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ABSTRACT

ARTICLE HISTORY

This paper proposes a new large span half steel-plate-reinforced concrete (H-SC) hollow roof structure for nuclear power
plants. The roof composes of 23 I-shaped H-SC beams. Each H-SC beam consists of a steel plate assembly (a bottom
plate, a web plate and a short top plate), which is cast inside an I-shaped reinforced concrete beam. This novel system not
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only has an equivalently high bearing capacity, stiffness and lower gravity load comparing with conventional RC roof,

but also can be conveniently constructed by using the bottom plates as formworks. The numerical simulation was
conducted to demonstrate its mechanical capacities and the influence of construction process. Firstly, a finite element
(FE) model for the H-SC composes was built and a one-third scaled 12 meters large-span H-SC beam was tested to
validate the proposed FE model and analyze the steel-concrete-interface bond-slip. Then, the numerical simulation was
conducted to assess the effect of the construction process on the mechanical performance of the entire roof structure, in
which the deactivation element and trace element techniques were used to simulate the deformation induced by the
construction process. The results show that the deflection induced by the construction process accounts for 87% of the

final deflection.

Copyright © 2019 by The Hong Kong Institute of Steel Construction. All rights reserved.
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1. Introduction

The roofs for nuclear power plants usually have large span to bridge over
nuclear islands. Therefore, truss and shell grid structures are commonly used in
the large span roofs of the nuclear power plants due to their light self-weight,
such as Dayawan and Linnan nuclear power plants. After the Fukushima
incident, the safety of nuclear power plants has been much widely concerned.
Comparing with the steel structures, steel-plate-reinforced concrete (SC)
structures have higher stiffness and better integrity as well as good fire, blast,
impact and seismic resistances [1,2,3,4]. Such advantages can significantly
improve the disaster prevention ability of nuclear power plants. However, the
conventional SC structures cannot be directly used as the large span roof due to
their heavy self-weight. In this work, a new large span half
steel-plate-reinforced concrete (H-SC) hollow roof is proposed and its
mechanical performance is analyzed by using the numerical simulation.

The conventional SC structure is composed of a concrete core and steel
plates on both sides of the core. Mechanical connectors have been developed
for improving the steel-concrete bond, such as the shear connectors [5,6,7,8,9]
shown in Fig. 1(a)-(c).
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Fig. 1 Typical sections of steel plate reinforced concrete (SC) structures

To facilitate the construction and reduce the internal defects within the
concrete, conventional half steel plate-reinforced concrete (H-SC) composites
(see Fig. 1(d)) were also introduced in which the top steel plates are replaced by
the normal steel reinforcement [5]. The existing experiments on SC and H-SC
beam and slab composites indicate that the SC and H-SC composites can

significantly reduce the weight when being used on long-span structures, in
which steel plates and concrete can work together very well using appropriate
shear connections and suitable anchorage length demonstrating a very good
level of ductility [10,11,12,13]. In addition, the SC and H-SC composites
exhibit high capacity and ductility thereby providing adequate protections
against earthquake and extreme loads such as impact and blast [14,15].
Specially, comparing with the conventional concrete structures, the need of
formworks and exposed concrete crack can be completely eliminated during
construction, which significantly shortens construction period and reduces
maintenance costs.

The new large span H-SC hollow roof is proposed based on the
conventional H-SC structure (see Fig. 2). This roof structure features a bottom
steel plate, on top of which a set of vertical steel plates is welded at required
spacing as the web plates, and shear studs are installed in between the web steel
plates. A short-leg plate is also perpendicularly welded on the top of the web
plate. In addition, minimum reinforcement and stirrups are arranged in the
beam in accordance with the Chinese code [16]. Each I-shaped assemblage of
these steel plates is manufactured on the ground. Subsequently, three or four
assemblages are joined by welding and hoisted on the top of shear walls (i.e. the
location of the roof). Finally, a total of 23 I-shaped steel assemblages are linked
by welding and four lateral steel braces (see Fig. 2(b)) are fitted below the top
steel plates. After that, the concrete can be cast on the bottom steel plates.
During this stage, the bottom plates perform as formworks while all the steel
assemblages provide a large bending capacity to carry construction and gravity
loads. These features result in the bottom steel plates in tension and the top steel
plates in compression (the compressive buckling being resisted by the lateral
steel braces). Note that hollow concrete sections are made around their neutral
axis to reduce the self-weight of the whole roof structure. Light-weight
materials like aerated concrete blocks can be used as the temporary filler in the
hollow sections during the construction process and can be left behind after the
construction is completed. All these improvements introduced into the
proposed roof facilitate large sectional dimensions to satisfy the requirement of
the strength and stiffness of the large-span roofs, with marginally increased
self-weight. Moreover, the construction cost can be reduced by using the steel
plates as formworks without requiring additional time and materials to build the
formworks. All these advantages enable feasible and effective application of
the H-SC composites in large-span roofs for nuclear power plant construction.
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Fig. 2 Proposed H-SC hollow roof structure (unit: mm)

Current researches on the construction mechanics of SC and H-SC
composite structures are mainly based on the time varying mechanics theory, in
which the construction process is divided into several construction stages. The
‘birth” and ‘death’ element technology is often used in the analysis of the
construction process [17]. However, the ‘death’ element may float after being
activated which usually causes the large deviation, resulting in an unconverged
solution. The so-called step by step modeling method can also be used for the
construction analysis, in which the stress state of each construction step must be
reloaded in the consequent construction step as the initial stress state [18]. This
results in the large computational workload. Therefore, accurate and efficient
construction modeling methods are still needed.

Considering the limitations of the laboratory test on such a large roof
specimen, the numerical simulation was used to analyze the mechanical
behavior of the proposed H-SC roof structure. Given the structural
characteristics of the roof and the construction process, two issues were studied.
Firstly, a one-third scaled 12m large-span H-SC beam isolated from the roof
structure (enveloped by the red-colored rectangle, as shown in Fig. 2(a)) was
tested to validate the numerical model for the composite structure, in which the
bond slip between the concrete and steel plates was also investigated. Secondly,
the whole roof structure was numerically simulated, in which the deactivation
element and trace element techniques were used, to evaluate the deformation
induced by the construction process.

2. Experimental test

To study the mechanical behavior of the proposed H-SC composite and
validate the accuracy of the finite element (FE) models, a static test on the
one-third scaled 12m large-span H-SC beam was conducted.

2.1. Details of the test specimen

Details of the specimen are shown in Fig. 3(a) and the material properties
are given in Table 1. The specimen was 12 m long, with a clear span of 11.2
m (see Fig. 3(c)). The cross-sectional area was 600 mm and 667 mm in width
and depth, respectively. All steel plates used were 8mm thick and connected
to each other by welding. The bottom steel plate was connected to the
concrete through welded studs which served as shear connectors. The
specimen was reinforced with 8 diameter bars and the concrete cover was 25
mm. Fig. 3(c) shows the loading arrangement and the test setup. The specimen
was placed on the roller bearings to simulate the simply supported boundary
condition. A four-point loading system was used: four identical forces were
applied to the specimen by two rigid steel beams, on which two equal forces
were loaded by two jacks.

2.2. Construction process

During the actual construction process of the H-SC roof, the bottom steel
plates are used as formworks. Hence, the initial deformation is produced by the
dead-weight of the steel plates, which continuously increases with the gravity
load of subsequently casted concrete. The deformation reaches a stable stage
until the concrete is hardened. Hence, the bearing capacity and stiffness of the
roof also increases in stages. As such, the H-SC beam constructed in the real
situation is named as multi-step forming (MSF) H-SC beam. However, it is
rather challenging to replicate the actual construction process in the laboratory
due to the sheer size of the specimen. In the proposed experiment, the specimen
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was fabricated on the floor (see Fig. 3(b)), by which no deformation has
occurred because the gravity of the steel plates and concrete was directly
supported by the floor itself. For this reason, the potential deformation resulted
from the actual construction process was not considered in the present test. The
test specimen is thus named as one-step forming (OSF) H-SC beam specimen.
The test results were used to validate the accuracy of the FE model in the
following.
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Fig. 3 Schematic diagram and fabrication of test (unit: mm)

Note: = denotes the strain gauges on concrete (No. 1-6 represent the gauges at mid-span,
No. a-f and No. a'-f' represent the gauges at 2240mm left and right from the mid-span,
respectively); » denotes the strain gauges on steel bars (No. 7-10); + denotes the
strain gauges on steel plates (No. 11-16). Strain gauges are symmetrically arranged with
respect to the Z-axis. For clarity, left-hand side strain gauges are not shown in Fig. 3.

Table 1

Material Properties
fy/ MPa 360
Steel bar (HRB335) fu/ Mpa 661
Elongation / % 15
fy/ MPa 408
Steel plate (Q345B) fu/ Mpa 544
Elongation / % 25

Cubic compressive strength feu
Concrete (C35) 27
/ MPa

3. Test results
3.1. Overall load-displacement curve

The load-displacement curve of the specimen is presented in Fig. 4. The
specimen underwent the following three stages: (1) elastic stage (OA), (2)

elasto-plastic stage (AB), and (3) unloading stage (BC).
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Fig. 4 Load and mid-span displacement relationship

In the elastic stage (OA), all material strains of the specimen at the
mid-span section were less than the yield strains of steel and concrete before
the mid-span displacement exceeding 12mm. In the elasto-plastic stage (AB),
concrete cracks started to form and gradually developed as the load increased.
The load-displacement curve tended to level off (at around Point B) indicating
the deterioration of the stiffness of the specimen. In the vicinity of the peak
load, the specimen maintained a high capacity (95% of peak load) within a
large range of vertical deformation (122mm -165mm), indicating a good level
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of ductility. At this stage, the concrete in the tension zone began to lose its
capacity, and subsequently the bottom steel plate and reinforcing steel bars in
the tension area started to yield successively. When the load reached the level
of 965kN and the mid-span deflection went up to 165mm, the bearing
capacity of the specimen no longer increased but became stable. Concrete
crushing in the compression zone caused failure of the beam, showing a
typical flexural failure mode. Following on from this point, the unloading
stage (BC) commenced, where the load-displacement curve snapped back
until reaching 95mm when the unloading stage was terminated.

3.2. Strain distribution in mid-span steel plate cross-section

At five load levels, Fig. 5(a) illustrates the strain of the steel plate
distributing along the depth of the mid-span section (strain gauges No. 11-15
in Fig. 3(a)), where the Y-axis denotes the section height. It can be seen from
Fig. 5(a) that the strains went up gradually as the load increased. The strain
distribution remained largely linear when the load was at 100kN. When the
load exceeded 200kN, only the central area of web plate satisfied the plane
section assumptions. However, both the steel flanges entered into a plastic
phase when the load reached 700kN. In addition, the bottom steel plate,
having a large cross section, was able to provide a large tensile force.
Meanwhile, the ductility increased as the neutral axis moved up steadily
during the loading process. Fig. 5(b) presents the strains at three locations of
the bottom steel plate, in which the strain at the middle region is greater than
those on the left- and right-hand sides, indicating that the tensile stress in the
middle is larger due to its connection to the steel web.
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Fig. 5 Load and mid-span displacement relationship

3.3. Strain distribution in mid-span concrete cross-section

At five load levels, Fig. 5(a) illustrates the strain of the steel plate
distributing along the depth of the mid-span section (strain gauges No. 11-15
in Fig. 3(a)), where the Y-axis denotes the section height. It can be seen from
Fig. 5(a) that the strains went up gradually as the load increased. The strain
distribution remained largely linear when the load was at 100kN. When the
load exceeded 200kN, only the central area of web plate satisfied the plane
section assumptions. However, both the steel flanges entered into a plastic
phase when the load reached 700kN. In addition, the bottom steel plate,
having a large cross section, was able to provide a large tensile force.
Meanwhile, the ductility increased as the neutral axis moved up steadily
during the loading process. Fig. 5(b) presents the strains at three locations of
the bottom steel plate, in which the strain at the middle region is greater than
those on the left- and right-hand sides, indicating that the tensile stress in the
middle is larger due to its connection to the steel web.

3.4. Strain distribution in mid-span reinforcement

Fig. 5(d) shows the strain development in a top reinforcement (Y=304mm)
and a bottom reinforcement (Y=-284mm) as shown in Fig. 3(a) (strain gauge
No. 7 and 9). By comparing Fig. 5(a), 5(c) and 5(d), the steel strain was found
to be close to the concrete strain at the same height, indicating a modest slip
occurred at the concrete and steel interface. Despite this, the strains in
concrete and steel bars increased significantly during the entire loading
process, suggesting that the shear connectors and stirrups played an effective
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role in providing adequate confinement. It can be concluded that the steel bars,
the concrete, and the steel plate collectively and effectively contributed to the
loading process. According to the experimental observation, only a minor
shear slip gap had occurred in the bottom steel-concrete interface, which also
validated the conclusion above.

4. Finite element modelling
4.1. Geometric modelling

A 3D model was developed based on the finite element software
MSC.MARC [19] in accordance with the actual dimensions of the specimen
to analyze the load-deflection behavior and the beam deformation during the
construction process (as shown in Fig. 6). The concrete, the steel plates and
the steel bars were simulated, respectively, using 8-node solid elements,
4-node thick shell elements and 2-node truss elements. Four identical forces
were applied through four rigid blocks to the top flange to avoid stress
concentrations and closely replicate the actual situation in the experimental
test. The spring elements were used to simulate the bond and slip between the
concrete and the steel plate flanges. According to the mechanical
characteristics of the specimen, the bond-slip relationship along the span
direction was defined whilst those along the other two directions were
neglected.
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Fig. 6 Finite element model

4.2. Material model

The material models recommended by the Chinese code [20] were
adopted as shown in Fig. 7. In Fig. 7(c), f, and f, are the ultimate and yield
strengths of steel, respectively; &y, &,and e,y are the yield and ultimate strains
of steel and the strain at the starting point of hardening respectively; and k is
the slope of stress vs. strain during strain-hardening stage. The values of f,, f,
&y, ey, €u and kfor steel bars are 661 MPa, 360 MPa, 0.0019, 0.00567, 0.0438
and 7.89 GPa, respectively, and those values for steel plates are 544 MPa, 408
MPa, 0.0022, 0.00625, 0.0514 and 3.01 GPa, respectively.
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&
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Fig. 7 Material constitutive relationships

4.3. Shear-slip model

The analytical model for the shear behavior of the shear stud connectors
proposed by Luo [21] was adopted in this study, which is expressed by

7 =0.026+0.1445 —0.1003s +0.0373s> —0.00565" (s < 2.35) (€
£ =-0.0053s +0.1363 (2.35< s <10) @)

Where 7 is the longitudinal shear stress (MPa) and s is the longitudinal slip
(mm).
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Consequently, the shear-slip relationship of the springs simulating the
interface between the concrete and the steel plates can be expressed as:

F(s)=7(s)x A 3

Where z(s) is the bond slip constitutive relationship given by (4) and (5),
A is the area represented by each spring at the interface. Note that the shear
forces in the springs are different at different locations, which are marked in
Fig. 8 by four distinctive areas. For accurate simulation of the spring
properties in the finite element model, four shear-slip relationships were
specified for the four affiliated areas.
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Fig. 8 Affiliated areas of typical springs

4.4, Experimental validations

This section compares the results of the models with different bond-slip
conditions, namely: (1) without considering the slip between the steel plates
and concrete; (2) considering the steel-concrete interface slip. The second
condition covered two kinds of slips occurring at the interfaces between: a)
only the bottom steel plate and concrete; b) all steel plates (including the
bottom, web and top plates) and concrete.
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Fig. 9 Comparison between simulation and test

The load-deflection curves under different bond-slip conditions are given
in Fig. 9. It can be seen that the numerical and experimental curves are in
good agreement. Note that when the deflection exceeded 110mm, the
simulated bearing capacity converged at 855kN. In contrast, the test bearing
capacity continuously increased until the load reached 965kN. This is because
the horizontal friction forces existing in the actually hinged supports partially
restricted the longitudinal deformation of the beam specimen which improved
the bearing capacity of the specimen. In addition, the load-deflection curves of
the numerical models considering different bond-slip conditions are very close
indicating that only a modest slip occurred due to the strong confinement
provided by the shear studs. For this reason, the impact of bond slip between
the steel plates and concrete can be neglected in the numerical analysis.
Therefore, the bond slip between the steel plates and concrete would not be
considered in the numerical analysis of the whole H-SC roof structure.

5. Simulation of construction process

Since the test of the H-SC beam did not take into consideration of
construction process, the numerical analysis of the beam specimen and the
whole H-SC roof structure was performed in this work to study the influence
of the construction process on the deformation development of the MSF H-SC
roof structure.

5.1. Deactivation element technique

During the construction process of the H-SC roof, welding steel plates,
assembling reinforcement and casting concrete were performed in sequence,
in which the deformation of the beam increased continuously. Deactivation
element technique was used to simulate such a process. The entire model of
the roof including the steel plates, rebars and concrete was established first.
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Then all elements were deactivated, and consequently the steel plate elements,
steel rebar elements and concrete elements were activated in turn to simulate
the staged construction process. The strength and stiffness of the elements
were ignored when deactivated and were being considered when activated. By
doing so, the contributions of different structural components at different
construction stages were considered by this technique.
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Fig. 10 Simulation of construction process based on the deactivation element and trace
element techniques

5.2. Trace element technique

A problem still exists in the deactivation element technique: elements
were activated only at the initial position where the entire model was built as
shown in

Fig. 10. During the actual construction, concrete was cast on the
deformed steel plates and consequently hardened with an initial displacement
and a low level of stress and strain. This phenomenon cannot be considered by
only using the deactivation element technique. Therefore, the trace element
technique was also introduced in this study. Trace elements are equivalent to
the host structural elements by having the same element mesh and sharing the
same nodes with the structural elements but having a very small elastic
modulus and mass density. The trace elements for the rebars and concrete
deformed together with the structural elements for the steel plates, while the
structural elements for the rebars and concrete remained deactivated. As a
result, the nodal coordinates of the trace elements were able to provide the
correct positions for the subsequent activation of the structural elements for
the rebars and concrete, as described in

Fig. 10. Note that the impact of the trace elements on the deformation and
stress of the steel plates can be ignored due to its small elastic modulus and
mass density.

5.3. Analysis process

Deactivation and trace element techniques can be fully implemented
using the software MSC.MARC, without resorting to any other program or
programming work. The simulation of the construction process includes the
following steps:

AMP

Timels

Fig. 11 Relationship of amplitude and time

Deactivation and trace element techniques can be fully implemented
using the software MSC.MARC, without resorting to any other program or
programming work. The simulation of the construction process includes the
following steps:

STEP1: The structural elements (including steel plate, rebar and concrete
elements) and trace elements (including the host elements of rebar and
concrete elements) were established. Then the structural elements for rebars
and concrete were deactivated, and the structural elements for steel plates and
the trace elements for rebars and concrete were activated. The gravity load of
steel plates was slowly increased in the static analysis (from0to1gin0Oto1
sec, where g is the gravity acceleration, as shown in Fig. 11) to simulate the
equilibrium state of the steel plates under their self-weight. The
amplitude-time relationship of the gravity load was named as AMP-1. Note
that the time used in the static analysis had no physical meaning and was only
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used for determining the loading stage;

STEP2: The gravity load of concrete and rebars, equivalent to a uniform
load, was applied to the bottom steel plate to simulate the gravity load of
unhardened reinforced concrete. The amplitude-time relationship of the
equivalent uniform load was named as AMP-2;

STEP3: The structural elements for rebars and concrete were activated,
and in the meantime their gravity load was gradually increased. The
corresponding amplitude-time relationship was named as AMP-3.
Simultaneously, the equivalent uniform load in STEP2 decreased gradually.
At the end of this step, the equivalent uniform load was completely replaced
by the gravity load of concrete and steel. The steel plates, rebars and concrete
worked together at this stage;

STEP4: The external load was applied to the beam, which was resisted by
the steel plates, rebars and concrete. The corresponding amplitude-time
relationship of the external load was named as AMP-4.

5.4. Simulation results

5.4.1. Beam specimen

Fig. 12(a) compares the load-deflection curves of the MSF and OSF beam
models. While the ultimate strengths of the two simulations were different, the
trends of the two curves were almost the same. The deformation of the MSF
model considering the construction process was equal to that of the OSF
model plus the elastic deformation generated during the construction process.
In addition, the bearing capacity of the MSF model was about 6% smaller than
that of the OSF model (reduced from 855kN to 805kN) due to the initial
deflection of the steel plates. This is because an initial rotational deformation
in the cross-sections of the beam was generated by the initial deflection, and
this caused a larger elastic-plastic deformation in the steel plates during the
loading process.
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Fig. 12 Simulated results of beam and roof models

Fig. 12(b) demonstrates the change of the mid-span deflection of the MSF
beam against the time during the construction process: (1) from 0Os to 1s, a
small deformation was found in the steel plates under their self-weight, the
maximum deflection was 1.6mm at the end of 1s; (2) from 1s to 2s, the
equivalent load of rebars and concrete applied to the bottom steel plate
contributed to the further deformation of the steel plates; at the end of 2s, the
mid-span deflection reached the maximum of 13.9mm; (3) from 2s to 3s, the
gravity load of rebars and concrete increased gradually and the equivalent
uniform load of rebars and concrete on the bottom decreased gradually,
therefore the mid-span deflection of the steel plates remained almost
unchanged, successfully achieving the replacement of the equivalent gravity
load and the actual self-weight of rebars and concrete.

5.4.2. Proposed roof structure
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The numerical model of the proposed roof structure is also built by the
same modeling techniques being used for the beam specimen. Considering the
snow load, wind load and the gravity load of ancillary equipment pipeline etc.
given by the owner and recommended by the regulation [22], the design
external load is 30% of the self-weight of the roof. The develop mode of the
deflection of MSF roof model in Fig. 12(b) is similar to that of the beam
model indicating the effectiveness of the simulation on the construction
process. Fig. 13 demonstrates the stress distribution of concrete and steel
plates in the roof model after external loading. The maximum compressive
stress of concrete appeared at the bottom of the four side supports due to the
effect of the negative bending moment. To be more specific, the stress of the
most floor area in the middle part is unidirectional, while the part of the floor
close to the corner were under two-way stress, which resulted in a smaller
compressive stress in the bottom of the concrete closed to the corner, as seen
in Fig. 13(a). It can be seen from Fig. 13(b) that the stress in lower steel plate
was relatively smaller due to its large cross section. On the other hand, the
middle part contributed in bearing larger compressive stress because of the
smaller cross section of the upper steel plate. The deformation and strain of
the roof model before concrete casting and after concrete forming are
compared in Table 2. The maximum stress of different materials in Table 2
shows that the materials were still in elastic phrase after construction
completed, which means the redundancy of the roof structure is very large.
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Fig. 13 Roof model after external loading

Table 2
Mechanical Responses of the H-SC Roof in Different Phrases of Construction
Process

Before concrete After concrete After external

casting forming loading
Maximum deflection of roof (mm) 8 69 70
Maximum compressive stress in
0.3 1.2
concrete (MPa)
Maximum tensional stress in steel
216 175.7 178.2
plates (MPa)
Maximum axial force of lateral
64 48.9 55.2
braces (kN)




Meng-Zhu Diao et al

Two key factors are much concerned for the proposed roof. The first one
is the deformation of such a large span concrete steel composite roof. The
final maximum deflection of the H-SC roof considering the effect of the
construction process, i.e., 70 mm, is much smaller than 10/300, i.e., 112 mm,
which is the limiting defection value for roof structure (10 is the calculated
span of the roof) [20]. The maximum deflection of OSF roof model
demonstrating the process without considering the construction influence is
only 9mm, which indicates the deflection induced by the construction process
accounts for 87% of the ultimate deflection.

The second factor is the safety of the roof during the construction process.
Before concrete is hardened, the gravity of the roof is only supported by the
steel assemblage in which the short upper flange is in compression. The
compressive buckling of these flanges will lead to the collapse of the roof.
Hence, four lateral steel braces (2L160>100x10) are connected to the upper
flanges by which the compressive buckling of the upper steel flanges is
prevented.

According to the Chinese code [23], the axial strength of lateral braces
considering buckling N can be calculated by the following equation:

l< f (6)

Where N is axial compression force, A is the net sectional area, f is the design
value of compressive strength of steel, ¢ is the stability factor of the axially
loaded compressive member. The calculated axial strength of the lateral
braces is 1820kN, which is significantly larger than the axial forces in the
braces during the construction process, i.e., 48.9kN (as seen in Table 2),
indicating that the lateral braces will not be buckled. Both two factors confirm
that the proposed roof is safe during the construction process and under the
service state.

6. Carrying capacity and stiffness calculation
6.1. Deactivation element technique

To validate the carrying capacity of H-SC beam, an analysis was carried
out in terms of the strain diagram shown in Fig. 14 and the calculation was
based on the following assumptions: 1) strain of section remains plane; 2)
tensile strength of concrete is disregarded; 3) the distribution of concrete
stress is simplified to an equivalent rectangular, the depth of equivalent
rectangular stress block equals to the depth of neutral axis multiplied by a
factor 0.8; 4) the actual distribution of steel web stress is trapezoid which is
also replaced by an equivalent rectangular in calculation; 5) the stress
contribution of longitudinal reinforcement in flanges shall be considered and
that in steel web shall be neglected.

Based on the above assumptions, the ultimate flexural strength of H-SC
beam can be calculated by means of a simplified plastic method, the formulas
are as follows:

h Ry eonp
M < £,y ~) + 1.0, (0.8x ~h)(h, ~0.4x ) + f, A (h ~2)) )

+f;A\;f(h0 _a‘;\)+ Maw

f.oh + fby(x—h)+f A+ fA - fA-fA+N, =0 (8)

The notations used in the above equations are given as follows: f; is the
design value of concrete compressive strength; b is the width of concrete
flange; by is the width of concrete web; hg is the effective depth of section; x is
the depth to neutral axis of section; h, is the depth of flange in compressive
zone; hy is the depth of flange in tension zone; fy and f'y are the design values
for tensile and compressive strengths of steel bars, respectively; f, and ', are
the design values for tensile and compressive strengths of steel plates,
respectively; As and A's are the sectional areas of longitudinal steel bars in
tension and compressive zones, respectively; A, and A’y are the sectional
areas of steel plates in tension and compressive zones, respectively; a's is the
distance from the point for resultant of forces of longitudinal steel bars to
extreme fiber of section in compression zone; a', is the distance from the point
for resultant of forces of steel plate to extreme fiber of section in compression
zone; M, is the moment for the axis force of steel plate web to the point of
longitudinal tension steel reinforcements and steel plate; Nay is the axis force
of steel plate web. In which, the calculation of M,y and N,y are completely
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followed the formulas in the code [16].
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(a) Beam section (b) Equivalent stress

distributions

(c) Stress distributions
of web plate

Fig. 14 Diagrammatic sketch of calculation

Theoretical values of ultimate load-bearing capacity can be obtained
according to

h Ny oovn
M < £,y ~=) + 1.0, (0.8x ~h)(hy ~0.4x )+ f,A (h, ~a))

+f A (hh-a)+M,, (5)

And

f.oh + fby(x—h)+f A+ f A —fA-fA +N, =0 ©)

It is 7.7% greater than the test value, as shown in Table 3. Considering
that the theoretical method does not take into account the intensification of
steel bars and steel plate, so a relatively conservative flexural strength can be
obtained using this method.

Table 3
Comparison between the experimental and theoretical strength and stiffness
results

Experimental

- Theoretical values Relative error

results
Flexural capacity (kN m) 1694 1563 7.7%
Short-term stiffness (KN m?) 2.22x10° 2.12x10° 4.5%

6.2. Stiffness validation

The theoretical and experimental stiffness values are listed in Table 3.
According to the code [16], the short-term theoretical stiffness Bs can be
calculated by the following equation:

c

B, =[ 0221043755 5 |E1 +E.I
. ©)

Where Es, E., E, represents modulus elasticity of steel bar, concrete, steel
plate respectively. ps is the reinforcement ratio of longitudinal tensile steel bar.
l¢ is the moment of inertia of concrete section, I, is the moment of inertia of
steel section.

The short-term experimental stiffness By (B« = E! =0.01575PI%/.a

- (11)) can be derived from the structural mechanics formula

(7= F="" (10)), which reflects the relationship between stiffness,
applied load and deflection in linear phase.

A:jgdl )

_ _ 3
B, = EI =0.01575 PI*/ A 1)

__ Where M is the internal moment due to loads acting on the specimen,
M is the internal moment caused by an assumed unit load P =1, El is the
flexural rigidity of a cross section, 4 is the test displacement, By is the testing
values of the bending stiffness, P is the applied load, I is the specimen span.

Theoretical values of the bending stiffness in the linear phrase can be
obtained by bring the inflection point values (80.9mm, 810.3kN) into Eq. 9. It
can be seen from Table 3 that the stiffness of the beam bending theoretical
values are in good agreement with the test values.
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7. Conclusions

In this study, the mechanical behavior and construction process of a
large-span H-SC roof system were studied. A large scaled beam was tested
and the numerical simulations of the beam specimen and whole roof structure
were carried out to investigate the mechanisms of the H-SC roof and the
impact of the construction process on the H-SC roof structure. The main
findings are summarized below:

(1) Under ultimate load, concrete crushing occurred in compression and
yielding of the steel plate and tension reinforcement was found in the H-SC
composite beam, showing a typical flexural failure mode. Minor slippage
occurred between the steel plates and concrete in the bottom flange until the
load exceeded 700kN, and no debonding failure was observed. It can be
concluded that with appropriate shear connections, the steel plates and
concrete were able to effectively work together in full composite action.

(2) The comparison between the experimental and numerical results
revealed that the finite element model developed in this study was capable of
accurately reproducing the mechanical characteristics of the H-SC roof. In
addition, the bond slip was found to be small due to the adequately anchored
shear connections.

(3) The deactivation element technique and trace element technique were
used to simulate the construction process of the H-SC roof. The numerical
results indicated that the two techniques can simulate the development of
deformation in the process of construction. The deflection induced by the
construction process accounts for 87% of the ultimate deflection.

(4) The numerical simulation shows that the proposed H-SC composite
roof has enough bearing capacity and stiffness to meet the requirement for the
large span structure. And the lateral braces can effectively prevent the
compressive buckling of the steel plate assemblage during the construction
process. In addition, the comparison between the theoretical and experimental
results confirms that the proposed method could accurately calculate the
ultimate flexural strength and stiffness of H-SC beam and provides a reference
for the design of H-SC structures.
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