kT buildings

Article

Flexural Behavior of High-Strength Steel and Ultra-High-
Performance Fiber-Reinforced Concrete Composite Beams

Jun Xia 12

check for
updates

Citation: Xia, J. Flexural Behavior of
High-Strength Steel and Ultra-High-
Performance Fiber-Reinforced
Concrete Composite Beams. Buildings
2024, 14, 131. https://doi.org/
10.3390/buildings14010131

Academic Editors: Hiroshi Tagawa,
Yao Sun, Samar Raffoul, Engui Liu

and Davor Skejic

Received: 10 December 2023
Revised: 30 December 2023
Accepted: 31 December 2023
Published: 4 January 2024

Copyright: © 2024 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

1 Key Laboratory of Structural Engineering of Jiangsu Province, Suzhou University of Science and Technology,

Suzhou 215011, China; jun.xia@xjtlu.edu.cn; Tel.: +86-512-88167120
Civil Engineering Department, Design School, Xi’an Jiaotong-Liverpool University, Suzhou 215123, China

2
Abstract: The flexural performance of steel and concrete composite beams can be further enhanced
by utilizing advanced construction materials such as ultra-high performance fiber-reinforced concrete
(UHPFRC) and high-strength steel. In this paper, the concept of critical elastic moment resistance is
proposed and the equation for its estimation is derived. It was found that the high yield strength of
steel calls for a narrow UHPFRC top layer to reach the critical state, whereas this ideal condition is
not realistic for composite beams with normal-strength steel and UHPFRC. Small-scale composite
beams composed of both high-strength and low-strength steel materials were tested under four-point
bending to verify the critical state and performance of different types of connectors. The headed
studs and plate connectors were first tested through small-scale push-out tests and then implemented
in the composite beam with different spacing. The connection utilizing headed studs with 150 mm
spacing performed the best among the three tested specimens in helping reach the critical elastic
moment resistance. Finite element analyses of the composite beam were performed based on the
estimated material properties under axial and biaxial stress conditions and the results align with the

experiment results.

Keywords: steel plate shear connector; push-out test; high-strength steel; finite element analysis

1. Introduction

Concrete and steel composite beams are widely used in civil engineering applications,
such as bridge girder-deck systems and floors for buildings. They are regarded as an
economical solution compared to conventional reinforced concrete structures. An enhanced
modulus of elasticity of concrete and a higher strength of steel materials usually lead to
better performance of a composite system according to NIE Jianguo et al. [1]. High-strength
steel with a yielding strength of over 690 MPa has been investigated for its application
in beams [2], frames [3], and tabular joints [4]. Recently, ultra-high-performance fiber-
reinforced concrete (UHPFRC), especially that with a compressive strength of over 150 MPa,
has been investigated and used in practical applications according to Fehling et al. [5], Yoo
and Banthia [6], and Saleem et al. [7]. The concrete material is usually composed of
cement, silica fume, fine aggregate, and a high-range water reducer to provide the dense
cementitious matrix. In UHPFRC, either steel or synthetic micro-fibers are an essential
component at the material level to prevent brittle failure under compression and to ensure
strain-hardening behavior under flexural loading. Zhu et al. [8] reported that the fibers in
normal-strength concrete could contribute to the improvement of the stiffness, durability,
and elasticity of composite decks. Fibers have also been shown to contribute to the shear
resistance of UHPFRC beams Mészoly and Randl [9]. The authors tested twenty beams, and
it was found that the shear resistance increase was not linear to the fiber volume fraction. It
was concluded that the design approach specified in the AFGC recommendations [10] is a
realistic conservative estimation. The modulus of elasticity of UHPFRC is usually higher
than normal concrete and can exceed 40 GPa. Therefore, the benefits of using UHPFRC
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in composite beams are worth further investigation, especially when high-strength steel
material is utilized.

Frames made of high-strength steel with a yielding strength of up to 890 MPa were
investigated by Hu et al. [3]. In [4], a 3.0% floor drift was achieved in the cyclic loading
test, despite the slender high-strength steel column failing due to severe buckling. The
authors conducted static tests on high-strength steel tubular connections, applied in an
electric transmission tower, to assess buckling resistances. The yielding strength of the
high-strength steel reached 740 MPa in the uniaxial test of the coupon specimens. Finite
element analyses were used to perform the parametric study [4]. Jiang et al. [2] investigated
the stability of Q690 high-strength steel through numerical analyses. The authors concluded
that both Eurocode 3 and Chinese code GB50017-2017 [11] can be used to predict column
strength. Li and Young [12] investigated the residual mechanical strength of coupons made
from cold-formed high-strength steel material after exposure to high temperatures of up to
1000 degrees Celsius. They proposed a new curve to estimate the strength reduction, which
was also applied to hot-rolled high-strength material.

The performance of connectors between concrete and steel is critical to the structural
behavior of composite beams. According to Eurocode 4 ([13]), a 50 mm clear cover for the
shear stud, and a stud length-to-diameter ratio larger than 4 are required. However, these
specifications do not apply to shear studs embedded in UHPFRC material (Kim et al. [14]).
Kim et al. [14] investigated the behavior of headed studs through push-out tests with an
ultra-high-performance fiber-reinforced concrete (UHPFRC) layer as thin as 75 mm. All
specimens failed due to shear, with a peak shear force capacity of around 110 kN for a
16 mm steel stud. Moreover, all specimens failed to reach the ductility requirement of
6 mm slippage outlined in Eurocode 4 [13], which prevents the adoption of plastic design
methodology. The slippage demand for plastic design is normally accommodated by the
adequate deformation of the shear connectors. However, the slippage is greatly reduced due
to the high stiffness and strength of the UHPFRC material. Wang et al. [15] investigated the
demountable-headed stud shear connectors used in steel-UHPFRC composite structures
that can be removed by unscrewing the bolts that connect the two parts. Although this
type of bolt showed better ductility compared to welded studs, the slippage was still lower
than the requirement outlined in the standard. The performance of the studs in composite
beams was also investigated through finite element analyses. Qi et al. [16] investigated
the performance of damaged studs due to corrosion or fatigue and obtained a shear
strength reduction concerning the damage condition, whereas Ding et al. [17] simulated
stud performance under cyclic loading. According to Xu et al. [18], the existence of fiber can
increase the fatigue life of headed shear studs. However, this enhancement varies with the
range of the fatigue load. More recently, He et al. [19] investigated a full-scale strip-shear-
connection composite beam, which has a shear strength of over 15 MPa. Full composite
action was achieved between the C50 concrete precast deck and the steel girder. Fang
et al. [20] investigated a UHPC-steel composite beam using short stud connectors. Q460
high-strength steel and a UHPC composite beam bonded by an open-hole steel plate were
investigated by He et al. [21]. Push-out tests and flexural bending tests were carried out.
The end-bearing effects, which are associated with steel plate connectors, were identified
and were found to cause degradation in the cracking resistance and bending stiffness.

Flexural responses of composite beams made of inverted T-shape girders with 50 mm
and 100 mm UHPFRC top layers were investigated by Yoo and Choo [22]. The shear studs
were welded to the web at a spacing of between 50 mm and 400 mm. The test results
proved that the ultimate flexural load capacity is greatly affected by the spacing of the
stud. The specimen with a 50 mm UHPEFRC layer and 50 mm stud spacing failed due
to the crushing of the UHPFRC layer, while longitudinal cracks were also observed on
the top concrete surface. Such longitudinal cracks were not identified in the specimen
with a larger stud spacing. Besides composite beams, concrete and steel composite slabs
using high-strength fiber-reinforced concrete were investigated by Wenguang et al. [23].
The concrete layer was designed to act as an overlay for the orthotropic steel deck. It was
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found that for the positive moment region, the failure of the composite system was initiated
due to debonding at the interfacial layer after the breakage of the chemical bond. Cracks
then appeared afterward. Before reaching the ultimate load capacity, the increase in the load
was proportional to the increase in the crack width. The specimens finally failed due to the
fracture of the shear studs in the shear critical region. Chen and El-Hacha [24] investigated
the fatigue responses of composite beams composed of a 53 mm thick UHPFRC top layer
and a glass-fiber-reinforced plastic pultruded hollow box section. After 2 million cycles of
flexural fatigue loading, no sign of degradation was observed, revealing the good fatigue
resistance of the top UHPFRC layer. The behavior of composite beams under negative
bending moment action is also of interest to researchers. Liu et al. [25] performed tests on
partially filled narrow-width steel box girders combined with UHPC. A thin-layer UHPC
plate was overlapped on the C40 concrete layer. Under the negative bending moment,
due to the existence of the UHPC layer, the cracks were smaller and more concentrated.
The cracking load was also greatly enhanced.

Liu et al. [26] investigated the performance of concrete—steel composite beams through
3D finite element analyses. A material model based on von Mises’ yielding function and
isotropic hardening was used. A trilinear stress-versus-strain curve was used, defining the
yielding strength, yielding strain, and ultimate strength. A 3D finite element model was
also used to simulate the push-out test under normal and low temperatures according to
Yan et al. [27,28], in which the isotropic plastic material model was used for concrete with
isotropic damage detection. To simulate the shear studs, spring elements are usually used,
such as in the model built by Fang et al. [29]. Finite element models have also been utilized
to examine the performance of studs, demonstrating that the concrete strength of a precast
slab and shear pocket only has a limited impact on the shear strength. Guo et al. [30] con-
ducted parametric finite element analyses to investigate the stud behavior between UHPC
and steel girders. The authors concluded that to ensure the effectiveness of shear studs,
the horizontal spacing should be greater than 2.8 times the diameter of the studs. A com-
posite beam composed of an inverted-T steel section was investigated by Kabir et al. [31].
FEM analyses using Abaqus software captured the responses of the composite beam. The
experiment proved that the inverted-T steel section composite beam has less slippage com-
pared to the normal configuration. The shear studs embedded in UHPC proved to be as
effective as the flanges regarding their contribution to preventing global or local buckling.

In this study, the flexural responses of UHPFRC and steel composite beams were
investigated experimentally and numerically. Compared to normal-strength steel, high-
strength concrete with a yielding strength of 690 MPa allows for reaching critical elastic
responses when both materials reach their limit strength at the same curvature level.
The equations for the prediction of the critical elastic moment resistance were derived.
Specimens were designed and tested to verify the findings. Small-scale push-out tests
were performed on the 16 mm shear studs embedded in 200 mm high-strength concrete
blocks. The experimental results from the push-out tests were then incorporated into
a finite element model to predict the structural behavior of the composite beams. Five
composite beams made of UHPFRC and either normal- or high-strength steel beams were
tested under four-point bending. The effectiveness of connector types and the spacing
of studs were investigated, verifying the critical performance of composite beams with
high-strength steel and UHPFRC blocks.

2. Material Characterization

The mix design of ultra-high-performance fiber-reinforced concrete is shown in Table 1.
In this investigation, 52.5-type cement was used, and the micro-steel straight fiber had an
aspect ratio of 60. The volume fraction of the micro-steel fiber was 2%. Uniaxial compressive
strength tests were performed on the cylinder specimens with a 100 mm diameter and a
200 mm height. The test configuration and a typical stress-and-strain curve are shown in
Figure 1a. A 300-ton compressive strength test machine was used along with extensometers
on both sides of the concrete specimens to obtain the compressive strain and thus the
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modulus of elasticity according to Eurocode [32]. The uniaxial compressive strength was
140 MPa from the average of five specimens tested 21 days after casting. The standard
deviation was 10.2 MPa. The average modulus of elasticity was 41.9 GPa. The results are
summarized in Table 2.

The uniaxial tensile strength of the high-strength steel was verified using coupon
specimens with thicknesses of 5 mm and 8 mm and a gauge width of 20 mm. The tests were
conducted using a 30-ton universal testing machine (UTM). Detailed dimensions can be
found in Figure 1b. Loading for the uniaxial tensile test was applied using a displacement
control rate of 2 mm per minute. The failure patterns of six steel coupon specimens
with two different thicknesses are shown in Figure 1b. The average modulus of elasticity
was 217 GPa from five specimens with a thickness of 8 mm. The corresponding average
yielding strength was 693 MPa (based on the 0.2% offset rule), and the ultimate strength
was 780 MPa. For the 5 mm thick coupons, the modulus of elasticity, yielding strength,
and ultimate strength were 198 GPa, 721.8 MPa, and 801 MPa, respectively. Figure 1b
presents a typical stress-and-strain curve obtained from the coupon tests, along with the
simplified bilinear model with a hardening parameter h equal to 1.1.

Table 1. Mix design of high-strength fiber-reinforced concrete.

Raw Silica  Ground  Fine Super- .
Material Cement Fume Quartz Sand  Plasticizer Water Fibers
Quantity kg/m? 712 231 211 1020 40 130 156

Table 2. Compressive strength of cylinder specimens.

ID Height (mm) fc (MPa) E. (GPa)
1 184.7 145.9 43.7
2 196.3 132.0 43.5
3 188.5 148.7 43.2
4 183.6 126.2 30.1
5 185.4 147.4 41.3
Average 140.0 419
STD 10.2 2.3
150 T T T T 800 T i j J E—
) e - fy=710 MPa
7 i h=11
_00ff —— 4
<100 4 g Il/ S
s s / s (T T
\E; 2400 / — 5 5 .
s 3 2 | J
@ sor ) s 200 —t8-s4 .
———t5-s6
F R — 8 — Bilinear Model
0 1 1 () 1 1
0 1 2 3 4 5 0 0.01 0.02 0.03 0.04 0.05
Strain (mm/mm) %1073 Strain from extensometer (mm/mm)
(a) (b)

Figure 1. Material properties: (a) Typical stress-and-strain relation of UHPFRC. (b) Stress versus
strain and failure mode of the high-strength steel.

3. Elastic Flexural Capacity
3.1. Critical Moment Definition and Equation for Estimation

Consider a critical design scenario where both steel and UHPFRC materials reach the
limit strength in tension and compression, respectively. The location of the neutral axis is
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located at the top of the steel section to avoid potential buckling and cracking. The three
criteria can be expressed, as shown in Equation (1).

Osh = fsy
Oct = fc (1)
Yeom = hs

where f;y and f. are the yield strength and compressive strength of steel and UHPFRC,
respectively, and oy, and o are the stress at the bottom of the steel section and the stress on
the top of the UHPFRC layer. The stress level can be calculated according to Equation (2).

Osp = KYcomEs

2
Oct = K(ycom —hs — tc)Ec ( )

where Y, represents the location of the neutral axis to the bottom of the steel section and
« is the curvature of the composite section. According to basic mechanics, the neutral axis
location of the composite beam can be expressed by Equation (3).

(tstbsths - 1/2 tstzbst + 1/2 tsbzbsb + hsw tsw (hsw/z + tsb) + %:HC/Z)) (3)

Yeom =

(tsb bsb + tst bst + hsw tsw + ECE*&)

where b, and t. are the width and thickness of the top UHPFRC layer; by, and by are the
widths of the bottom and top flanges of the steel section; ¢y, and tg; are the thicknesses of
the bottom and top flanges; and hg, and h; are the height of the web and whole section,
respectively. The geometrical parameters of the composite section can be found in Figure 2.
Es and E. are the modulus of elasticity of steel and concrete, respectively.

bC

Figure 2. Design parameters of the composite section.

When the size of the steel beam is known, the expressions for the critical thickness
te,cr, the critical width b, ¢ of the concrete layer, and the critical curvature x., can then be
obtained by solving Equation (1). The results can be seen in Equation (4).

_ sy
Ker = Esh? .
___ Jekshs
teor = Ecfsy (4)
Ec fo?
b — [X C by
c,cr E. .2

where parameter « can be expressed by Equation (5).

A= 2 bsb hs tsb - bsb tsbz + bst tstz +2 hs hsw tsw — hswztsw -2 hsw tsb tsw
hs?
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When the steel section is symmetric (bg, = bst = bs and tg, = ts = £;), the expression for
parameter a can be simplified, as shown in Equation (6).

2ts(bs — ¢
Xsym = w + tew (6)
s

where t; and b; are the thickness and width of the top and bottom flanges of the steel section,
respectively. The critical moment M, can be expressed by Equation (7), where M, ¢ ¢
and M, s are the moment resistance contributions from concrete and steel, respectively,
with the expressions shown in Equations (8) and (9).

Me,cr - Me,cr,c + Me,cr,s (7)
1 f.Esh
Me,cr,c = ngES > [Zts . tsw - 2bs . ts - hs : tsm] (8)
c

1 2t3(b—t
Me,cr,s == fsy ghgtsw + hsts(b - tsw) - b : t? + tg : tsw + gS(TSW)
s

Since the thickness of the flanges and web (s and ts,) are usually much smaller
than the sectional height and width of the flanges (ks and bs), Equation (9) can be further
simplified to Equation (7). The proposed equation is then simple enough to estimate the
critical moment when the dimensions of the composite section and material properties
are known.

©)

1
Me,cr,sym = feq(g ' hgz, tsw + hs . bs : ts) (10)

where foq = foy — % - fe - (Es/E¢) and f, is a negative value.

The geometries of six typical I sections are listed in Table 3, with sectional heights
ranging from 100 mm to 630 mm. The exact theoretical solution of the elastic critical moment
and the capacity obtained through the simplified equation are also listed. Equation (10)
slightly differs from the moment capacity, with the largest absolute error percentage being
less than 5% among all six sections. The calculations are based on the assumption that
fe = 140 MPa, f5y = 690 MPa, E. = 42 GPa, and Es = 210 GPa.

Table 3. Geometries and parameters of typical sections (in mm and N).

Desig. hg bs tsw ts be,cr tecr M ¢+ Equation (7) Mo, cr,sym Equation (10) Diff.
110 100 68 45 76 6875 101.44 7.427 x 107 7.713 x 107 3.85%
120a 200 100 7 114 8551 20290 3.670 x 108 3.717 x 108 1.28%
132a 320 130 95 15  101.03 324.64 1.102 x 10° 1.097 x 10° —0.44%
I40a 400 142 105 165 103.72  405.80 1.758 x 10? 1.732 x 10° —151%
I50a 500 158 12 20 11504 507.25 3.040 x 10° 2.984 x 10° —1.82%
I63a 630 176 13 22 11846 639.13 4951 x 10° 4811 x 10° —2.82%

It was observed that when adopting high-strength steel with a yielding strength of
690 MPa, the critical thickness of the UHPFRC layer ¢ .- was close to the height of the steel
section, whereas the critical width b, ¢ only varied from 68.75 mm to 118.46 mm. This is
significantly different from the case of normal-strength steel, where the critical thickness
be,cr is usually very small and not realistic.

3.2. Critical Moment of the Composite Beam Utilizing High-Strength Steel

For general cases where the width and height of the UHPFRC layer are different
from the critical dimensions explained in the previous section, the elastic moment resis-
tance can be estimated using Equation (11), where parameter u represents the moment
capacity variation.

Mesim = 1+ Meer (11)
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After the steel profile has been confirmed by introducing parameters B; = t./tccr
and B, = b¢/bccr, which are the ratios of the concrete’s width and height against the
corresponding critical values, parameter i can be expressed by variable §; ,8;, and the
limit curvature x. The curvature is governed by either the concrete or steel, depending
on which part first reaches the limit strength. In the case of the composite beam utilizing
high-strength Q690 steel and when f; < 1.0, the bottom of the steel flange reaches the
yielding strength first. The ; versus u plots for the I10 and 150a sections listed in Table 3
can be depicted as shown in Figure 3 for three levels of B; at 0.75, 0.5, and 0.25, respectively.

1.1

- 11

T
* B=025

_a-2"
: + ’3[:0‘5 1H + Bl:O.S Dr;k’“’ﬂ |
H —
o PB=0.75 a2
=
049* ,D/'ﬂ —

0.9

08% |

=08fF ES PR
07 o7 -
—F
0.7 . 1
0.6 - ***~*’*‘**%*r*/*i*%a
—¥

[ % ¥
0.6 W 0.5 - -
0.5 1 1 1 1 1 1 1 0.4 1 1 1 1 1 1 1
1 1.5 2 2.5 3 35 4 4.5 5 1 1.5 2 2.5 3 35 4 4.5 5
Bh:[l-S], hs:100 mm, fSy:()C)O MPa Bb:[l-S], hSZSOOmm, fsy:690 MPa
(a) (b)

Figure 3. Design plots for y: (a) Section I10 with s = 100 mm; (b) Section I50a with ks = 500 mm.

It can be seen that if the height of the UHPFRC layer f. is much smaller than the critical
value t.r, increasing the width of the concrete b, alone cannot recover the elastic moment
resistance with the same cross-sectional area, which means that the critical condition
reflects the scenario that reaches the most effective use of both materials regarding their
contributions to the elastic performance of the composite section.

3.3. Samples for Verification

Two types of steel materials with different yielding strengths were used in this study
to verify the proposed equations. For Q235 normal-strength grade steel beams, a standard
hot-rolled 110 section profile was used, whereas Q690 high-strength steel beams were
constructed by plate welding. The overall height of both types of steel beams was 100 mm.
Other parameters, such as the thickness of the web and the width of the top (bottom)
flanges, as well as the critical and elastic moment resistances of the sections, can be found
in Table 4. It can be seen that with a low yielding strength of 235 MPa, the critical width
of the UHPFRC layer is only 7.97 mm, which is impractical for real design purposes.
Meanwhile, for high-strength steel with a yielding strength of 690 MPa, the critical width is
73.26 mm, which is close to the width of the flange of the I-section steel beam. The elastic
resistance force P, s, is calculated based on the beam setup, which has a span length of
1800 mm and a four-point bending configuration, with a distance of 600 mm between the
two loading points.

Table 4. Elastic flexural resistances of two composite beams.

Category Parameters Unit fsy = 690 MPa fsy = 235 MPa
bs mm 68 68
ts mm 8 7.6
Steel section tsw mm 5 4.5
hs mm 100 100
. b¢ mm 68 68
Concrete section t mm 100 100
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Table 4. Cont.

Category Parameters Unit fsy = 690 MPa fsy = 235 MPa

fsy MPa 690 235
. . fe MPa —140 —140

Material properties E, GPa 4 4
Es GPa 210 210
te,cr Equation (4) mm 101.45 297.87

Critical parameters be,cr Equation (4) mm 73.26 7.97
M, Equation (7) N -m 7.883 x 10* 4.707 x 10*
By = be/beer - 0.928 8.53
Bt =tc/teer - 0.986 0.336

Design parameters ~ Mesim Equation (11) N -m 7.677 x 10* 2.494 x 10*
Py sim kN 255.9 83.1

4. Experimental Investigation
4.1. Methods
4.1.1. Push-Out Tests

Two types of shear connectors (shear studs and plate connectors) were investigated
in this study through small-scale push-out tests. The test setup is shown in Figure 4.
The cross-section of the side concrete blocks is 100 mm by 100 mm, and the height is
200 mm. Three specimens were prepared and tested with identical configurations and
shear studs of 16 mm. The relative deformation was measured between the bottom of the
steel beam and the top concrete surface using a pre-installed string pot. The same test
configurations were applied to two push-out specimens with plate connectors. The plate
used in the test was 120 mm long and 40 mm wide, with two holes drilled at the middle
height. The diameter of the holes was 10 mm, and two No.6 rebars were placed across the
holes. The length of the rebar was 120 mm to ensure that part of the rebar extended out of
the side block to observe the potential slippage.

(@ (b)

Figure 4. Small-scale push-out test setup: (a) Stud connector. (b) Plate connector. (c) Test setup.

4.1.2. Flexural Tests

A total of five steel and UHPFRC simply supported composite beams were tested
along with two pure steel beams. The details of these beams are summarized in Table 5.
Two types of shear connectors were utilized, with specific spacing for each specimen.
A designated welding machine was used to ensure the quality of the stud welding, as
shown in Figure 5, and steel plates with holes were welded to the steel beam. A schematic
drawing of the various specimens can be found in Figure 6.

The instrumentation for the specimens under positive bending can be found in Figure 7.
For specimens with normal-strength steel, four strain gauges were attached to the steel
beam at different section heights in the middle span: one attached to the bottom of the
top flange (S1), one at the bottom of the bottom flange (54), and two at one-third (52)
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and two-thirds (S3) of the sectional height. Another strain gauge (S5) was attached to
the concrete top surface at the middle span. The distance between each strain and the
bottom of the flange was 0, 33 mm, 66 mm, 100 mm, and 200 mm, for S4, S3, S2, S1, and S5,
respectively. The middle span deflections (D1) and the deflection under one side of the
loading point (D4) were recorded using the string pots attached to the bottom of the steel
beam, as shown in Figure 7.

(b)

Figure 5. Shear connectors: (a) Stud connector with well welding around it. (b) Steel plate connector.

68
]
68 68
N pt
L 8 50l 8
0235-110 0235-5200/150 0690-110 0690-5200/150-P
Front View
i 420 420 i 420 i 420 i
[e o] [e o] [e o] [e o] [o ]
0690-P420
O (@)
! 1800 !
200
T il il il il il T il il
0235/690-5200-P
QO Q
150
0T 0T 0T T T T T [T T T T T T osseosiser

Side View

Figure 6. Specimen design and dimensions.
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I |
600 600 600 |
O S5
S1
2 Q235 Steel Beams
O S4 O
D4 DI
' 1800 '
(@)
I |
| 600 600 600 |
é é S5
S4
S1
3 Q690 Steel Beams
O S3 @)
D4 DI

1800
(b)
Figure 7. Instrumentation plan: (a) Q235 beams; (b) Q690 beams.

For the specimens with high-strength steel, three strain gauges were attached to the
steel beam: two on the extreme surfaces and one at the middle of the sectional height.
Two more strain gauges were attached to the concrete: one on the top surface (S5) and
another at the middle of the section, attached on the side surface (54), as shown in Figure 7.
Because the UHPFRC layer for the high-strength steel was cast to be 110 mm, the distance
between each strain and the bottom of the flange was 0, 50 mm, 100 mm, 150 mm, and
210 mm, for S3, S2, S1, 54, and S5, respectively.

Table 5. Flexural test specimens.

Steel Beam Connector
Specimen ID Material Profile Type Spacing
Q235-5150 Q235 Hot roll 110 Stud 150
0Q235-5200 Q235 Hot roll 110 Stud 200
Q690-5150-P Q690 Welded 110 Stud 150
Q690-5200-P Q690 Welded 110 Stud 200
Q690-P420 Q690 Welded 110 Plate 420

All tests were performed using the 30-ton universal testing machine at the Structure’s
Lab of Xi’an Jiaotong-Liverpool University. Loading was initially controlled by displace-
ment at a rate of 1 mm per minute until the peak load was reached. Then, it was increased
to 5 mm per minute after the load dropped from its peak.

4.2. Test Results
4.2.1. Push-Out Tests

The load-versus-displacement curves of the three push-out specimens with shear
studs are shown in Figure 8a. The obtained stud shear capacity and deformation are
similar to those obtained by [14]. All three specimens failed due to the shear failure of the



Buildings 2024, 14, 131

11 0f 18

welded stud at the region close to the root, as shown in Figure 9. The failure occurred at a
location that experienced high temperatures during the welding process. Two out of the
three specimens failed suddenly, with loud and sharp noises heard along with a sudden
load drop.

T T T T T
250
400 - =
200
~ = 300 - i
Z 150 Z
2 E 200 8
S 100 H J S
—+—S1 p—
—*—S2 100 g -
50 —%—S3 T ——S2 )
—e— Curve fitting 3 —o— Curve fitting
0 1 1 1 T T 0 1 1 1 1
0 1 2 3 4 5 6 0 2 4 6 8 10
Displacement (mm) Displacement (mm)

(a) (b)
Figure 8. Load-versus-displacement curves of the push-out specimens: (a) Specimens with shear
studs; (b) Specimens with plate connectors.

Figure 9. Failure of push-out specimens and fracture shear surface of studs.

The load-versus-displacement curves of the two specimens with plate connections
are shown in Figure 8b. The plate connectors provided higher shear resistance at larger
deformations exceeding 10 mm. After testing, the concrete block was crushed sideways in
order to observe the deformation of the shear connectors. Plastic shear deformation of the
steel plate, as well as the local denting of the crossing rebars, were observed, as shown in
Figure 9.

Several numerical models were proposed to quantify the relation between the shear
force and slippage, among which the concrete design model code [33] provided the most
straightforward equation, as shown in Equation (12). Based on the experimental results, the
parameters were calibrated for both types of shear connectors, and the corresponding curves
are shown along with the experimental results in Figure 8. V,, =240 kN and S, = 3 mm
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were adopted for the peak shear force and corresponding deformation, respectively, for stud
connections, whereas V;, = 450 kN and S, = 10 mm were adopted for the plate connectors.

V="V, (5/8,)"2 (12)

4.2.2. Composite Beams under Positive Bending

The combined load-versus-displacement curves for all five specimens under positive
bending are shown in Figure 10a, and the corresponding load-versus-strain curves for the
exterior surface of steel (54) and concrete material (S5) are shown in Figure 11a and Figure 11b,
respectively. Two typical concrete failure modes, the crushing of concrete near the loading
point and shear cracking, are shown in Figure 10b.
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Figure 10. Load versus deflection and concrete failure modes: (a) Combined load-versus-displacement
curves; (b) Typical concrete failure modes.
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Figure 11. Combined load versus strain: (a) Load-versus-strain curves for S4; (b) Load-versus-steel
curves for S5.

Both specimens with normal-strength steel (Q235-5150 and Q235-5200) reached an
elastic load limit of around 75 kN and exhibited similar nonlinear load-versus-deflection
responses up to the peak load. However, for specimen Q235-5200, a large noise was heard
at load levels of 136 kN and 145 kN, associated with the failure of the shear studs. After that,
a shear crack appeared and widened quickly in the top concrete layer near the point of
loading, as shown in Figure 12b. The neutral axis moved up quickly and reached the center
of the concrete layer, as shown in Figure 12a, at a load level of 138 kN. Lateral torsional
buckling was observed a few seconds after the loud noise. Obvious lateral deformation was
observed near one of the loading points, where the shear studs were already susceptible to
being damaged. An end slippage of about 8 mm was observed at one end of the specimen.
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Figure 12. Strain profiles and failures mode of specimens with Q235 material: (a) Q235-5200 strain
profile; (b) Q235-S200 cracking; (c) Q235-5150 strain profile; (d) Q235-5150 cracking.

On the other hand, the specimen with smaller stud spacing at 150 mm failed in a
more ductile manner, with over 80 mm middle span deflection and a residual resistance
of around 100 kN, dropping from the peak load of 145 kN. The compressive strain at
the middle span reached around 3500 microstrains, and the specimen failed due to the
crushing of the concrete near the loading points. The region of concrete crushing gradually
developed from the top of the concrete layer to the middle height of the concrete section,
and the final crushing pattern is shown in Figure 12d. During the loading stage, no loud
noise was heard, and no sign of shear stud failure was identified. No obvious slippage was
observed after testing.

It should be noted that, probably due to the uneven distribution of the yield strain
across the bottom flange, the strain gauge reading of a particular point on the bottom flange
of steel may shift away from the average strain of the flange after yielding. Therefore,
a strain reading of 54 will no longer be representative after exceeding the yield load.

The three specimens with high-strength steel beams exhibited much higher ultimate
flexural load capacities, as shown in Figure 10a. All three types of connections initially
provided sufficient bonds and led to similar elastic stiffnesses, whereas the final failure
modes were slightly different. The specimen with stud connectors at a spacing of 150 mm
reached the highest ultimate load at 295 kN and failed due to the crushing of UHPFRC,
as shown in Figure 13d. The crushing of concrete material was initiated at the exterior
surface and extended into the lower layers. The steel section was all in tension during the
whole loading history, as shown in Figure 13c. The specimen with larger stud spacing, at
200 mm, failed slightly differently, as shown in Figure 13f. Diagonal shear cracks appeared
and widened before the concrete was crushed on the top. Generally speaking, the specimens
with stud connectors exhibited less severe softening during nonlinear loading compared to
the specimens with plate connectors, as shown in Figure 10a. Specimen Q690-P420 failed
due to shear cracks and concrete crushing, as shown in Figure 13b. Relative slippage can
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be seen in the strain profile plot in Figure 13a, which led to the degradation of stiffness and
softening, as shown in Figure 10a.
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Figure 13. Strain profiles and failure modes of specimens with Q690 material: (a) Strain profile:
Q690-P; (b) Local failure: Q690-P; (c) Strain profile: Q690-5150; (d) Local failure: Q690-5S150;
(e) Strain profile: Q690-5200; (f) Local failure: Q690-S200.

5. Finite Element Analysis
5.1. Methods

Finite element analyses were performed using Ansys® software. The geometries,
meshes, and boundary conditions are shown in Figure 14 for the two composite beam
models under positive and negative bending scenarios. Eight-node solid elements were
used for modeling the concrete part, whereas four-node shell elements were used for the
steel beam. Combin39 elements were used, as shown in Figure 15b, to simulate the shear
connection between concrete and steel, which can incorporate the load-versus-deformation
relation obtained from the push-out tests. The different spacings of the shear connectors
were taken into account, as shown in Figure 14, with a spacing of 150 mm for the model on
the top and 200 mm for the model on the bottom.
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A bilinear elastic-isotropic hardening constitutive model was adopted for steel. Differ-
ent yielding stresses of 235 MPa and 710 MPa were used for normal- and high-strength steel,
respectively. Drucker-Prager concrete material was used for the UHPFRC with the input
parameters shown in Table 6. The input parameters included the uniaxial tensile strength
(R¢), compressive strength (R.), and modulus of elasticity (E.), as well as the biaxial com-
pressive strength (Rj). After the yielding of the material, a linear hardening and softening
model was used for compression, as shown in Figure 15a, with the shape of the curve
governed by the parameters (), ke, Kcr, and Q. On the other hand, a linear softening
model was used in the tensile responses, determined by the parameters x; and ().

Figure 14. Finite element models.
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Figure 15. FEM parameter plots: (a) Plasticity responses in compression; (b) Load versus deformation
for the stud connector.
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Table 6. Parameters for Drucker-Prager concrete material.
Parameter Value Unit Physical Meaning
R, 140 MPa Uniaxial compressive strength
R¢ 10 MPa Uniaxial tensile strength
Ry 210 MPa Biaxial compressive strength
E. 42 GPa Modulus of elasticity
Kem 0.0045 - Plastic strain at uniaxial compressive strength
Ker 0.01 - Ultimate effective plastic in compression
Qg 0.85 - Relative stress at onset of nonlinear hardening
Q¢ 0.1 - Residual compressive relative stress
Kty 0.01 - Plastic strain limit in tension
Q4 0.1 - Residual tensile relative stress
5.2. Results

The load-versus-displacement curves from the experiment and finite element anal-
yses are shown in Figure 16a,b for normal- and high-strength steel beams, respectively.
The structural responses of pure steel beams were also obtained experimentally and numer-
ically. These two responses aligned well with the FEM results in slightly overestimating the
stiffness of the high-strength steel beam. Regarding the predictions of the flexural behavior
of the composite beam, the load—deflection curves from the FEM captured the stiffness
and ultimate strength for specimens Q235-5150/200. Although the difference between the
two specimens was not as obvious in the FEM results as it was in the experimental results,
the finite element model underestimated the initial stiffness of specimens Q690-5150/200,
whereas the peak flexural loading was close to the experimental results. The difference in
the initial stiffness can be attributed to the small friction that existed in the supports.
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Figure 16. Comparison of load-versus-displacement responses: (a) Beams with normal-strength steel;
(b) Beams with high-strength steel.

6. Conclusions

Analytical and experimental investigations were performed on composite beams with
UHPFRC material. An equation for estimating the critical elastic moment capacity of
the composite section assuming full composite action was proposed. This equation was
verified using a four-point bending test of a simply supported beam with a symmetric steel
beam made of materials with low- and high-yielding strength. The following conclusions
can be made based on the investigation in this study.

1.  An exact and approximate equation for calculating the critical elastic moment re-
sistance was derived. It was found that by using UHPFRC and high-strength steel
with a yielding strength of 690 MPa, this critical state can be reached by adopting a
UHPERC top layer with a similar width to the steel flange and a similar height to the
steel section.

2. When using a UHPFRC top layer for a composite beam, the design reaches critical
state performance when fully utilizing the material, whereas any deviation from this



Buildings 2024, 14, 131

17 of 18

References

status usually leads to a reduction in the elastic moment resistance with the same
volume of UHPFRC material.

3.  Composite beams made of UHPFRC and high-strength steel have significant shear
force transfer demand on the shear connectors. Steel plate connectors exhibit higher
shear resistance compared to stud connectors and show a more ductile failure pattern
before the brittle fracture of welding. However, the spacing of this type of high-shear-
resist connection should be well controlled to avoid shear cracks that can develop
between the connectors.

4. The proposed finite element model, with the estimated material properties under
axial and biaxial stress conditions, provides an acceptable estimation of a composite
beam’s performance when its failure is due to steel yielding or concrete crushing.

5. Although composite beams with UHPFRC and high-strength steel have a much higher
resistance compared to those with normal concrete and normal steel, their ductility is
limited. This is because of the failure due to the local crushing of UHPFRC material
or the brittle failure of shear connectors.

The author would like to also mention the following limitations and aspects of the
presented work:

¢  The small-scale push-out tests were carried out as preliminary investigations, and the
results might be different from those of the full-scale test due to the size effects.

e The finite element results are based on the estimated material performance under
biaxial compression and uniaxial tension. The actual properties of the material under
these conditions might be different from the values adopted in this study, thus affecting
the results of the FEM model.

¢  The width and height of the critical top concrete layer might be unrealistic for slab
applications. However, a composite beam with a narrow UHPFRC layer could be a
potential solution to the standalone moment-resistant structural component when
high elastic stiffness is desired with strictly controlled dimensions. UHPFRC joints
that connect the precast concrete panels and the high-strength steel beam may also
utilize the proposed equation to estimate the elastic moment resistance.
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