Index 351733 DOI: 10.24425/ace.2024.148919

FACULTY OF CIVIL ENGINEERING
COMMITTEE FOR CIVIL AND WATER ENGINEERING

ISSN'1230-2945 " o], LXX ISSUE 1 2024
© 2024. Jun Wang, Yurong Jiao, Menglin Cui, Wendong Yang, Xueqi Fang, Jun Yan. pp. 405-420

This is an open-access article distributed under the terms of the Creative Commons Attribution-NonCommercial-NoDerivatives License
(CC BY-NC-ND 4.0, https://creativecommons.org/licenses/by-nc-nd/4.0/), which permits use, distribution, and reproduction in any @@@@
medium, provided that the Article is properly cited, the use is non-commercial, and no modifications or adaptations are made. BY _NC_ND

ARCHIVES OF CIVIL ENGINEERING

Research paper

The investigation on flexural performance of prestressed
concrete-encased high strength steel beams

Jun Wang!, Yurong Jiao?, Menglin Cui?,
Wendong Yang*, Xueqi Fang®, Jun Yan®

Abstract: This paper reports an experimental on the flexural performance of prestressed concrete-encased
high-strength steel beams (PCEHSSBs). To study the applicability of high-strength steel (HSS) in prestressed
concrete-encased steel beams (PCESBs), one simply supported prestressed concrete-encased ordinary-
strength steel beam (PCEOSSB) and eight simply supported PCEHSSBs were tested under a four-point
bending load. The influence of steel strength grade, I-steel ratio, reinforcement ratio and stirrup ratio on the
flexural performance of such members was investigated. The test results show that increasing the I-steel
grade and I-steel ratio can significantly improve the bearing capacity of PCESB. Increasing the compressive
reinforcement ratio of PCEHSSB can effectively improve its bearing capacity and ductility properties,
making full use of the performance of HSS in composite beams. Increasing the hoop ratio has a small
improvement on the load capacity of the test beams; setting up shear connectors can improve the ductile
properties of the specimens although it does not lead to a significant increase in the load capacity of the
combined beams. Then, combined with the test data, the comprehensive reinforcement index considering
the location of reinforcement was proposed to evaluate the crack resistance of specimens. The relationship
between the comprehensive reinforcement index and the crack resistance of specimens was given.

Keywords: high-strength steel, prestressed concrete-encased steel beam, flexural bearing capacity, crack
resistance
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1. Introduction

Concrete-encased steel composite constructions are currently employed extensively in high-
rise buildings in several nations due to their higher bearing capacity than conventional concrete
structures [1-8]. However, the bearing capacity of traditional concrete-encased ordinary-
strength steel beams is no longer able to meet the demands of modern building structures owing
to the rapid development of high-rise and large-span constructions. High-strength steel (HSS)
not only has high yield strength (f, > 460 MPa) but also weighs less, consumes less material,
and reduces transport costs. HSS can be applied to meet the bearing capacity requirements
of high-rise and large-span structures, further optimize the cross-sectional dimensions of
concrete-encased ordinary-strength steel composite structures, and utilize less steel [9-11]. In
addition, it has been shown that the incorporation of prestressing technology into concrete-
encased steel beams can effectively inhibit the generation of cracks [7]. Therefore, HSS has
broad application prospects in prestressed concrete-encased steel beams (PCESBs).

Recently, scholars from various countries have conducted several studies on concrete-
encased HSS composite columns [11-14]. Related studies found that concrete crushed before
the HSS yielded [11], preventing the full strength of steel from being utilized. However, the
HSS yielded before the member reached its ultimate bearing capacity, which is due to the
increasing configuration of the stirrups constrained the expansion of the concrete [13]. The
calculation methods for the bearing capacity in the Chinese [15] and European [16] codes are
too conservative for concrete-encased HSS composite columns under axial loads. A correction
method based on the stirrup constraint principle is more consistent with the test results [13, 14].
Currently, for concrete-encased HSS beams, some studies related to finite element (FE) analysis
are available [17,18]. It was found that the use of HSS could increase the bearing capacity of the
members, but there was a phenomenon of unyielding HSS in concrete-encased HSS beams. The
accuracy of the analytical conclusions of the FE model remains to be experimentally verified,
but fewer experimental studies have been reported on structures with concrete-encased HSS
beams [10, 19-21]. Md. Imran Kabir [10] conducted flexural performance tests on Engineered
Cementitious Composites and Lightweight Concrete (ECC-LWC). The results showed that HSS
composite beams wrapped by ECC-LWC exhibited higher load carrying capacity and ductility
properties compared to those wrapped by ordinary concrete.Zuqgiang Liu [20] designed and
fabricated six Q460 HSS ultra-high-performance concrete composite beams. The bending
performance of these beams was studied using I-steel ratio, section location, and steel fiber
volume as test parameters. The test results indicated suitable reinforcement damage in all
specimens, with tensile reinforcement yielding and the lower flange of the section experiencing
deformation before the concrete crushed in the compression zone. These studies excluded
conventional stirrups and longitudinal reinforcement, had fewer parameters, and did not
incorporate prestressing tendons, which hinders the advancement of HSS. which did not
consider the effect of reinforcement on the yielding characteristics of H-beams and had no
effective methods of controlling cracks.

For the HSS to be more effectively used in combination with PCESBs, the bottom flange
of HSS must yield before the concrete is crushed and the crack development should be better
controlled. To this end, this study carried out tests on the flexural performance of nine simply
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supported PCESBs under four-point bending loads, thereby investigating the effect of the
I-steel grade, steel to concrete ratio, longitudinal reinforcement ratio, and stirrup ratio on
flexural performance.

2. Experimental study

2.1. Test specimens

Nine specimens were designed for this study. The length of the beams was 3100 mm,
and the cross-section was 250 x 300 mm. The specimens used HRB400 grade longitudinal
reinforcement and HPB300 grade stirrup reinforcement with a stirrup diameter of 8 mm, and
welded H-beams were used for the section steel. The unbonded prestressed wires were of
1860 grade (fpk = 1860 N/mm?), and the prestressed tendon tension adopted the unbonded
post-tension method, with a nominal diameter of 15.2 mm. The tensioning control stress
Ocon = 0.65 fyk. The concrete cover depth was 20 mm. Table 1 lists the design parameters and
the actual effective prestressing of the tested beams. The test piece numbers and descriptions
are presented in Fig. 1. The test parameters were the I-steel grade, steel to concrete ratio,
longitudinal reinforcement ratio, stirrup ratio, and shear connectors. The geometry and
construction of the specimens are shown in Fig. 2. Pins of 16 X 40 mm were selected as the
shear connectors to be welded to the top flange of the steel, with an arrangement in accordance
with that provided in the literature [22]. The exact position is shown in Fig. 3.

Table 1. Key parameters of specimens

I-steel shape -:l'é é E 'g . % - ,g% =

Specimen , (mm) %D 3 g = | B8 g % g é % %

F X h X1 X1 g |z E’ £ |E mE

- o |@

B1Q3S3R1H4C | 100%x 150 x 8 x5 |Q355|3.03% |2414|3¢20| 0.4 | With | 1150
B2Q5S3R1H4Cy | 100x 150 x 8 x5 | Q550 |3.03% | 2414 | 3¢20 | 0.4 | With 1211
B3QgS2R1H4Cy | 100x 150 x5 x5 | Q690 |2.27% | 2¢14 | 3420 | 0.4 | With 1207
B4QeS3R1H4Cp | 100x 150 x 8 x5 | Q690 |3.03% |2¢14 | 3420 | 0.4 | With-out | 1166
B5QeS3R1H4C | 100x 150x 8 x5 | Q690 |3.03% |2¢14|3¢20| 0.4 | With 1178
BeQeS3RoH4Cy | 100x 150 x 8 x5 | Q690 | 3.03% | 314 | 4420 | 0.4 | With 1260
B7QsS3RoH4C | 100 x 150x 8 x5 | Q690 |3.03% |2¢14 | 2418 | 0.4 | With | 1181
BsQsS3R1HgCo | 100 x 150 x 8 x5 | Q690 |3.03% | 2414 | 3420 | 0.81 | With-out | 1133
B9QeS4R1H4Cy | 100 x 150 x 10 x 10 | Q690 | 4.4% |2¢14|3¢20| 0.4 | With 1125
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Shear resistant connectors
Steel grade  Longitudinal reinforcement fatio(%)
3:Q355 0:1.09%
5:Q550 1:1.67% I— O:without
6: Q690 2:2.29% — Liwith
Senal number 22.27% 4:0.4%
3:3.03% 8:0.81%
4:4.4%
Steel ratio to concrete (%)
Stirrup ratio (%)

Fig. 1. Labeling rule of specimens
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Fig. 2. Geometry and construction of specimens: a) The shape and reinforcement of B-1234 5679, b)
The shape and reinforcement of B-8, c¢) Cross-section of the specimens (mm)
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Fig. 3. Arrangement of the shear-resistant connectors
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2.2. Material properties

According to the specifications of Chinese standard (GB/T 228.1-2021) [23], standard
mechanical property testing was conducted. The mechanical properties of the steel plates used
in the welded H-beams, longitudinal reinforcement, and stirrups are listed in Table 2.

C50 concrete was chosen for the specimens, and after the preparation work was completed,
all specimens were poured simultaneously. The mechanical properties of the concrete specimens
were maintained by curing under the same conditions, and the specimens were tested according
to the standard for test methods of concrete structures (GB/T50152-2012) [24]. The average
cubic compressive strength of the nine concrete cube specimens (150 x 150 X 150 mm) was
55.3 MPa.

Table 2. Mechanical properties of steel

Grade Thicknesses Yield strength | Ultimate strength | Elongation at break
(Diameters) (mm) fy (MPa) Jfw (MPa) 0 (%)
Q355 5 397 527 429
Q355 8 391 540 22.6
Q550 5 626 713 26.5
Q550 8 633 756 19.4
Q690 5 740 819 22.6
Q690 8 787 845 17.7
Q690 10 690 766 21.7
prestressed 152 1820 1910 205

wire

HPB300 8 358 537 239
HRB400 14 453 591 25.6
HRB400 18 415 586 28.7
HRB400 20 433 566 29.5

Note: Q — for I-shape, HRB — for longitudinal bars, HPB — for transverse bars (stirrups)

2.3. Loading method and measurement point arrangement

The length of the bending-shear section of the specimen was 1000 mm, and the length
of the pure bending section in the spanwise direction was 800 mm. The test was performed
using a stepped loading method; the loading apparatus is shown in Fig. 4. Before loading, the
specimen was preloaded, and the apparatus was commissioned. When loading to 80% of the
cracking load estimate, the load was applied at approximately 5% of the cracking load estimate
until the first crack appeared and resumed normal loading. Subsequently, normal loading was
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applied, and the magnitude of the load at each step was 10% of the estimated ultimate load.
When the maximum crack width of the beam reached 0.15 mm, the load at each step was
approximately 5% of the cracking load estimate until the maximum crack width exceeded
0.2 mm. When the loading reached 80% of the estimated ultimate load of the tested beam,
subsequent loads were increased at a rate of 5% per step until the specimens were damaged (i.e.,
until the ultimate load of the beams was reached). The damage was marked by the failure of
the concrete in the compressive zone and the beginning of load reduction on the beams. After
the ultimate load was reached, the loading method was changed to a displacement-controlled
loading at a loading speed of 2 mm/min. The loading was terminated when the load on the
tested beam reached 0.85 times the beam’s ultimate bearing capacity.

Fig. 4. Test setup and instrumentation: 1 — counterweight frame, 2 — pressure sensor, 3 — jack, 4 —
distribution beam, 5 — specimen, 6 — fixed hinge support, 7 — sliding hinge support, 8 — steel strands, 9 —
anchorage, 10 — steel plate, 11 — displacement meter

The load was applied using a jack via a distribution beam, and the magnitude of the applied
load was gauged using a pressure transducer. To measure the displacement of the beams, five
displacement gauges were placed at the support, bottom of the loading point in the span, and
bottom of the beams. Strain gauges were placed at regular intervals on the surfaces of the
longitudinal reinforcement and steel within the length of the pure bending section to measure
the strain change throughout the test. The arrangement of strain gauges on the longitudinal
reinforcement and steel is shown in Fig. 5.

The magnitude of the preload was measured by means of a 25t through-center transducer,
as shown in Fig. 6. The tensioning control stress of the prestressing tendons, oon, Was taken
as 0.65 fyk. Each unbonded prestressing tendon was over-tensioned to 1.050¢o, and held for
2 minutes and then depressurized. Observing the load change on the sensor during the load
holding process, and take the measure of re-tensioning for large loss of prestressing force, and
the control stress of re-tensioning is con.
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Fig. 5. Arrangement of strain gauge positions for: a) Cross-sectional view, b) Steel, c) Longitudinal bars

Fig. 6. Prestressing tendon tensioning: a) Holding a load, b) After tensioning

3. Test results and analysis

3.1. Description of test phenomenon

The damage modes of all tested beams were bending damage. Due to the presence of
prestressing tendons, the tested beams showed some reverse arching before loading. According
to the test phenomena, the test processes of beams B1-B9 can be divided into four stages.
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Stage 1: Before cracking of tested beams. At this time, the concrete in the tensile zone was
not cracked, the strains on the steel and concrete were small, the tested specimens were in the
elastic stage, and the reverse arch of the tested beams gradually disappeared.

Stage 2: The tested beams at the bottom flange of the steel yield. When the load was loaded
to approximately 0.25 times ultimate load (0.25P%), the tested beams cracked and vertical
cracks appeared in the span of the tested beams. According to the data of the strain gauges,
when loaded to (0.49 ~ 0.6) P!, the tensile reinforcement was the first to yield. As the load
continued to increase, the steel bottom flange began to yield. At (0.74 ~ 0.91) P?,, the bottom
flange of the steel fully yielded, at which time the slopes of the Load—deflection curves of the
specimen began to decrease, and the tested beams entered the yielding stage.

Stage 3: Reaching the ultimate load. After the bottom flange of the steel yielded, the tested
beams entered the elastic-plastic phase where the beam deflection increased, the strands were
further tensed, and cracks developed rapidly upward. The web started to yield as the load
increased, the yield region of the section steel stretched upward, and the load on the tested
beams continued to increase. The tested beams reached the ultimate bearing capacity when the
concrete in the compressive zone was crushed.

Stage 4: After reaching the ultimate load. After the beams reached the ultimate bearing
capacity, the load on the tested beams did not rapidly decrease. Owing to the presence of
built-in steel [6], the tested beams exhibited a good load-holding capacity after the concrete
was crushed, at which time the load started to decrease slowly. Thereafter, the deflection of the
tested beams continued to increase, and the loading stopped after dropping to 0.85P7,.

After unloading, the prestressing strands contracted rapidly and the deflection of the tested
beam recovered rapidly, showing good crack closure performance, which reflected the effect
of applied prestressing. Fig. 7 showed a comparison of the parts of the tested beams after
damage. The top concrete of all the tested beams was crushed after the bottom flange of the
steel yielded, and the strength of the steel was fully utilized.

Fig. 7. The parts of the tested beams after damage: a) Tested beam B5QgS3R{H4C1, b) Tested beam
B7Q653R0H4C] s C) Tested beam B8Q6S3R] HgC()
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3.2. Strain distribution of cross-section in the span
The strain distribution plotted along the height of the steel is shown in Fig. 8.
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Fig. 8. Strain distribution along the depth of the beams: a) B1, b) B3, ¢) B5, d) B7

The figure shows that (1) the strain in the span along the height direction of the beams
showed a good linear relationship, and the assumption of a flat section was met. (2) The bottom
flange of each steel beam fully yielded in tension, and the steel web yielded to a high height,
fully utilizing the steel’s tensile strength. (3) The beam with a lower I-steel ratio (B3, compared
with B5) and the beam with more compression reinforcement (BS5, compared with B7) had
higher utilization of steel strength.

3.3. Load bearing capacity and Ductility behaviour

The yield loads (P;) were determined by the Graphical Method of the literature [25],
as shown in Fig. 9. The yield loads (P;) and ultimate loads (P!) of the specimens and the
corresponding displacements are shown in Table 3. The displacement ductility coefficient
expressed as the ratio Apax /A, of the displacement at 0.85P!, (after ultimate loads) to the
displacement at P; is shown in Table 3.
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Fig. 9. Graphical Method

Table 3. Loads and displacement of specimens at different stages

specimen | 4| Diplemenc | pi | Dighacoment | A | i

Amax /Ay
B1Q3S3R1H4C; 163 20.8 190 39.2 68.3 3.28
B>QsS3R1H4Cy 176 19.6 223 40.1 70.5 3.59
B3QeS2R1H4Cy 170 20.1 210 46.7 74.7 3.72
B4QgS3R1H4Cy 200 252 237 40.6 74 2.94
Bs5QeS3R1H4Cy 195 21.3 240 41.4 76.4 3.59
BeQeS3RaHAC) | 201 21.8 264 443 60.1 276
B7QeS3RoH4Cy 205 26.5 224 359 72.3 2.73
BgQeS3R1HgCyp 205 26.7 244 45.7 78.2 2.93
BoQeS4sR HsCy | 228 25 277 46.4 62.8 2.79

3.3.1. Effect of i-steel grade and I-steel ratio

Figures 10 and 11 show the load-deflection curves of beams with different I-steel grades
and ratios, respectively. When the I-steel grade was increased from Q355 to Q550 and Q690,
the bearing capacity of the tested beams was increased by 17.4% and 26.3%, respectively.
Compared to the specimens with an I-steel ratio of 2.27%, the bearing capacities of the beams
with I-steel ratios of 3.03% and 4.4% increased by 14.3% and 31.9%, respectively. The ductility
coeflicients of the specimens decreased from 3.72 to 3.59 and 2.79 when the I-steel ratio
increased. These results indicate that increasing both the I-steel grade and I-steel ratio can
greatly increase the flexural strength of the tested beams, but the increase in I-steel ratio
decreases the ductility coefficient of prestressed concrete-encased high-strength steel beams
(PCEHSSBsS).
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Fig. 10. Load-deflection curves for different I-steel Fig. 11. Load-deflection curves for different I-steel
grades ratios

3.3.2. Effect of longitudinal reinforcement ratio

The load-deflection curves for beams B7, B5, and B6 with longitudinal reinforcement ratios
of 1.09%, 1.67%, and 2.29%, respectively, are shown in Fig. 12. When the ratio of longitudinal
reinforcement was increased from 1.09% to 1.67% and 2.29%, the bearing capacity of the
members was increased by 7.1% and 17.9%, respectively. When the ratio of compression
reinforcement was increased from 0.68% to 1.3%, the displacement ductility coefficient of the
specimen was increased by 31.5%. The yield load of beam B7 is 0.92 times the ultimate load,
while the yield load of beam B5 with only additional compression reinforcement is 0.81 times
the ultimate load. Beam BS5 had a higher strength utilization of steel than B7. This is because
increasing the configuration of the compression reinforcement enhanced the compressive
capacity of the beam in the compressive zone and making better use of the strength of the
HSSS while enhancing the bearing capacity of the beams.

300

—Aa—~Reinforcement ratiol.09%
100 | - |—=—Reinforcement ratio1.67%|
—e—Reinforcement ratio2.29%

0 1 1 1 1 1 1 1 1
0 10 20 30 40 50 60 70 80
Mid-span deflection (mm)

Fig. 12. Load-deflection curves for different reinforcement ratios
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3.3.3. Effect of stirrup ratio and shear connectors

Figure 13 shows the load-deflection curves of beams B4, B5, and B8. Comparing the
ultimate loads of beams B4 and B8, it was found that when the stirrup ratio continued to
increase to 0.8% from 0.4%, the bearing capacity increased by the smaller amount of 3%. The
ultimate loads of beams B4 and BS5 are compared in Table 3, which shows that the natural
bonding action between the HSS and concrete can ensure the reliable transmission of shear
force and setting shear connectors can improve the displacement ductility coefficient of tested
beams.

250 F

200 F

é 150
3 —=—L4Q6S3R1H4Co
~ 100 | —o—L5Q6S3R1HgCq
——LgQeS3R1H4C)

50 -

0 Il Il Il Il Il Il Il Il

0 10 20 30 40 50 60 70 80 90
Mid-span deflection(mm)

Fig. 13. Load-deflection curves of B4, BS and B8

3.4. Cracking performance

Table 4 shows the cracking performance of different specimens, and Fig. 14 demonstrates
the crack width of the tested beams under different loading conditions. It can be seen that as
the I-steel grade increases, the number of cracks increases and the growth rate of crack width
increases after the maximum crack width exceeds 0.2 mm. According to the Code for design
of prestressed concrete structures [26] (JGJ 369-2016), the maximum allowable crack width
of PCESSBs is 0.2mm. In this paper, the bending moment when the maximum crack width
reaches 0.2 mm is defined as M¢ and the ultimate bending moment of the member is My;. The
value of M¢ /My, reflects the crack resistance of the member, and the M /My, values of each
specimen are shown in Table 4. As shown in Table 4, it can be seen that the crack resistance of
PCEHSSBs is better than that of prestressed concrete-encased ordinary-strength steel beams
(PCEOSSBs), and increasing both the I-steel ratio and reinforcement ratio can improve the crack
resistance of the members. Referring to the study of prestressed concrete members [27,28], the
comprehensive reinforcement index p is used to describe the reinforcement of the members in
this paper, and the formula for calculating the comprehensive reinforcement index p is shown
in equations (3.1)—(3.5), and the calculation results are shown in Table 4.
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Table 4. Cracking performance of beams

. Maximum
. Cracking load .
Specimen Number of cracks crack height o Mc /My
(kN-m)

(mm)
B1Q3S3R1H4Cy 50 17 247 0.262 0.611
B>Q5S3R1H4C;q 45 19 241 0.345 0.661
B3Q652R1H4C1 52.5 24 252 0.323 0.655
B4QgS3R1H4Cy 52.5 23 260 0.397 0.675
B5QGS3R1H4C1 55 20 203 0.398 0.677
BsQgS3RyH4Cy 55 23 250 0.417 0.682
B7QgS3RoH4C; 47.5 24 249 0.4 0.676
BgQeS3R1HgCy 50 21 247 0.395 0.677
B9QgS4R1H4Cy 52.5 22 231 0.487 0.693

3.1)
(3.2)
3.3)
(3.4)

(3.5)

3 as fyAs + ap fpAp

+ aafaAa + a'wfuwAaw

Tbh
_ h_as
=
h—a
CYFZ hp
_h-a,
a’a——h
_ h—agy
CZW—T

where: fy, fp, fa. faw — the yield strength of the tensile reinforcement, steel strands, bottom
flange of steel, web of steel and steel strands respectively; ay, ap, aq, aqw — the distance from
the center of the tensile reinforcement, steel strands, bottom flange of steel, and web of steel
respectively, to the edge of the compressive zone; A, Ap, Aq,Aqyw — are the cross-sectional
areas of the tensile reinforcement, steel strands, bottom flange of steel, and web of steel

respectively.

The plot of p and M¢ /My is given in Fig. 15, and it can be found that M¢ /My tends to
increase nonlinearly with the increase of p, and the increase amount decreases gradually.

Mc is the bending moment when the maximum crack width reached 0.2 mm, My is
ultimate bending moment, p is comprehensive reinforcement index.
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4. Summary

This study verified the applicability of HSS on PCESBs. Based on the results obtained
from the tests and FE analysis, the following conclusions can be drawn:

1.

The HSS could significantly improve the flexural bearing capacity of PCESBs, and
compared with Q355 PCESB, the flexural bearing capacities of Q550 and Q690 PCESBs
were increased by 17.4% and 26.3%, respectively. The flexural bearing capacity of
PCEHSSB with I-steel ratios of 3.03% and 4.4% increased by 14.3% and 31.9%,
respectively, compared with that of the specimen with a ratio of 2.27%. When the
reinforcement ratio was increased from 1.09% to 1.67% and 2.29%, the bearing capacity
of the members was increased by 7.1% and 17.9%, respectively.

The bearing capacity of the beam, ductility of the specimen, and utilization of the strength
of the steel could all be improved by increasing the configuration of the compression
reinforcement. The bearing capacity of the tested beam improved less when the stirrup
ratio increased. The provision of shear connectors did not result in a significant increase
in the bearing capacity of the tested beam; however, it improved the displacement
ductility coefficient of the specimen.

The comprehensive reinforcement index p was proposed to evaluate the cracking
resistance of the tested beams, and the analysis showed that p was positively correlated
with the cracking resistance of the beams, for which a relationship curve was fitted.
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