams with corrugated steel webs possess
enhanced shear resistance and greater fracture modulus, and further introduced
a corresponding shear capacity calculation approach. Nardin et al. [19] focused
on how construction methods influence the flexural behavior of PEC beams,
concluding from experimental observations that bottom bolts contribute to an
increase in fracture modulus. In a study by Kindmann et al. [20], 12 PEC beams
featuring different cross-sectional configurations were subjected to bending tests,
which confirmed that concrete encased within flanges contributes positively to
both flexural stiffness and capacity. Furthermore, the adoption of advanced
concrete materials with improved tensile performance has led to notable
enhancements in the flexural behavior of steel-concrete composite beams [21—
23]. Hao et al. [24] performed shear tests on PEC-UHPC composite beams,
revealing their exceptional performance in resisting shear forces.

Compared to traditional steel beams, PEC beams exhibit improved load-
bearing capacity and ductility. However, the concrete poured into the web
increases the component's weight and cost, and the segmented casting process
required for PEC beams reduces construction efficiency. To address these issues,
it is common practice to introduce web openings in the steel web. These

openings serve multiple engineering purposes: they reduce structural self-weight,
facilitate the passage of mechanical, electrical, and plumbing (MEP) systems
through the beam, and eliminate the need for flipping the beam for casting—
thus enabling one-sided formwork and continuous concrete pouring, which
significantly improves constructability and efficiency. Compared to traditional
PEC beams, PEC beams with web openings enhance material utilization and
simplify construction. Recent studies have begun to explore this configuration.
Zhao et al. [25], for instance, proposed two new types of honeycomb PEC beams
and investigated the effects of web openings, compressed steel flanges, and
filled concrete on the mechanical performance of beams.

However, their study was limited to small-span specimens with relatively
modest cross-sectional dimensions. In practical applications, large-section PEC
beams are often needed to satisfy increasing span and load requirements that
exceed the capacity of conventional PEC configurations. These large-section
beams also benefit from web perforations, which help reduce self-weight and
support single-pass, one-sided casting without flipping, thereby improving
production efficiency. In this study, experimental and finite element
investigations were conducted on large-section PEC beams with various forms
and sizes of process openings in the web. The failure modes, load-bearing
capacity, main steel strain, component deformation, and ductility were analyzed
to examine the influence of web openings on the flexural performance of large-
section PEC beams. A calculation method for the flexural load-bearing capacity
of large-section PEC beams was also proposed.

2. Experimental program
2.1. Specimen design

The specimens were developed in accordance with the Technical
Specification for Partially Encased Steel-Concrete Composite Structures
(T/CECS 719—2020) [26], and were labeled as PECBI (primary beam), PECB2
(secondary beam), PECB3 (primary beam with web openings type 1), PECB4
(secondary beam with web openings), and PECB5 (primary beam with web
openings type 2). All tested beams feature cross-sectional heights greater than
600 mm, thus qualifying as large-section PEC beams. The main steel members
were fabricated using Q355-B steel, while HRB400 steel was utilized for both
tie rods and anti-crack reinforcement. C30-grade concrete was applied in the
web regions. The designed span length /, was 10,800 mm for PECB1, PECB3,
and PECBS, and 7,200 mm for PECB2 and PECBA4. Fig. 1 provides the detailed
structural layout of each specimen.
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Fig. 1 Schematic diagram of PEC beams
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Table 1

Basic parameters of specimen design

Calculated length /o Height Width Flange thickness ¢/ Web thickness Steel ratio . .
Number ‘Web opening ratio / %
/mm ha/ mm b/ mm mm tw/ mm /%
PECBI1 10800 900 400 22 18 8.63 -
PECB2 7200 600 300 18 12 9.04 -
PECB3 10800 900 400 22 18 8.63 15.36
PECB4 7200 600 300 18 12 9.04 17.98
PECBS 10800 900 400 22 18 8.63 14.56
The key geometric and material parameters are summarized in Table 1. In materials with different thicknesses are listed in Table 2.

specimen PECB3, web openings included five unfilled holes at midspan with a

diameter of 400 mm, quarter-span holes of 350 mm, and additional openings of Table 2

175 mm. For PECB4, midspan openings measured 300 mm in diameter (with Material properties of steel

two left unfilled), quarter-span openings were 200 mm, and the remaining were

140 mm. In contrast, PECBS5 adopted a midspan opening diameter of 350 mm Number #/mm f/MPa JwMPa E/MPa

and 175 mm for the others, with all web perforations fully filled with concrete 1 12 408.13 52431 231378

to accc?mplodate the castlpg progess. The spacing of tie rods'was arranged at200 ) 18 360,81 48879 223478

mm within the pure bending region and reduced to 150 mm in the bending-shear

transition zone. The steel ratio for the section was computed exclusively based 3 22 408.49 499.13 215244

on the cross-sectional area of structural steel components.
2.2. Material properties

The material property tests for the concrete were conducted in the Building
Materials Laboratory at Tongji University, following the national standard
testing method "Standard for Test Methods of Physical and Mechanical
Properties of Concrete" (GB/T50081-2019)[27]. Under the same curing
conditions, the compressive strength of the concrete cube is 31.1 MPa. The
material properties of the steel were determined according to the "Tensile test
method for metal materials at room temperature " (GB/T 228.1-2010) [28].
Standard tensile tests were performed using the universal testing machine in the
Structural Engineering Laboratory at Tongji University, with the loading
apparatus shown in Fig. 3. All steel plates used for the specimens were taken
from the same batch of steel and were cut into proportional samples for testing.
The yield strength f;, ultimate strength f, and elastic modulus E of the steel

(a) Loading device of PECB1, PECB3 and PECB5 specimens

2.3. Loading protocol and measurement

Specimens PECB1, PECB3, and PECBS, which have larger spans and
higher cross-sectional load-bearing capacities, were subjected to monotonic
loading using two 350-ton actuators. The loading points were located at the one-
third points of the span, with the specific loading setup shown in Fig. 2(a).
Specimens PECB2 and PECB4, which have smaller spans and lower cross-
sectional load-bearing capacities, were tested using a single 350-ton actuator.
The vertical concentrated load applied by the actuator was distributed to the test
specimens through a rigid distribution beam. The loading points were located at
one-third of the calculated span, with the specific loading setup shown in Fig.
2(b). To achieve simply supported boundary conditions, one end of the
specimens was configured as a sliding hinge support, while the other end was a
fixed hinge support.

(b) Loading device of PECB2 and PECB4 specimens

Fig. 2 Specimen loading diagram
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Fig. 3 Displacement gauge and strain gauge layout

The formal loading process adopted a force-controlled loading phase
followed by a displacement-controlled loading phase. For specimens PECBI1,
PECB3, and PECBS, each of the two jacks applied 60 kN per loading step

(approximately 0.05 P,, where P, is the ultimate load of the beam) at a loading
rate of 20 kN/min. For specimens PECB2 and PECB4, the load per step was 30
kN (approximately 0.05 P,) at a loading rate of 10 kN/min. After reaching half
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of the estimated ultimate load (calculated as the yield load using the transformed
section method), the control mode was switched to displacement-controlled
loading, with each step increasing by 5 mm at a rate of 5 mm/min. Loading
continued until the specimen failed, ensuring that the deflection at the loading
point exceeded 300 mm within the effective stroke of the jack. The specific
layout of the test measurement points is shown in Fig. 3.

3. [Experimental results analysis
3.1. Failure pattern of specimen

Specimen PECBI entered the cracked working stage after being loaded to
348.2 kN (approximately 0.11 P,). The midspan deflection at this point was 5.35
mm (//2019). At 1397.3 kN (approximately 0.45 P, ), the maximum midspan
crack width reached the serviceability limit (0.3 mm), and the midspan
deflection was 28.88 mm (//374). At 2640.8 kN (approximately 0.85 P, ), the
midspan deflection exceeded the serviceability limit (/,/200), and the yield strain

156

(2700 pe) was reached in the upper and lower steel flanges. The midspan
deflection was 81.62 mm (/y/132). At 3090.2 kN (P, ), partial spalling of the top
surface concrete at the midspan occurred. The midspan deflection exceeded 1/50
of the calculated span, meeting the failure criteria for the specimen, and the test
was terminated. The pure bending zone at the final failure of specimen PECB1
is shown in Fig. 4.

Specimen PECB2 entered the cracked working stage after being loaded to
193.5 kN (approximately 0.11 P,), with a midspan deflection of 4.04 mm (/,
/1881). At 1276.6 kN (approximately 0.70 P,), the midspan deflection exceeded
the serviceability limit (/,/200), reaching 48.57 mm (//156). At 1560.9 kN
(approximately 0.86 P, ), the maximum crack width on both sides of the midspan
reached the serviceability limit (0.3 mm). The upper and lower steel flanges
achieved the yield strain (2400 pe), and the midspan deflection was 79.33 mm
(1o/96). At 1813.6 kN (P, ), slight spalling occurred on the top surface concrete
at the midspan. The midspan deflection exceeded 1/50 of the calculated span,
reaching the failure criteria for the specimen, and the test was terminated. The
pure bending zone at the final failure of specimen PECB2 is shown in Fig. 5.

| ot S

(b) North side area

(d) South side area

Fig. 4 Final failure state of specimen PECB1

(¢) Mid-span region

T e eorm—

(b) North side area

(d) South side area

Fig. 6 Final failure state of specimen PECB3

Specimen PECB3 entered the cracked working stage after being loaded to
339.9 kN (approximately 0.11 P,), with a midspan deflection of 5.70 mm
(1/1896). At 2140.4 kN (approximately 0.69 P,), the midspan deflection
approached the serviceability limit (/p/200), and the maximum crack width on
both sides reached the serviceability limit (0.3 mm). The midspan deflection was

53.37 mm (/,/202). At 2463.8 kN (approximately 0.79 P, ), the upper and lower
steel flanges achieved the yield strain (2700 pe), and the midspan deflection was
86.63 mm (/y/125). At 3107.9 kN (P, ), abnormal noises were heard, and partial
spalling occurred on the top surface concrete at the midspan. The midspan
deflection exceeded 1/50 of the calculated span, meeting the failure criteria, and
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the test was terminated. The pure bending zone at the final failure of specimen
PECBS3 is shown in Fig. 6.

Specimen PECB4 entered the cracked working stage after being loaded to
413.9 kN (approximately 0.23 P, ), with a midspan deflection of 10.17 mm (/o
/708). At 1244.5 kN (approximately 0.70 P, ), the midspan deflection exceeded
the serviceability limit (/,/200), reaching 36.82 mm (/y/195). At 1450.6 kN
(approximately 0.82 P, ), the maximum crack width on both sides of the midspan
reached the serviceability limit (0.3 mm), and the midspan deflection reached

(a) Specimen failure diagram

(¢) Mid-span region
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79.33 mm (/p/96). At 1627.5 kN (0.92 P, ), the upper and lower steel flanges
achieved the yield strain (2700 pe), and the midspan deflection reached 117.65
mm (//61). At 1776.7 kN (P,), partial spalling occurred on the top surface
concrete at the midspan, and cracks at the web openings became more
pronounced. The midspan deflection exceeded 1/50 of the calculated span,
meeting the failure criteria, and the test was terminated. The pure bending zone
at the final failure of specimen PECB4 is shown in Fig. 7.

(d) South side area

Fig. 7 Final failure state of specimen PECB4

Specimen PECBS entered the cracked working stage after being loaded to
646.8 kN (approximately 0.21 P, ), with a midspan deflection of 10.17 mm (/,
/708). At 2284.7 kN (approximately 0.74 P, ), the upper and lower steel flanges
achieved the yield strain (2700 pe), the midspan deflection exceeded the
serviceability limit (/,/200), and the maximum crack width on both sides of the
midspan reached the serviceability limit (0.3 mm). The midspan deflection was
71.17 mm (/p/152). At 3100.1 kN (P, ), partial spalling occurred on the top
surface concrete at the midspan. The midspan deflection exceeded 1/50 of the
calculated span, meeting the failure criteria, and the test was terminated. The
pure bending zone at the final failure of specimen PECBS is shown in Fig. 8.

Compared with the unfilled specimen PECB3, PECBS5 exhibited

(¢) Mid-span region

significantly different cracking behavior in the region surrounding the web
openings. Due to the presence of concrete infill, no radiating or diagonal cracks
were observed extending from the hole edges. Instead, the cracks remained
primarily vertical and concentrated in the pure bending zone, with more uniform
distribution and smaller crack widths. This indicates that the concrete filling
within the web openings helped to redistribute internal stresses and reduce stress
concentrations at the hole periphery, thereby effectively suppressing the
development of radial cracks. The improved crack pattern also contributed to
more stable crack propagation and delayed local damage near the openings, as
evidenced by the relatively intact concrete surface shown in Fig. 8.

(b) North side area

Fig. 8 Final failure state of specimen PECBS5

In summary, all five specimens initially exhibited concrete cracking,
followed by steel flange yielding and eventual spalling of the top concrete
surface at midspan, with midspan deflections exceeding the failure criteria.
Notably, in specimens with unfilled web openings such as PECB3, the altered
load transfer path around the openings led to the formation of radiating cracks
extending downward from the hole edges. These cracks were accompanied by
wider crack widths and more pronounced spalling and bulging of the concrete
above the openings. In contrast, specimens with filled openings, such as PECBS5,
exhibited predominantly vertical cracks without significant radiating patterns,
and the surrounding concrete remained largely intact. These observations
indicate that concrete infill effectively mitigates local stress concentrations and
inhibits the development of radial cracking.

3.2. Load-mid-span deflection curve

Fig. 9 presents the load—midspan deflection curves for the test specimens,

which can be clearly divided into two behavioral phases. (1) Elastic Stage: Prior
to the yielding of the tensile flange, the concrete is effectively restrained by the
main steel structure and the reinforcement, resulting in slow crack initiation and
negligible stiffness degradation. During this phase, the load—deflection
relationship remains largely linear. (2) Elasto-plastic Stage: Once the tensile
flange yields, the specimen enters a stage characterized by inelastic behavior.
Cracks in the web concrete begin to propagate rapidly, diminishing their
structural contribution and causing a gradual reduction in sectional stiffness. The
corresponding deflection curve develops noticeable inflection points and
deviates from linearity, showing increased midspan displacement and clear
bending deformation. With continued loading, the bottom flange of the main
steel component undergoes strain hardening, which helps maintain the flexural
capacity of the section. Subsequently, as the upper flange yields, partial spalling
of the concrete at the midspan top surface is observed. At this stage, the
deflection approaches the allowable limit, marking the termination point of the
test.



Hong-Xin Liu et al. 158
3500 . , g 2000 i 7 —
1,/2001 1,/501 1321 1£4/200 /50 ly/26:
3000 - i i ! :
' , ! 1600 + 24 .
2500 F ' i : Ycﬂdlr?g
: ; 1200 : :
Z 2000{ | ; < 1 : i
& 1500} & gool /! : !
1000 - l {
| | 400 1/ Cracking ! !
500 L. - : i 1 1
l~—Cracking | | ! ! :
0 |: 1 1 ! : 1 1 : 0 L1 L 1L L L L
0 50 100 150 200 250 300 350 0 50 100 150 200 250 300
A/ mm A/ mm
(a) PECBI (b) PECB2
3500 , . ; 2000 1 ‘ ;
£,/200, 150, 1,/331 1£,/200 14/50i 1,/28
3000 : ! : ! :
] 1 ]600 & | | 1
2500 ! ! ! /~— Yielding | ;
2000 ! : 2 1200 ! :
A, 1500 E E A 200 i 3 E
1000 : y
| | 400 |/ racxing w |
500 : i : : 1 '
0 i . | g o & 0 . y &y | i
0 50 100 150 200 250 300 350 0 50 100 150 200 250 300
A/ mm A4/ mm
(c) PECB3 (d) PECB4
3500 ; T T
1,/200, 1,/50 1,/321
3000 ! ; !
2500 } 1
1/~—Yiclding [ i
Z 2000 , : i
&, 1500
1000
500 P 1 i
«—Cracking | !
0 1l 1 Ik £ 1 L 1
0 50 100 150 200 250 300 350
A4/ mm
(e) PECB5

Fig. 9 Load-mid-span deflection curve

By comparing the load-midspan deflection curves of specimens with and
without web openings, it was observed that the initial stiffness showed minimal
differences. This limited variation arises because, although the presence of web
openings reduces the cross-sectional rigidity of the primary steel structure, the
effect is largely offset by the presence of concrete infill and added reinforcement.
Once the specimens enter the yielding phase, PECB1 exhibits marginally higher
load-carrying capacity than PECB3 and PECBS. Nevertheless, at the ultimate
failure point, their capacities converge to nearly identical values. Meanwhile,
PECB2 and PECB4 display similar curve patterns without notable divergence.
These findings suggest that while web openings cause a slight decrease in load-
bearing capacity, their overall influence remains minor. This is attributed to the
fact that the flexural resistance of PEC beams is predominantly governed by the
steel flanges, web, and concrete, with the web itself contributing a comparatively
smaller share.

3.3. Bearing capacity analysis

Based on the load-midspan deflection curves of the specimens, the load-

bearing capacities and displacements at characteristic points are summarized in
Table 3. The theoretical cracking load P, was calculated using the "Technical
Specification for Partially Encased Composite Steel-Concrete Structures"
(T/CECS 719—2020)[26], while the actual cracking load P, was obtained
experimentally. The theoretical yield load P,' was calculated using the yield
stress obtained from material tests based on the edge yield criterion, and the
actual yield load P, was measured experimentally using the Park method. The
theoretical ultimate load P,' was derived using the full-section plasticity criterion,
and the actual ultimate load P, was determined experimentally. The ductility
coefticient 1 was used to evaluate the ductility performance of the specimens,
defined as p=4,/4,, where 4, is the ultimate displacement, and 4, is the yield
displacement.

As shown in Table 3: (1) The experimental load values at characteristic
points of the specimens were higher than the calculated values, indicating that
the load-bearing capacity can be determined using the edge yield criterion and
the full-section plasticity criterion. (2) The cracking load of the specimens
ranged from 0.1 P, to 0.2 P,, indicating early cracking. This was likely due to
the presence of initial cracks in the concrete. However, the crack development



Hong-Xin Liu et al.

met the requirements of the specifications, and the load-bearing capacity
exceeded 0.7 P, at the normal serviceability limit state. (3) The overstrength
ratio of the specimens ranged from 1.18 to 1.30, indicating that the specimens
retained a certain strength reserve after reaching the yield load. (4) All specimens
exhibited stable post-yield behavior and excellent ductility, with ductility
coefficients exceeding 4.0, indicating strong deformation capacity and energy
dissipation potential suitable for seismic design applications. (5) Compared to
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specimen PECBI, the yield strength of specimens PECB3 and PECBS5 decreased
by 6.0% and 8.4%, respectively, while their yield displacements increased by
5.2% and 6.0%, respectively. The yield strength and yield displacement of
specimens PECB2 and PECB4 showed minimal differences, indicating that
large-section PEC beams are more significantly affected by web openings in the

steel section.

Table 3
Bearing capacity and displacement of characteristic points
Yielding load
Web Stiffness Cracking load / kN reidmg foa P Ultimate load /kN A P/ P/
Number opening ) /KN Ay/mm ’ I
. /N-mm’! /Py / mm P Py
ratio / % P Pe Py Py P Pu
PECBI1 - 33516 155.4 348.2 2185.4 2605.9 71.75 1.19 2734.5 3090.2 336.88 1.07 1.19 4.33
PECB2 - 23804 88.7 193.5 1241.6 1504.2 63.19 1.21 1474.4 1813.6 274.38 1.32 1.21 4.34
PECB3 15.36 29947 155.4 339.9 21854 2450.3 81.82 1.12 2734.5 3107.9 328.44 1.31 1.27 4.01
PECB4 17.98 24997 88.7 201.5 1241.6 1511.1 60.45 1.22 1474.4 1776.7 261.27 1.14 1.18 4.32
PECBS 14.56 28953 155.4 3234 21854 2386.6 8243 1.09 2734.5 3100.1 334.16 1.13 1.30 4.05
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3.4. Deformation analysis

Beams with good ductility can absorb a certain amount of energy after
reaching their yield or maximum load-bearing state, exhibiting strong post-yield
deformation capacity and providing clear warnings or deformations before
failure. Fig. 10 illustrates the vertical deformations at various locations on the
specimens, and the following observations can be made: (1) All specimens
exhibited excellent ductility, with ductility coefficients exceeding 4.0, indicating
strong ductile performance. (2) When the load reached approximately 0.7P,, the
deflection reached the serviceability limit state deflection value (/,/200). (3) At
the initial loading stage, specimen deformations were minimal, with similar
deflections observed at the 1/4-span and 3/4-span points. Before the yield load,
the deformations of the specimens gradually increased at a slow rate. After
reaching the yield load, the rate of deflection growth significantly increased,
indicating that the specimens had entered the elasto-plastic stage.

3.5. Cross-section strain distribution

160

To evaluate the distribution pattern of deformation along the cross-sectional
height of the main steel member and concrete in the pure bending zone of large-
section PEC beams under load, two control cross-sections were established in
the pure bending zone of the specimens. Strain gauges (BX120-100AA) were
evenly spaced and arranged on the concrete and web, while displacement meters
with a range of 10 mm were evenly spaced and installed on the surface of the
concrete on the opposite side. Both strain gauges and displacement meters were
placed on the concrete surface to account for potential damage to the strain
gauges due to tensile cracking when the deformation of the concrete became
significant, as displacement meters can still roughly measure the progression of
concrete strain. The strain development of the steel flanges under load is
illustrated in Fig. 11. At the initial loading stage, the strain in the flanges
generally exhibited a linear increase with the load. When the load reached
approximately 0.7P, to 0.8 P,, the strain in both the upper and lower flanges
reached the yield strain. Upon further loading, the flange strain increased rapidly,
and the strain curve began to show an inflection point, consistent with the load-
deflection curve at mid-span.
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Fig. 11 Flange strain of the specimen
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Fig. 12 Strain of section steel web

Fig. 12 and Fig. 13 illustrates the strain curves of mid-span concrete and
steel along the cross-sectional height, where 4 represents the height from the
lower flange. Before reaching a load of 0.7P,, the neutral axis of the cross-
sections for specimens PECB1, PECB3, and PECBS5 was approximately located
at a height of 450 mm. For specimens PECB2 and PECB4, the neutral axis was
approximately located at a height of 250 mm, and the strains in concrete and
steel along the cross-sectional height conformed to the plane section assumption.
After the load reached 0.7P,, the tensile strain in the concrete increased, the
neutral axis of the cross-section shifted significantly upward, and severe
cracking occurred in the web concrete, leading to stress redistribution and a
somewhat nonlinear strain distribution across the cross-section.

4. Finite element analysis of large-section PEC beams
4.1. Finite element modelling

This numerical model is developed to replicate the failure behavior of PEC
beams subjected to quasi-static loading. It integrates multiple geometric

elements and force interactions. The steel reinforcement and link components
are represented using the two-node three-dimensional truss element (T3D2),

(a) Overall mesh division
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Fig. 13 Concrete strain

while the concrete and steel beam components are modeled with eight-node
solid hexahedral elements featuring reduced integration (C3D8R). A structured
meshing strategy is employed, applying a consistent element size of 100 mm
across all components, including steel, concrete, links, longitudinal
reinforcement, and construction steel. Details of the mesh partitioning are
illustrated in Fig. 14.

As shown in Fig. 14, the finite element model adopted a uniform mesh size
of 100 mm, which was selected based on both the geometric features of the
specimens and practical considerations of simulation accuracy and
computational efficiency. Given that the web opening diameters ranged from
175 mm to 400 mm, and the steel web thickness was between 12 mm and 22
mm, the chosen mesh size ensures that even the smallest openings are discretized
by at least 6-8 elements along the diameter. This resolution is generally
sufficient to capture the stress concentration and deformation gradients near
discontinuities such as holes and thin webs. Additionally, finer mesh sizes were
evaluated during preliminary simulations, but no significant improvement in
global load—displacement response was observed, while computational cost and
convergence difficulties increased. The selected 100 mm mesh size provided
stable performance and successfully reproduced key structural responses
observed in the experiments.

(b) Mesh division at the opening

Fig. 14 Finite element model and mesh division
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Fig. 15 Stress-strain relationship of concrete in CDP model
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The concrete plastic damage model (CDP) is adopted to simulate concrete
behavior. According to the study conducted by Chang Xinquan from Southeast
University [29], excluding the damage factor can notably shorten the
computation time, though it may introduce deviations in the descending segment
of the concrete stress—strain response when compared to experimental
observations. The constitutive models for concrete in both compression and
tension, along with the corresponding damage factors, are defined based on the
provisions of the "Code for Design of Concrete Structures”" (GB 50010—2010)
[30], and are illustrated in Fig. 15. For the CDP model, key parameters include
a dilation angle of 35°, a flow potential eccentricity of 0.15, a viscosity
parameter of 0.0015, a biaxial-to-uniaxial compressive yield strength ratio of
1.16, and a stress invariant ratio (K.) of 0.6667 along the tension-compression
meridian. In addition, the mechanical response of reinforcement bars and steel
sections is represented using a bilinear stress—strain model in the simulation
process.

In the finite element model, a paired contact interaction is defined between
the concrete and steel components. Tangential behavior follows Coulomb
friction theory with a friction coefficient set to 0.5, while normal interaction is
modeled using hard contact. The flanges are permitted to separate outwardly
from the concrete but are restricted from penetrating inward. Additionally, the
ends of the link elements are rigidly connected to the flanges of the steel beam,
whereas the longitudinal reinforcement bars are anchored into the end plates, all
of which are embedded within the concrete. These end plates are modeled as
rigid bodies, ensuring no deformation, and are bound to both the steel beam ends
and concrete ends through section binding.

4.2. Comparison of numerical simulation and experimental results
4.2.1. Contrastive analysis of load-deflection curves

Fig. 16 presents the load-deflection comparison curves between the
numerical simulation results and the experimental results for the bending test
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specimens of large-section PEC beams. It can be observed that the finite element
simulation performs well, as the experimental curves align closely with the
simulation curves, indicating that the selected computational model accurately
captures the entire bending process of the large-section PEC beams.

To strengthen the numerical validation, Table 4 has been added to provide a
comprehensive quantitative comparison between FEM simulation results and
experimental data for all five specimens. The comparisons include yielding load
(Py), yielding displacement (4,), ultimate load (P,), and ultimate displacement
(4,), along with their respective percentage errors.

The results demonstrate that the FEM model achieves high accuracy in
predicting both load and displacement at key response stages. Specifically, the
error in yielding load remains within £5% for most specimens, with the
exception of PECB5 (7.82%). The error in yielding displacement is also
generally low, ranging from 0.49% to 8.84%. Ultimate load predictions are
particularly accurate for PECB2, PECB3, and PECBS, with errors below 1.2%,
while PECB1 and PECB4 show larger deviations (11.71% and —16.97%,
respectively), likely due to variations in local failure modes and damage
propagation not fully captured in the model.

Moreover, the predicted ultimate displacements (4,) show excellent
agreement with the experimental values for all specimens, with maximum
deviation below +0.35%. This further confirms the model’s capability to
simulate deformation behavior under large deflections.

As noted in Fig. 16, the simulation and experiment exhibit good agreement
in the overall shape of the load—displacement curve, particularly during the
loading stage. However, discrepancies become apparent during the unloading
phase. These deviations are mainly attributed to simplifications in the
constitutive models of concrete and steel, which do not fully capture post-peak
stiffness degradation, microcrack-induced softening, and interface debonding
effects. Additional refinement, such as incorporating damage-plasticity models
or cohesive zone elements, may improve the unloading phase simulation
accuracy in future work.
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Fig. 16 Load-deflection curve comparison diagram

Table 4
Comparison between FEM simulation and experimental results

Yielding displacement Ultimate load Ultimate displacement /
Yielding load / kN Mirror Mirror Mirror Mirror
Number / mm /kN mm
/% /% /% /%
PN Py A,TEM 4y PEM Py A5 4
PECBI1 2521.5 2605.9 3.24 69.87 77.75 10.14 2734.5 3097.1 11.71 336.43 336.88 0.13
PECB2 1443.5 1504.2 4.04 57.88 63.19 8.40 1810.9 1813.6 0.15 275.01 274.38 -0.23
PECB3 2546.2 2450.3 -3.91 77.85 81.82 4.85 3073.3 3107.9 1.11 328.90 328.44 -0.14
PECB4 1446.2 1511.1 4.29 56.19 60.45 7.05 2078.2 1776.7 -16.97 262.19 261.27 -0.35
PECBS5 2199.9 2386.6 7.82 78.83 82.43 4.37 2826.5 3100.1 8.83 334.48 334.16 -0.10
4.2.2. Stress distribution zone at the mid-span, with stress levels gradually diminishing toward the support
Fig. 17 and Fig. 18 present the stress contour diagrams of the large-section ends. Similarly, the stress distribution in the steel sections shows a decreasing
PEC beam bending specimens under their ultimate load-bearing condition. In trend from the center of the beam outwards toward both sides.

these figures, the maximum concrete stress is observed within the compression
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(c) PECB3

(d) PECB4

(e) PECB5

Fig. 17 Stress heat map of concrete
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Fig. 18 Stress heat map of steel

4.2.3. Strain distribution

The plastic damage model for concrete does not simulate crack formation
directly at the integration points. Instead, it visualizes crack propagation through
contour representations. The direction of crack growth is determined based on
the equivalent plastic strain, with the crack plane vector oriented parallel to the
direction in which the maximum plastic strain occurs. The progression of cracks
is presented using the distribution of maximum plastic strain values.

As shown in Fig. 19, three representative crack patterns are provided to
illustrate the damage evolution process in the web concrete of large-section PEC

(a) P=345kN

beams. Taking specimen PECBI1 as a case in point, when the applied load
reaches 345 kN, tensile damage initiates at the bottom mid-span region,
indicating the onset of cracking in the specimen. With the load increasing to
1400 kN, the area of tensile yielding expands, and the damage zone continues to
grow. At 2100 kN, no additional tensile cracks are observed, suggesting crack
saturation on the tensile side. The simulated crack development closely mirrors
the observed experimental behavior, thereby confirming the accuracy and
reliability of the established finite element model.
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(b) P= 1400 kN
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Fig. 19 Tensile strain diagram of concrete of PECB1

5. Flexural bearing capacity calculation of large-section PEC beams

The stress distribution and some parameters of the large-section PEC beam
cross-section are shown in Fig. 20. During the process of reaching the ultimate
load capacity, the neutral axis of the specimen continuously shifts upward, and
the height of the compression zone decreases. The cross-section above the
neutral axis is under compression, while the section below the neutral axis is
under tension, with both the flanges and the tensile reinforcement reaching their
yield strength.
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Fig. 20 Section diagram and equivalent rectangular stress diagram of large-section
PEC beams

The formulas for calculating the flexural capacity of large-section PEC

beams are provided in Equations (1)—(5), and the calculated results are shown in
Table 5.

2
M, =/, (b *fw)%JrfyAs(ha —x=2t; —a)+ fiA(x=a)+ £,5, + £,S,. (1)

oy S by =t )X+ [LA + fi A — LA~ (4, —4,)=0 (@)
2a, <x<&h, 3
fe— @
b : fy + fa
P A
2x0.003E,
A, =t x+bt, (5)

In these formulas: M, represents the design value of the flexural capacity of
the cross-section (N-mm); £, is the axial compressive strength design value of
the concrete in the web of the main steel member (N/mm?); x is the distance from
the neutral axis of the composite section to the compression edge of the concrete
(mm); A,v bes ty tr are the height, flange width, web thickness, and flange
thickness of the main steel section of the beam (mm), respectively. o; is the
influence coefficient of compressive stress in the compression zone; f;+ f,” are
the design values of tensile and compressive strengths of the reinforcement
(N/mm?); f,~ f.” are the design values of tensile and compressive strengths of the
main steel section of the beam (N/ mm?); 4;+ A’ are the cross-sectional areas of
the tensile and compressive reinforcement (mm?), respectively; 4,. A4, are the
total cross-sectional area of the main steel section and the cross-sectional area
of the compression zone of the main steel section (mm?), respectively. asv as’ are
the distances from the resultant force point of the tensile reinforcement to the
tensile edge of the concrete and from the resultant force point of the compressive
reinforcement to the compressive edge of the concrete (mm), respectively. Sy

Sac are the section plastic moment of the tensile and compressive areas of the

main steel section relative to the plastic neutral axis of the composite section
(mm?®), respectively. A is the effective height of the concrete section (mm); Ea+

E, are the elastic moduli of the main steel section and the reinforcement (N/mm?),
respectively.

Table 5

The calculation results of flexural capacity are compared with the experimental results
Number M/ (KN-m) M,/ (kKN-m) M/ My
PECBI1 5561.28 4922.12 1.13
PECB2 2296.32 1769.29 1.30
PECB3 5594.22 4922.12 1.14
PECB4 2132.04 1769.29 1.21
PECB5 5580.18 4922.13 1.13

Note: M is the test value (mid-span bending moment corresponding to ultimate load Py).

As shown in Table 5, the experimental results for specimens PECBI,
PECB3, and PECB5 were 1.13 to 1.14 times the calculated values, while those
for PECB2 and PECB4 reached 1.30 and 1.21 times, respectively. These results
suggest that the size effect has a measurable, though not dominant, influence on
the flexural behavior of PEC beams. Specifically, the relatively higher capacity
margins observed in smaller specimens (PECB2 and PECB4) may be attributed
to localized constraint effects, increased relative reinforcement ratios, and
reduced span-to-depth ratios, which tend to artificially enhance flexural strength.
In contrast, large-section specimens (PECB1, PECB3, PECBS5) exhibit more
distributed cracking patterns and reduced confinement effects, leading to more
realistic structural responses. This trend aligns with existing findings in the
literature [31-33], which indicate that smaller-scale specimens often
overestimate structural performance due to boundary and scale-induced
anomalies. Overall, the good agreement between calculated and experimental
values confirms the validity and safety of using the full-section plastic theory
for estimating the flexural capacity of large-section PEC beams with web
openings.

The average stiffness method was used in this study to calculate the average
stiffness B of the specimens, and the stiffness calculations for specimens PECB3,
PECB4, and PECBS excluded the web opening regions. When calculating the
equivalent sectional moment of inertia /., for the uncracked section of large-
section PEC beams and I, for the cracked section, the web concrete of the main
steel member was equivalently transformed into the steel web. The calculation
formulas are as follows:

+1.)/2 ©

I =y
In the formulas, I.q represents the stiffness obtained through calculation.
Using structural mechanics, the stiffness can be applied to derive the mid-span
deflection f; of the specimen at 0.7P,, which is then compared with the
experimentally determined mid-span deflection f at 0.7P,. The specific results
are shown in Table 6. The deflection formula for the specimen is as follows:

2 2
_n:% %)

In the formula, f; is the deflection of the specimen at 0.7P,, I, is the
calculated span of the specimen, a is the shear span length of the specimen, P is
the load applied at the loading point, and B is the average stiffness of the
specimen.
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Table 6
The calculation results of mid-span deflection are compared with the test results

Number L/ mm* Tgross / mm* Opening efficiency factor Z//gross f/ mm fi/mm [l

PECBI 9.42x10% 9.42x10% 1.00 51.18 32.75 0.64

PECB2 1.80x10% 1.80x10% 1.00 46.65 23.94 0.51

PECB3 9.42x10% 8.41x10% 0.89 56.39 41.16 0.73

PECB4 1.80x108 1.88x108 1.05 36.80 29.32 0.80

PECBS 9.42x10% 8.13x10% 0.86 58.89 41.08 0.70

As shown in Table 6, the ratio of theoretical to experimental deflection
values is consistently less than 1, indicating that in the elastoplastic stage, the
calculated values tend to underestimate the actual deformation of the beams.
This deviation is particularly evident in specimens with web openings (e.g.,
PECB3 and PECBS), where increased deflection is observed due to reduced
sectional stiffness caused by perforation. To quantitatively explain this behavior,
an opening efficiency factor L. / Iyross Was introduced, where g is estimated
based on the measured average stiffness, and Zg.s; is the theoretical moment of
inertia of the unperforated steel section. Given that flexural stiffness £/ governs
mid-span deflection, the calculated efficiency factors show a clear correlation
with the increased deflection ratios. For example, PECB3 and PECBS, with
efficiency factors of 0.894 and 0.864 respectively, correspond to increased
deflection ratios f; / f of 0.73 and 0.70. This demonstrates that the reduction in
stiffness due to web openings directly leads to larger displacements under load.

In addition, PECB2—although a solid-web specimen—exhibited the largest
deflection prediction error, with f; / f =0.51, corresponding to a 49%
underestimation. This is primarily attributed to its relatively small cross-section,
which makes the specimen more sensitive to early cracking, stiffness
degradation, and boundary condition effects. Moreover, the current deflection
formula is based on linear elastic assumptions and does not incorporate stiffness
loss from concrete cracking or localized damage. Therefore, for small-section or
low-stiffness members, the simplified stiffness estimation method is less
accurate. To improve predictive accuracy, future work should consider using
effective moment of inertia approaches, nonlinear moment—curvature analysis,
or segmental stiffness models that better reflect the post-cracking behavior of
the composite section.

Therefore, the use of opening efficiency factors provides a practical design-
oriented metric to assess the impact of web openings on flexural stiffness and
deflection, and allows engineers to control allowable deformation levels in
accordance with structural performance requirements. This refinement helps
address the underestimation issue of the theoretical model and aligns well with
the experimental trends observed in Table 6.

6. Conclusions

This study performed four-point bending tests on large-section PEC beams
to evaluate how variables such as cross-sectional size, presence of web openings,
and different opening configurations influence their failure modes, deflection
response, flexural strength, ductility, and strain distribution along the section
height. The principal findings are as follows:

(1) The inclusion of web openings introduces some degree of reduction
in the bearing capacity of large-section PEC beams; however, the overall
weakening effect is relatively minor. Compared with specimen PECBI,
specimens PECB3 and PECBS exhibited reductions in yield strength by 6.0%
and 8.4%, respectively, while PECB2 and PECB4 showed no appreciable
change.

(2) All tested specimens achieved ductility coefficients exceeding 4.0,
indicating that large-section PEC beams possess excellent ductile behavior. The
strain profiles of the primary steel elements and the surrounding concrete along
the vertical section height display an approximately linear trend, consistent with
the plane section assumption.

(3) The load—deflection responses and stress contour distributions from
finite element simulations aligned closely with the experimental observations.
The discrepancy between the simulated and measured ultimate bearing
capacities was within 10%, confirming both the credibility of the adopted model
and its effectiveness in capturing the flexural response of large-section PEC
beams.

(4) Size effect exerts a notable influence on the flexural characteristics of
PEC beams. Although large-section specimens show narrower flexural capacity
margins compared to smaller counterparts, the calculated values still range from
1.13 to 1.30 times the experimental results, validating the safety and
conservativeness of the proposed prediction method.

(5) The computed mid-span deflections using the reduced stiffness
averaging method deviated from experimental data but did not affect the

assessment of the serviceability limit state. In practice, the partial stiffness
reduction caused by web openings should be considered during design to ensure
structural performance.
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