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The combination of high-strength steel (HSS) girder and engineered cementitious
composites (ECC) slab in composite beam exhibits excellent structural
performance with enhanced strength and superior ductility. However, the effects
of different parameters on the structural performance of this type of composite
beam have yet to be thoroughly investigated. This study presents a numerical
parametric study on the flexural performance of composite beams made of HSS
girder and ECC slab. A validated numerical model developed by the authors using
finite element ABAQUS software was adopted for the parametric investigation. The
material nonlinearities and real contact between components were incorporated
into the model. The effects of crucial parameters on the flexural performance of
this composite beam type were examined based on the modelling results of total
136 HSS-ECC composite beam models. These key parameters consist of the
mechanical properties of HSS and ECC materials, cross-section parameters,
construction details, shear connection degree, and slab type. The bending
performance of the composite beams was represented by initial bending stiffness,
rotation, and normalized bending moment capacity. The results of parametric
investigations revealed that the initial bending stiffness, rotation capacity, and
normalized bending moment capacity of the modelled composite beams were
sensitive to the mechanical properties of constitutive materials, cross-section
dimensions, and construction details. It was also found that the slab type had a
marginal effect on the flexural performance of HSS-ECC beams, while shear stud
spacing significantly affected all the investigated indicators.

© 2025 MIM Research Group. All rights reserved.

1. Introduction

Steel grades with a yield strength greater than 550 MPa are categorized as high-strength steel
(HSS), which has become increasingly popular in structural engineering applications thanks to its
advantage of high strength/weight ratio. Smaller in dimension, lighter in weight and greater in
strength of HSS could reduce the construction cost owing to a significant reduction in welding,
fabrication, and erection. As a result, HSS can be applied in various types of structures, including
bare steel and composite columns [1-10], connections [11-15], encased beams [16-19]. It is evident
from these studies that HSS has been utilized with its favorable strength, which led to the
enhancement of structural performance. For a composite beam made of HSS girder connected with
normal concrete slab through means of shear studs, when it is subjected to a sagging moment, a
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HSS I-section is used at the bottom and plays a role in carrying tension, while in contrast, the
concrete slab is placed on top of the steel I-section and resists compressive internal load. Thus, each
material is employed in an efficient way as its favorable attributes are being fully utilized. If HSS is
used to replace normal strength steel (NSS) I-section, the composite beam can theoretically take
advantage of the superior strength of HSS. However, experimental [20,21], numerical [22,23], and
analytical [24,25] studies on HSS-concrete composite beams reported that sudden crushing of
concrete slab in bending region could occur, and the HSS-concrete composite beam could not reach
its plastic strength capacity due to strain incompatibility between HSS and concrete. To be more
specific, higher strain capacity of HSS at the bottom (0.35% for HSS grade 690 MPa) versus lower
strain of concrete (0.23% - 0.3%) could result in a premature crushing of concrete, and thus, the
superior strength of HSS could not be employed [20-25]. Furthermore, longitudinal shear failure
may occur in a concrete composite beam utilizing an HSS I-section due to an imbalance longitudinal
shear load between the HSS I-section and the normal concrete slab if the slab is transversely
reinforced inadequately [26,27]. As aresult, the bending capacity of the beam constructed with HSS
girder and concrete slab is even lower than the case having a failure mode of concrete crushing in
the bending area as longitudinal shear failure occurred at the very early stage of the loading process
[27].

To address aforementioned drawback of composite beam made of HSS girder and concrete slab,
Nguyen and Lee [28] recently proposed a novel composite beam based on two constitutive
materials of HSS and ECC, in which ECC slab was employed to replace concrete slab on top
connected with HSS I-section at the bottom by shear studs. Indeed, ECC possesses high compressive
strain capacity (over 0.5%, which is higher than any HSS grades available to date), allowing it to
resist the compressive load in the slab until HSS reaches its full strength. Besides, high shear
resistance and better bond strength of ECC help prevent longitudinal shear failure [29-30]. On top
of that, employing HSS-ECC composite beams could substantially reduce embodied carbon content
and carbon footprint since bi-products of steel and ferrosilicon alloy producing processes (i.e., fly
ash, silica fume) are utilized to partially replace cement in the ECC mix which normally includes
cement, fly ash, silica fume, sand, fiber, water, superplasticizer [31-34]. To examine the bending
behavior of composite beam made of HSS girder and ECC slab (hereafter referred as HSS-ECC beam
for brevity), Nguyen and Lee [28] conducted a four-point bending test of four beams, including
three HSS-ECC beams manufactured with different slab thicknesses and compressive strengths of
ECC, and one NSC-HSS beam used as a control beam. The results found that HSS-ECC beams
demonstrated a great enhancement in flexural strength and ductility compared to HSS-concrete
counterparts, which showed a failure mode of brutal crushing of concrete in the bending region. In
addition, to complement the experimental result, a numerical finite element (FE) model as well as
an analytical model have been constructed and validated against experimental findings [35]. It has
been revealed that although the bending behavior of HSS-ECC beams has received attention from
researchers recently [28,35], available studies on the bending behavior of HSS-ECC beams are very
limited. In order to promote this type of composite beam to be widely applied in practical (e.g.,
structures under extreme conditions such as long span structures or structures subjected to high
loading), an insight into the influence of different crucial parameters on the bending behavior of
HSS-ECC beam is required. Thus, a parametric investigation on the flexural performance of HSS-
ECC beams is essentially needed.

In this study, the finite element (FE) model using ABAQUS developed and validated by Nguyen and
Lee [28], which has been proven as a reliable and accurate model for simulating the bending
behavior of HSS-ECC beams, was used to conduct the parametric investigation. A total of 136 HSS-
ECC beam models were generated and investigated to elucidate the effect of different parameters
(i.e., mechanical properties of HSS and ECC materials, cross-section parameters, construction
details, shear connection degree, and slab type) on their flexural performance represented by initial
bending stiffness, rotation, and flexural capacities. The influences of these parameters were then
discussed based on the numerical results.
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2. The Validated Finite Element Model Adopted

This parametric investigation employs a verified nonlinear finite element (FE) model reported in
the author’s previous study [28]. The mentioned FE model was built using ABAQUS software with
details of modelling and validation processes. Thus, the following sections will only summarize the
key features of the model.

2.1. Element Types

The full model of HSS-ECC beam is used to realistically reflect the actual condition of the beams.
Figure 1(a) indicates typical cross-section dimensions of the HSS-ECC beam. Solid elements C3D8R
is employed to simulate the HSS, ECC, shear stud, and strengthened bolts [Figure 1(b)] as it is
expected to minimize convergence issue and use less computational cost in comparison to other
types of elements, such as tetrahedra C3D4. Four-node shell element S4R is utilized for simulating
profiled steel sheeting (PSS) while truss element T3D2 is deployed for the steel meshes.

Wece
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Displacement
controlled loading _
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controlled loading 1 it
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Fig. 1. HSS-ECC beam and FE model: (a) Typical cross-section configuration; (b) Typical FE
model, (c) Partition method for components
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2.2. Mesh Sizes

The mesh sizes used for HSS I-section is 40 mm and this guarantees that it is divided into more than
8 elements along the web of the HSS I-section [Figure 1(c)]. For its flange, it should be discretised
in such a way that at least one common node between flange and centre point of shear stud’s base
[Figure 1(c)]. The nominal element size of shear stud, PSS and bar mesh, strengthened bolts are
respectively 10 mm, 40 mm, 100 mm and 5 mm. After a mesh sensitivity analysis [28], mesh sizes
for ECC slab in two shear spans and in the bending region are respectively 40 mm and 20 mm, as
seen in Figure 1(b).

2.3. Interaction Properties Between Components

The interactions between HSS I-beam and PSS, between ECC slab and shear studs, between ECC
slab and PSS were simulated using surface-to-surface contact available in ABAQUS [36]. The
interaction between the HSS section top flange and the shear studs bottom was simulated using Tie
constraint as shear stud is welded to HSS's top flange through resistance welding. This interaction
type is also used for the contact between loading plates and the ECC slab. Embedded region
available in ABAQUS [30] is utilised for the connection properties between the reinforcement mesh
and ECC slab.

2.4. Constitutive models

Tensile and compression stress-strain models of ECC, which were suggested by Meng et al. [37],
are adopted in the numerical modelling [Figure 2(a)-(c)]. For HSS section, its constitutive model
indicated in Figure 2(d) is represented by a bilinear curve. The PSS is modelled using elastic-
perfectly plastic curve that has been widely adopted in other studies [38], and shown in Figure 2(e).
Regarding shear stud, as it is experimentally proven to have an excellent ductility, a constitutive
model [Figure 2(f)] developed by Hassan et al. [39] is used. Mechanical properties of key materials
employed in the constitutive models corresponding to the tests reported in [28] are listed Tables
1-2. These values were employed in the model validation and are the baseline values for the
parametric investigation.
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Fig. 2. Stress-strain models of materials for parametric investigation. (a) ECC stress-strain
model under compression; (b) ECC stress-strain model under tensile; (c) ECC damage model
under compression; (d) HSS; (e) PSS; (f) Headed shear stud; (g) Steel reinforcement

Table 1. Properties of materials for FE model

Material E(GPa) f,(MPa) f,(MPa) f:(MPa) ¢&/I(%) &,(%) £, (%)
Shear stud 200 344 410 331 0.17 - -
PSS 248 691 - - 0.28 - -
Steel mesh 200 543 632 - 0.27 2.4 20.8
HSS Grade 690 200 690 770 - 0.35 - 8.0
HSS Grade 960 200 960 980 - 0.48 - 5.5

Table 2. ECC properties for FE model

E. 00.4 Oco gy Ocu €0.4 €co & Ecu
Material (GPa) (MPa) (MPa) (MPa) (MPa) (%) (%) (%) (%)
CF40 15.5 16.0 40.0 20.0 10.0 0.10 0.50 0.85 1.20
CF70 20.5 28.0 70.0 30.0 13.5 0.14 0.53 0.95 1.40

Table 2. ECC properties for FE model (continued)

Material 0t (MPa) o0y (MPa) gy, (MPa) Eto (%) &ep (%) gru (%)
CF40 243 3.2 1.7 0.016 1.2 2.2
CF70 4.40 5.3 3.0 0.021 1.0 1.7
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2.5. Loading and Boundary Conditions

As simple supported beams with two loading points were employed in the experimental program
[28], pin and roller supports are modelled in the simulation by restraining either two or three
translational directions. Load is applied to those nodes located on the surface of the two loading
points by applying downward displacement with the rate similar the rate that were used in the test
[Figure 1(b)]. The self-weight is also applied in the simulation by inclusion of self-weight in the first
step and propagated to the remaining steps of the simulation process.

By comparing with the test results, it was shown that the developed FE model has successfully
captured the test results. The failure mode of HSS-ECC beams was that the large proportion of HSS
at middle region was yielded before ECC top surface crushing (Figure 3), which is well-agreed with
the test results reported in [28]. In addition, load (P)-mid-span deformation (8) curves (hereafter
referred as P — 8 curves for brevity) obtained from all of the tested beams were confirmed by the
verified FE model, not only in terms of bending capacity but also the bending stiffness. Thus, in this
study, this verified nonlinear FE model is employed for the parametric analysis.

3. Parametric Investigation Design

The parametric analysis explored a broad spectrum of crucial parameters that influence the
bending performance of HSS-ECC beams. A total of nine parameters were classified into three
groups consisting of mechanical properties of materials [i.e.,, (1) ECC compressive strength, fgcc
and (2) HSS tensile strength, f; yss], cross-sectional dimension [i.e., (3) HSS section depth, dyss; (4-
5) ECC slab thickness and width, tgcc, Wgcc, respectively] (see Figure 1(a)) and construction
details [e.g.,, (6) ratio of HSS section flange width and thickness, b¢/ts; (7) ratio of HSS section web
height and thickness, h,, /t,y; (8) shear stud spacing, sg:,q and (9) ECC slab type].

For the mechanical properties of materials, two values of fg¢ (i.e., 40 MPa and 70 MPa) and two
values of fy g (i.e, 690 MPa and 960 MPa) were considered. For cross-section dimensions, the
Wgcc was varied from 600 to 1400 mm with an interval of 400 mm, the tgcc was changed from 140
to 200 mm with an interval of 30 mm and the dygg was varied from 180 to 280 mm with an interval
of 50 mm. For the construction details, three values of b¢/t¢ of 10, 12 and 15; three values of the
h,,/t,, of 16,20 and 27, three values of the s¢,q of 75, 100 and 200 mm and two types of ECC slab
including profiled steel sheeting (PSS) and solid slab were utilized.

If all possible combinations of the nine parameters listed above were modelled, it would require
creating a total of 5,832 models (calculated as 2x2x3x3x3x3x3x3x2). Clearly, generating such a
plenty of models would surpass the available computational resources and produce an
overwhelming amount of data that is likely unable to understand. Therefore, the parametric
investigation was categorized into two groups in which the first group examined the effects of the
mechanical properties of materials and cross-section dimensions by varying parameters (1)-(5),
resulting in the creation of 108 models. The second group evaluated the effects of construction
details with the variation of remaining parameters (6)-(9), which generated 28 models.
Accordingly, a total of 136 models was generated for parametric analysis.

The 108 models in the first group of this study all shared the same construction details with sg,q
of 100 mm, b of 120 mm, t; of 8 mm (b¢/t¢ = 15), t,, of 6 mm, h, of 6 mm (h,,/t,, = 27), and an
identical PSS slab. Given the expected strong influence of f; ys5 on the beams' flexural performance,
the 108 models were subdivided into two portions with each value of f; ;55 for each group. Table
3 lists 54 models with an identical S690 HSS I-section, while Table 4 describes 54 models with an
identical S960 HSS I-section. Although sg,q was consistently kept at 100 mm, variations in cross-
section dimensions and mechanical properties of materials resulted a non-constant degree of shear
connection (1) among these models. Accordingly, all HSS-ECC beams of the first group were
partially shear connected in which 1 varied from 0.42 to 0.82.

To evaluate the effects of construction details in the second group, a standard cross-section of the
beam with the wgcc of 600 mm, tgcc of 140 mm, dygg of 180 mm was adopted. The effects of sgi,q
on the bending behaviour of the HSS-ECC beam were evaluated by considering three values of sg,q
of 75, 100 and 200 mm in combination with four pairs of material, which were defined based on a
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combination of fgcc and fy yss (i.e., fcc =40 Mpa, fy yss= 690 Mpa; g = 40 Mpa, fy yss= 960 Mpa;
fEcc = 70 Mpa, fy yss= 690 Mpa; and fgcc = 70 Mpa, f;, yss= 960 Mpa). The remaining construction
details were kept constant with bg/tf of 15, h,, /t,, of 27 and PSS slab. Accordingly, eight models
were created with the variation of ) from 0.41 to 1.23. For examining the effect of the b¢/t; and
h,,/t, on the bending behaviour of the HSS-ECC beam, two values of bg/t¢ (10 and 12) and two
value of hy, /t,, (16 and 20) were chosen while four pairs of ECC and HSS were employed (i.e., fgcc
= 40 Mpa, f yss= 690 Mpa; fgcc = 40 Mpa, f; yss= 960 Mpa; fgcc = 70 Mpa, fy yss= 690 Mpa; and
fgcc = 70 Mpa, fy uss= 960 Mpa). For evaluating the effect of b¢/t¢ and h,, /t,y, the sg,q of 100 mm
and PSS slab were adopted. Accordingly, sixteen models were generated for evaluating the effect of
the bg/tf and h,, /t,,. The effects of ECC slab type were determined by using solid slab instead of
PPS in combination of with four material properties. The other construction details with sg,,q of
100 mm, b¢/t; of 15 and hy, /t,, of 27 were adopted in modelling the performance of HSS-ECC beam.
As a result, four models were created with sg,q of 100 mm, bg/t; of 15 and h,, /t,, of 27. Table 5
presents 28 models of HSS-ECC beam used in the second group.
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Fig. 3. Typical failure mode of HSS-ECC beam

As illustrated in Tables 3-5, the notations of HSS-ECC beams modelled in the parametric analysis
consisted of five parts separated by a hyphen. Each part of notation includes two capital letters
(e.g., CF) and a number (e.g., 40). The first capital letter represents the material, which is either
letter C or S (C stands for ECC and S stands for high strength steel). The following capital letter
represents either the cross-section dimension or strength of material in which F denotes the
compressive strength/yield strength of ECC/HSS, W and T present the ECC slab width and ECC slab
thickness, respectively, and D denotes the depth of HSS I-section. The number indicates the value
of the cross-section dimension is in mm while MPa for material strength. For example, the CF40-
CW600-CT140-SF690-SD180 beam refers to the HSS-ECC beam with the fgcc of 40 MPa, wgcc of
600 mm, tgcc of 140 mm, f;, ygs of 690 MPa and dygg of 180 mm.
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4. Parametric Study Results

Parametric investigation was undertaken to evaluate the effect of key parameters [i.e., ECC
compressive strength (fgcc), HSS yield strength (fy yss), ECC slab width (wgcc), ECC slab thickness
(tgcc), HSS section depth (dyss), ratio of HSS section flange width and thickness (bs/ts), ratio of
HSS section web height and thickness (h,,/t,,), shear stud spacing (sst,q), and ECC slab type] on
the bending behaviour of beams that is represented by three main indicators consisting of rotation
capacity (R), initial bending stiffness (El,), and normalised bending capacity (Mgg/Mps) . Mpg/Mps
presents ratio of moment capacity of composite beam (Mpg) to moment capacity of HSS section
alone (M) . The R of a composite beam is crucial for determining moment redistribution in plastic

design. The R is computed by dividing the rotation at the ultimate moment (6,) by that at the
yielding moment ( t9y ) [24]. The R of simply supported beams adopted in this study is computed by

dividing the mid-span deflection at the maximum load by the mid-span deflection at the yield load.
Tables 3 and 4, respectively, present the effect of cross-section dimensions and mechanical
properties of materials on the flexural strength of HSS-ECC beam while Table 5 indicates the effect
of construction details on the flexural strength of HSS-ECC beam. Given that the parametric analysis
encompasses 136 models; to present the findings concisely, the following sections will present the
overall tendency and then focus on the effects of different parameters by presenting the results
from selected beams.

Table 3. Influence of the mechanical properties of materials and cross-section dimensions on
flexural strength of HSS-ECC beam with S690 HSS I-section

El,

Beam (HSS S690 MPa)* n (kN/mm) R Mg /My
CW600-CT140-SD180 CF40-SF690 0.82 23.11 2.32 2.36
CF70-SF690 0.82 26.30 2.90 2.73
CW600-CT140-SD230 CF40-SF690 0.82 32.22 2.56 2.15
CF70-SF690 0.74 35.85 3.10 2.44
CW600-CT140-SD280 CF40-SF690 0.82 43.46 2.71 2.05
CF70-SF690 0.68 48.61 3.38 2.29
CW600-CT170-SD180 CF40-SF690 0.71 28.39 2.09 2.64
CF70-SF690 0.82 32.34 2.60 3.18
CW600-CT170-SD230 CF40-SF690 0.64 37.60 2.10 2.37
CF70-SF690 0.74 43.52 2.92 2.79
CW600-CT170-SD280 CF40-SF690 0.61 48.61 2.22 2.22
CF70-SF690 0.68 55.42 3.03 2.56
CW600-CT200-SD180 CF40-SF690 0.71 33.91 1.84 3.00
CF70-SF690 0.82 39.94 2.38 3.63
CW600-CT200-SD230 CF40-SF690 0.64 45.97 2.07 2.68
CF70-SF690 0.74 52.45 2.57 3.20
CW600-CT200-SD280 CF40-SF690 0.59 56.08 1.91 2.41
CF70-SF690 0.68 64.51 2.57 2.83
CW1000-CT140-SD180 CF40-SF690 0.71 26.35 2.23 2.62
CF70-SF690 0.82 30.10 2.91 3.10
CW1000-CT140-SD230 CF40-SF690 0.64 37.01 2.72 2.40
CF70-SF690 0.74 41.45 3.55 2.82
CW1000-CT140-SD280 CF40-SF690 0.59 48.93 3.11 2.25
CF70-SF690 0.68 54.44 3.78 2.55
CW1000-CT170-SD180 CF40-SF690 0.71 33.23 2.04 3.05
CF70-SF690 0.82 38.32 2.52 3.70
CW1000-CT170-SD230 CF40-SF690 0.65 44.65 2.35 2.70
CF70-SF690 0.74 50.38 2.81 3.20
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CW1000-CT170-SD280 CF40-SF690 0.59 57.13 2.89 2.51
CF70-SF690 0.68 64.44 3.24 291

CW1000-CT200-SD180 CF40-SF690 0.71 39.84 1.82 3.54
CF70-SF690 0.82 47.78 2.28 4.40

CW1000-CT200-SD230 CF40-SF690 0.65 52.77 2.00 3.15
CF70-SF690 0.74 60.63 2.31 3.75

CW1000-CT200-SD280 CF40-SF690 0.59 66.76 2.12 2.81
CF70-SF690 0.68 75.85 2.46 3.35

CW1400-CT140-SD180 CF40-SF690 0.71 25.51 2.65 2.97
CF70-SF690 0.82 33.11 4.25 3.54

CW1400-CT140-SD230 CF40-SF690 0.65 38.91 291 2.69
CF70-SF690 0.74 44.04 4.05 3.05

CW1400-CT140-SD280 CF40-SF690 0.59 50.64 3.01 2.50
CF70-SF690 0.68 57.11 4.18 2.76

CW1400-CT170-SD180 CF40-SF690 0.71 36.39 2.45 3.68
CF70-SF690 0.82 42.02 3.16 4.23

CW1400-CT170-SD230 CF40-SF690 0.65 49.05 4.18 3.08
CF70-SF690 0.74 50.40 4.28 3.66

CW1400-CT170-SD280 CF40-SF690 0.59 59.81 4.58 2.80
CF70-SF690 0.68 69.79 4.07 3.27

CW1400-CT200-SD180 CF40-SF690 0.71 46.06 2.59 4.50
CF70-SF690 0.82 54.36 3.58 5.34

CW1400-CT200-SD230 CF40-SF690 0.65 57.91 2.65 3.55
CF70-SF690 0.74 65.32 3.50 4.36

CW1400-CT200-SD280 CF40-SF690 0.59 71.90 2.77 3.33
CF70-SF690 0.68 78.93 3.58 3.83

Mean 3.06

SD 0.67

*bs/tr=15 (by=120 mm, t;=8 mm), t,,=6 mm, Ssz,,q =100 mm, and PSS slab.

Table 4. Influence of the mechanical properties of materials and cross-section dimensions on
flexural strength of HSS-ECC beam with S960 HSS I-section

El,

Beam (HSS S960 MPa)* n (N /rom) R Mpg /Mg
CW600-CT140-SD180 CF40-SF960 0.82 20.93 1.44 2.00
CF70-SF960 0.59 25.99 2.59 2.33
CW600-CT140-SD230 CF40-SF960 0.82 28.29 1.62 1.84
CF70-SF960 0.54 34.39 2.00 2.10
CW600-CT140-SD280 CF40-SF960 0.82 47.63 1.34 1.69
CF70-SF960 0.54 47.04 2.16 2.02
CW600-CT170-SD180 CF40-SF960 0.61 25.99 1.34 2.15
CF70-SF960 0.59 29.93 1.53 2.58
CW600-CT170-SD230 CF40-SF960 0.61 33.00 1.36 1.97
CF70-SF960 0.53 40.90 1.72 231
CW600-CT170-SD280 CF40-SF960 0.61 45.14 1.50 1.86
CF70-SF960 0.49 52.39 1.78 2.15
CW600-CT200-SD180 CF40-SF960 0.51 30.78 1.25 2.39
CF70-SF960 0.59 36.37 1.44 2.89
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CW600-CT200-SD230 CF40-SF960 0.48 40.54 1.26 2.18
CF70-SF960 0.53 49.40 1.60 2.61
CW600-CT200-SD280 CF40-SF960 0.48 49.82 1.21 1.97
CF70-SF960 0.49 59.37 1.54 2.31
CW1000-CT140-SD180 CF40-SF960 0.51 23.80 1.37 2.20
CF70-SF960 0.59 28.41 1.76 2.55
CW1000-CT140-SD230 CF40-SF960 0.49 34.43 1.65 2.03
CF70-SF960 0.53 39.48 2.03 2.34
CW1000-CT140-ID280 CF40-SF960 0.49 45.48 1.92 1.94
CF70-SF960 0.49 51.85 2.20 2.19
CW1000-CT170-SD180 CF40-SF960 0.51 30.57 1.36 2.50
CF70-SF960 0.59 35.78 2.46 2.94
CW1000-CT170-SD230 CF40-SF960 0.46 38.67 1.32 2.29
CF70-SF960 0.53 48.13 1.71 2.61
CW1000-CT170-SD280 CF40-SF960 0.42 53.07 2.58 2.14
CF70-SF960 0.49 61.17 1.80 2.42
CW1000-CT200-SD180 CF40-SF960 0.51 35.83 1.17 2.84
CF70-SF960 0.59 44.69 1.47 3.48
CW1000-CT200-SD230 CF40-SF960 0.46 48.65 1.23 2.62
CF70-SF960 0.53 55.95 1.43 3.03
CW1000-CT200-SD280 CF40-SF960 0.42 63.74 1.51 2.40
CF70-SF960 0.49 71.96 1.67 2.76
CW1400-CT140-SD180 CF40-SF960 0.51 25.37 1.57 2.43
CF70-SF960 0.59 30.81 2.38 2.88
CW1400-CT140-SD230 CF40-SF960 0.46 34.17 1.73 2.29
CF70-SF960 0.53 41.88 2.59 2.54
CW1400-CT140-SD280 CF40-SF960 0.42 48.44 1.85 2.14
CF70-SF960 0.49 54.41 2.73 2.33
CW1400-CT170-SD180 CF40-SF960 0.51 33.95 1.46 2.79
CF70-SF960 0.59 38.44 2.11 3.40
CW1400-CT170-SD230 CF40-SF960 0.46 43.60 3.02 2.56
CF70-SF960 0.53 52.57 3.18 2.96
CW1400-CT170-SD280 CF40-SF960 0.42 56.51 3.06 2.35
CF70-SF960 0.49 67.13 3.24 2.68
CW1400-CT200-SD180 CF40-SF960 0.51 43.02 1.55 3.61
CF70-SF960 0.59 49.18 2.10 4.25
CW1400-CT200-SD230 CF40-SF960 0.46 53.57 1.32 2.77
CF70-SF960 0.53 62.98 2.35 3.57
CW1400-CT200-SD280 CF40-SF960 0.42 69.21 1.74 2.76
CF70-SF960 0.49 77.50 2.42 3.15
Mean 2.52
SD 0.50

*br /ty=15 (by=120 mm, ty=8 mm), t,,=6 mm, Sg,,q =100 mm, and PSS slab.
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Table 5. Effect of different construction details on the flexural strength of HSS-ECC beam

Beam construction details * n fkll(il/mm) R Mgg /My
CW600-CT140-SD180 CF40-SF690 0.41 21.29 2.51 2.27
(stud spacing = 200 mm) CF40-SF960 0.41 23.44 3.07 2.61
PSS, bs/ty =15 CF70-SF690 0.41 19.24 1.68 1.91
h,/t, =27 CF70-SF960 0.29 20.26 2.13 2.21
CW600-CT140-SD180 CF40-SF690 1.23 23.40 2.32 2.36
(stud spacing = 75 mm) CF40-SF960 1.23 25.84 2.63 2.73
PSS, be/t;=15 CF70-SF690 1.22 22.23 1.65 2.01
hy/ty =27 CF70-SF960 0.88 25.38 1.89 2.33
CW600-CT140-SD180 CF40-SF690 0.82 24.95 2.16 2.12
stud spacing = 100 mm CF40-SF960 0.82 27.60 2.56 2.46
PSS, (bs/tr=12) CF70-SF690 0.71 22.46 1.32 2.49
hy/t, =27 CF70-SF960 0.54 26.50 1.75 2.90
CW600-CT140-SD180 CF40-SF690 0.82 26.05 1.94 1.95
stud spacing = 100 mm CF40-SF960 0.82 30.05 1.96 2.25
PSS, (bs/ts=10) CF70-SF690 0.62 23.36 1.65 2.29
hy/t, =27 CF70-SF960 0.54 27.85 1.54 2.65
CW600-CT140-SD180 CF40-SF690 0.82 25.73 1.97 2.16
stud spacing = 100 mm CF40-SF960 0.82 29.71 2.54 2.51
PSS, be /ty=15 CF70-SF690 0.64 23.55 1.33 2.52
(h,/t,=20) CF70-SF960 0.54 27.74 1.59 2.94
CW600-CT140-SD180 CF40-SF690 0.82 26.80 1.86 2.20
stud spacing = 100 mm CF40-SF960 0.82 30.60 2.34 2.56
PSS, by /t=15 CF70-SF690 0.59 23.77 1.22 2.52
(hy,/ty=16) CF70-SF960 0.54 28.49 1.47 2.95
CW600-CT140-SD180 CF40-SF690 0.71 23.11 2.32 2.36
stud spacing = 100 mm CF40-SF960 0.81 26.30 2.90 2.73
(solid slab), bs/ts = 15 CF70-SF690 0.51 20.93 1.44 2.00
h,/t, =27 CF70-SF960 0.59 25.99 2.59 2.33
Mean 2.40
SD 0.29

* The bold words/symbols inside brackets show the variation of construction details.

4.1. Overall Tendency

To better understand the overall tendency of initial stiffness and bending capacity (Mgg/Mps), their
values for all composite beam models of different material properties and beam configurations are
plotted in Figures 4 and 5. It is exhibited in Figure 4 that initial stiffness is significantly increased
with the increase in beam cross-section dimensions including HSS section depth, ECC slab width
and thickness. It is also worth noting that group with higher ECC compressive strength (group 70-
690 and 70-960) show much higher intial stiffness. For Mgg/Mps shown in Figure 5, it is indicated
that in the same group of material properties, Mgg /M decreases with the rise in HSS section depth
but increases with the increase of ECC slab thickness and width. In all four groups of material
properties, beams with ECC of 70 Mpa compressive strength and 690 Mpa HSS tensile strength
(group 70-690) show highest normalized bending capacity while the least accounting for the 40-
960 group.
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4.2. Effect of ECC compressive strength (fzcc) and HSS yield strength (fy yss)

4.2.1 Initial Bending Stiffness (El,)

Figure 6 illustrates the P — § relationship for two typical HSS-ECC beams (e.g., CW600-CT140-
SD180 and CW600-CT200-SD230) having the variation of fgcc and fy yss. Figure 7(a) compares the
effects of mechanical properties of materials on the El,. The data reveals that El, is highly sensitive
to fgcc. For instance, in the CW600-CT140-SD180 Beam, increasing fg.c from 40 MPa to 70 MPa
resulted in a 12% increase in El, from 23.62 kN/mm to 26.52 kN/mm, as shown in Figures 6(a)
and 7(a). Similarly, the CW600-CT200-SD230 Beam experienced the same 12% increase in El,
[Figures 7(b) and 7(a)]. Also, Figures 6 and 7(a) indicate that El, is not significantly affected by
fy nss, as beams with identical fgc but different f; yss exhibited the same El,. This can be attributed
to the fact that El is influenced by the elastic modulus of beam’s material properties. It is clear that
ECC with higher fgcc has a higher elastic modulus (Table 2), while the Young's modulus of HSS
remains consistent across different grades.
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4.2.2 Rotation Capacity (R)

The effect of mechanical properties of constitutive materials on R for two typical HSS-ECC beams
(e.g., CW600-CT140-SD180 and CW600-CT200-SD230) is depicted in Figure 7(b). When fgc
changed from 40 MPa to 70 MPa, R for the CW600-CT140-SD180 Beam with S690 HSS I-section
obtained an increase by 25%, from 2.32 to 2.90. For S960 HSS I-section, this increase was even
more pronounced, with an 80% rise from 1.44 to 2.59. A similar pattern was observed for the
CW600-CT200-SD230 Beam in which R obtained an increase by 24% for S690 HSS I-sections and
27% for S960 HSS I-sections. Regarding the effects of f; yss, an increase in f; ygs resulted in a

decrease in R. It can be seen in Figure 7(b) that, for the CW600-CT140-SD180 Beam with 40 MPa
ECC, increasing fy yss from 690 MPa to 960 MPa led to a 38% reduction in R, from 2.32 to 1.44, and

an 11% reduction, from 2.9 to 2.59 for a similar beam with 70 MPa ECC. A similar trend was noted
for the CW600-CT200-SD230 Beam with 40 MPa ECC, R decreased by 40% when f; ;55 changed

from 690 MPa to 960 MPa, and by 38% when the ECC had the fg¢ of 70 MPa.
4.2.3 Bending Capacity (Mpg /M)

The effect of mechanical properties of constitutive materials on the HSS-ECC beam bending
capacity can be represented by the normalized moment capacity Mgg /M, where Mgg is the HSS-

ECC beam’s moment capacity (determined through FE modelling) and M is the HSS [-section’s full
plastic moment capacity. Figures 7(c) and 7(d) display typical plots of Mgg/Mps versus & for the

CW600-CT140-SD180 and CW600-CT200-SD230 Beams. As shown in Figure 5(c), increasing fgc
from 40 MPa to 70 MPa resulted in a 15.6% increase in Mgg/Mps (from 2.43 to 2.81) for the S690

HSS section and a 13.8% increase (from 2.10 to 2.39) for S960 HSS beams. For the CW600-CT200-
SD230 Beam, a 20% increase in Mpg/Mps was observed for both steel grades. This increase is

attributed to the upward shift of the plastic neutral axis (PNA) towards the ECC slab top surface
when fg is increased, which lengthens the moment lever arm between the HSS section and the
ECC slab, thus enhancing the bending capacity. Regarding the effect of fy yss, Figures 7(c), (d)
indicate that Mgg /Mps reduced as fy 1355 changed from 690 MPa to 960 MPa. This is because as f;, ygs
increases, the term M, rises proportionally. However, in the HSS-ECC beam, the PNA shifts closer
to the bottom of the beam and reduces the lever arm length. Consequently, although Mg increased,
the rate of increase was lower than that of M, resulting in a decreased Mgg /My, ratio.

4.3. ECC slab width (wgcc) effect
4.3.1 Initial Bending Stiffness (El,)

Figure 8 presents the P — § curves for two typical HSS-ECC beams (e.g., CF40-CT140-SF690-SD180
and CF40-CT140-SF690-SD230) with variation of wgcc,. Figure 9(a) compares their Elj, showing
that El increases with the increase of wgcc.
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CT140-SF690-SD230 Beam
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Specifically, for the CF40-CT140-SF690-SD180 Beam, increasing the wgcc from 600 mm to 1000
mm and 1400 mm resulted in El; increase of 17% and 34%, respectively. A similar trend is
observed for the CF40-CT140-SF690-SD230 Beam.
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4.3.2 Rotation Capacity (R)

Figure 9(b) illustrates the impact of wgcc on R for the same beams. Increasing wgcc from 600 mm
to 1000 mm and 1400 mm led to a 6% and 15% rise in R, respectively. This is because a wider slab
shifts the plastic neutral axis (PNA) upwards, leading to a smaller strain value at the slab's top
surface and delaying its crushing, allowing for greater rotation capacity.

4.3.3 Bending Capacity (Mgg /M)

Regarding bending strength capacity, Figures 9(c) and 9(d) show that increasing wgcc from 600
mm to 1000 mm and 1400 mm led to approximately a 15% and 30% increase in Mgg/Mps,

respectively. This tendency is also due to the upward shift of the PNA, which lengthens the moment
lever arm.

4.4. ECC Slab Thickness (tgcc) Effect
4.4.1 Initial Bending Stiffness (El,)

Figures 10(a) and 10(b) depict the P — & curves for two typical HSS-ECC beams (e.g., CF40-CW600-
SF690-SD180 and CF70-CW1000-SF690-SD230) with a variation of tgcc, showing that El,
increases with the rise of tgcc. According to Figure 9(a), increasing tgcc from 140 mm to 170 mm
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and 200 mm resulted in a 28% and 57% increase in El,, respectively. This increase is clearly
because of the greater resistance offered by a larger slab section.
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4.4.2 Rotation Capacity (R)

Figure 11(b) shows that increasing tgcc decreases R. Specifically, for the CF40-CW600-SF690-
SD180 Beam, increasing tgcc from 140 mm to 170 mm and 200 mm resulted in R reductions of
10% and 21%, respectively. For the CF70-CW1000-SF690-SD230 Beam, the reductions were even
greater, at 21% and 35%. This is because a thicker slab increases the distance between the PNA
and the top surface of the slab, leading to higher compressive strain at the top surface and causing
the ECC to crush at a lower rotation capacity.

4.4.3 Bending Capacity (Mgg /M)

Figures 11(c) and 11(d) illustrate the effects of tgcc on Mpg/Mps for two typical beams. As
expected, with the HSS section and My unchanged, Mgg /M increased with tgcc. This is because
a thicker slab results in a longer lever arm and greater bending resistance.

4.5. Effect of HSS section depth (dygs)
4.5.1 Initial Bending Stiffness (El,)

Figures 12(a) and (b) display the P — § curves for beams with different dygs, indicating that EI,
increases with dygs. Figure 13(a) further demonstrates that increasing the dygg from 180 mm to
280 mm nearly doubled the El value. This outcome is expected as a deeper HSS I-section increases
the moment of inertia, resulting in higher EI,,.
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Fig. 13. Effect of dy 55 on flexural strength of HSS-ECC beam: (a) Initial bending stiffness; (b)
Rotation capacity; (c) and (d) Normalized bending capacity

4.5.2 Rotation Capacity (R)

Figure 13(b) shows that for the CF40-CW600-CT140-SF690 Beam, R experienced an increase by
10% and 17%, respectively, when dygg varied from 180 mm to 230 mm and 280 mm. Similar trends
were observed for the CF40-CW1000-CT140-SF690 Beam in which R obtained an increase by
approximately 23% and 40%.

4.5.3 Bending Capacity (Mpg /M)

Figures 13(c) and 13(d) present the Mgg/Mysversus & for beams with different values of dyss.

These figures indicate that increasing dygs from 180 mm to 280 mm resulted in a 12% decrease in
Mgg/Mps. This is similar to the effect of increasing f; yss, where Mgg increased but at a lower rate

than Mps. A deeper HSS section moves the PNA towards the HSS section, which reduces the tensile
stress within it and thereby lowers the increased rate of Mgg.

4.6. HSS Section Web Height to Web Thickness Ratio (h,,/t,,) Effect

To study the effect of h,, /t,y, t,y Wwas changed from 6 mm to 8 mm and 10 mm while h,, remained
constant at 164 mm (Table 5). Figures 14(a) and 14(b) indicate the curves of Mgg /My and bending
capacity versus deflection 8. As h,, /t,, decreased, both Mgz /M, and bending capacity increased
because a thicker t,,, mainly under tension, enhanced bending capacity. For El,, Figure 14(c) shows
a small increase of 11% as t,, varied from 6 mm to 10 mm. However, Figure 14(d) reveals that R
decreased by 14%. This is because a thicker web moved the PNA closer to the bottom of the beam,
increasing ECC compressive strain at the top surface, leading to earlier ECC slab crushing and thus
reducing R.
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Fig. 14. Effect of h,, /t,, on flexural strength of HSS-ECC beam: (a) Load carrying capacity; (b)
Normalised bending moment capacity; (c) Initial bending stiffness; (d) Rotation capacity

4.7. HSS Section Flange Width and Flange Thickness (b /t;) Effect

The effects of the b¢/t; were examined by changing t; (8, 10, and 12 mm) while keeping bs constant
at 120 mm. By increasing t; from 8 mm to 10 mm and 12 mm, respectively, the El, experienced an
increase by 9% and 18%, as shown in Figure 15(a). Similar to the case of h,, /t,, effect, increasing
t¢ resulted in a decrease in R (Figure 15(b)). Additionally, although the load-carrying capacity
increased [Figure 15(c)], Mpg/M,s decreased as t¢ increased [Figure 15(d)]. This is because
increasing t¢ quickly raises My¢, while the PNA shifts closer to the HSS section top flange, leading to
the reduction of HSS section contribution to the composite beam's overall flexural resistance.
Consequently, Mgg increased at a lower rate than M. This suggests that a more effective way to
increase Mg /M is to increase only the HSS flange thickness at the bottom.

4.8. Slab Type Effect

Solid slab is often considered as an alternative to profiled steel sheeting (PSS). A study was
conducted to assess its influence on composite beams’ flexural behavior. Two sets of beams having
identical cross-section dimensions and mechanical properties of materials were modelled, one
using a solid slab (refer to Table 5) and the other employing PSS. Figure 16 illustrates that HSS-ECC
beams having solid slab and those having PSS exhibited nearly identical behaviors. Therefore, it is
observed that the type of slab has marginal impact on the bending behavior of HSS-ECC beams.

4.9. Shear Stud Spacing/Shear Connection Degree Effect

Three values of sg,q including 75 mm, 100 mm, and 200 mm were utilized for the CW600-CT140-
SD180 Beam to examine the influence of shear connection degree (1) and shear stud spacing
(Sstuq) on the beams’ bending behaviour. The results depicted in Figure 17 demonstrate that beams
with smaller s, q (resulting in higher n) generally exhibited greater El, and Mgg /My, but a smaller
R.
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Fig. 15. Effect of br /tf on flexural strength of HSS-ECC beam: (a) Initial bending stiffness; (b)
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Figure 17 also illustrates that beams with sg,,q of 75 mm and 100 mm exhibited similar bending
behaviors because they shared a comparable degree of n. For instance, for CF40-SF690 Beam,
Sstud Of 100 mm resulted in n = 0.82, which is close to unity, indicating near-full shear connection.
Thus, reducing sg,q to 75 mm and achieving full shear connection, beams’ behaviour is almost
similar. As anticipated, beams with sg,q of 200 mm showed significant differences compared to
those with sg,,q of 75 mm due to a substantially lower shear connection degree.

5. Conclusions

This paper thoroughly examined the effect of various parameters, categorized into three groups:
mechanical properties of materials, cross-section dimensions, and construction details, on the
bending behavior composite beams made of high strength steel (HSS) girder and engineered
cementitious composites (ECC) slab through a parametric investigation. The bending behavior of
136 HSS-ECC composite beams was simulated using a validated nonlinear finite element (FE)
model. The bending performance was assessed based on three indicators, including initial bending
stiffness, rotation capacity, and flexural strength. The following concluding remarks can be given
according to the parametric analysis results:

e The initial bending stiffness of HSS-ECC beam can be substantially improved to more than
50% by increasing the compressive strength of ECC, ECC slab width and ECC slab thickness
as well as HSS section depth. However, the increase in HSS section web height to web
thickness ratio, HSS section flange width to flange thickness ratio and shear stud spacing led
to a considerable decrease in the initial bending stiffness of HSS-ECC beam. The influences of
the HSS tensile strength and ECC slab type were found to be negligible.

e For rotation capacity, it was found that the increase in the compressive strength of ECC
material, ECC slab width, HSS section depth, HSS section flange width to flange thickness
ratio, HSS section web height to web thickness ratio and shear stud spacing resulted in a
substantial enhancement in the rotation capacity of HSS-ECC beam. In contrast, the increase
in the HSS yield strength, ECC slab thickness led to a significant decrease in the rotation
capacity of the HSS-ECC beam. It was found that ECC slab type had almost no effect on the
HSS-ECC beam’s rotation capacity.

e For normalized bending moment capacity, it can be substantially enhanced by increasing the
material property and dimensions of ECC slab (i.e., compressive strength, slab width and slab
thickness). In contrast, the increase in the material property and dimensions of HSS section
(i.e., tensile strength, section depth, section web height to web thickness ratio) led to a
significant decrease in the normalized bending moment capacity of HSS-ECC beams. On the
other hand, the increase of section flange width to flange thickness ratio and shear stud
spacing resulted in the rise of the normalized bending moment capacity. In all four groups of
material properties, beams with ECC of 70 MPa compressive strength and 690 MPa HSS
tensile strength (group 70-690) show highest normalized bending capacity while the least
accounting for the 40-960 group.
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