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Vietnam. They provide a snapshot of work on composites in Vietnam.
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Enhancement of Energy Conversion Efficiency
In Organic Solar Cell Using Nanoparticles

Nguyen Dinh Duc !, Nguyen Nang Dinh', Pham Duc Thang',
Dang Dinh Long’ and Nguyen Xuan Nguyen?

ABSTRACT

Doping nanomaterials such as the nanoparticles, nanorods, nanoprisms, etc. into
composite organic solar cells (OSCs) have recently attracted considerable research
interest to obtain higher energy conversion efficiency. Among them, doping of Ag,
ZnO nanoparticles into photoactive layers of multilayered composite OSCs are
proposed to enhance the photocurrent due to the localized surface plasmon resonance
(LSPR) effect. The size as well as the geometry of these nanoparticles are the most
important key factors to contribute to LSPR effect. In this work we have investigated
the LSPR effects of Ag and ZnO nanoparticles on the photoactive layer in a regular
structure of OSC as ITO/photo-active layer doped with nanoparticles/ buffer layer/Al.
The photoactive layer such as P3HT:PCBM doping with nanoparticles can be
modeled as the light absorbed medium in which its physics behavior is altered by
LSPR. Changing the size of Ag and ZnO nanoparticles, i.e. the radius, in
P3HT:PCBM active layers will tune their absorption spectrum. The mechanical
properties of nanoparticles doping in OSC structures based on P3HT:PCBM will also
be discussed.

KEYWORDS

Organic solar cells, energy conversion efficiency, Ag and ZnO nanoparticles.

INTRODUCTION

In the recent years, organic solar cell (OSC) based on polymer has attracted much
interest of the research community due to its great promise as renewable sources. One
has also expected OSC to become the next generation photovoltaics for its low-cost,
flexible as well as light devices which can be realized at room temperature solution
processing. High energy conversion efficiency, i.e. exceeding 11% [1, 2, 3, 4] has
been achieved in the polymer-fullerence bulk heterojunction (BFBHJ) type of devices

'VNU- University of Engineering and Technology, 144 Xuan Thuy, Cau Giay, Hanoi, Vietnam
2VNU-University of Science -334 Nguyen Trai, Thanh Xuan, Hanoi, Vietham
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which may quickly bring the commercialized products of OSC-BFBHJ into life. The
major obstacle towards the power conversion efficiency is the trade off between two
main physics mechanisms inside OSC: the light harvesting, i.e. the light absorption
and the charge collections, i.e. collections of photogenerated excitons. As the result,
the mobility of charge-carrier is low and the exiton diffusion length is reduced due to
the hopping limit. As the result, the thickness of the active layer is small, typically
around 200 nm. Having such a thin active layer, OSC has a poor absorption process
although the rate of charge-carrier recommbination is low [5, 6]. In most OSC
structures, P3HT:PCBM is frequently used as a promising active layer which is able to
exhibit the theoretical current J. close to 20 mA.cm'z, the experimental value still falls
short in the range of 12-14 mA.cm™. Hence, the main solution lies on the way to
improve the light absorption of the P3HT:PCBM active layer, i.e. enhancing the light
trapping process. Interestingly, localized surface plasmon resonance effect of
nanoparticles (NPs) have been proposed to enhance the light absorption in medium [7,
8, 9, 10]. This has opened the new door to develop the OSC based on polymer
structures as well as to create a new pathway for a better power conversion. More
interestingly, mechanical properties of OSC will be influenced significantly by doping
with NPs, for example, the Young and Bulk modulus of the OSC structures are
affected in the presence of NPs. Figure 1 illustrates the regular structure of OSC
doping the NPs.

70O Baffer Layer

Figure 1. A regular structure of OSC, the NPs are illustrated with the spheres with the same radius. From
top to bottom: incident light shining to Al+Glass electrode, the hole transport layer (HTL), P3HT:PCBM
active layer, NPs in P3HT:PCBM are grown on top of ZnO buffer layer; ITO+Glass electrode.

The sections are organized as the follows: we will discuss the major role of NPs in
enhancing the light traping process with LSPR in the next section. The numerical
simulation using finite element technique will follow. The main findings will be
discussed in the results and discussion section. And, the conclusion at the end will
summarize our main findings.

LOCALIZED SURFACE PLASMON RESONANCE EFFECTS OF THE
NANOPARTICLES

It is well-known that the metallic NPs, i.e. Au, Ag-NPs are scattered at the near
field in the LSPR effect due the collective oscillations of electrons inside metal [8, 9,
10]. The similar calculation can be applied for the different type of non-metallic NPs,



i.e. ZnO-NPs, nanorods, pyramids, so on. By using Mie theory [12, 13], the scattering
and absorption cross section can be calculated as:

1 27, ) 2r
=— ) eal, =" Im[x 1
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where, o is the polarized coefficient of NPs which reads:
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This quantity depends on the volumes of NPs, Q, the dielectric of NPs ¢, the
dielectric of the surrounding environment &, . In case of ¢, =—2¢, , the polarized

coefficient of NPs diverges due to the LSPR effect. As the results, the cross section of
LSPR NPs are much larger than the cross section of the typical NPs without LSPR.
The larger the cross section is, the better light trapping process is. In other words, the
harvesting light through the absorbance will be improved in the presence of LSPR and
the power conversion efficiency will increase. As we may know, the NPs size has a
large impact on the absorption spectrum. For example, the increase of the NPs size
causes the red shift of the peaks in the spectrum. Moreover, the range of absorption
spectrum is wider in the presence of LSPR effects. It can be explained by strong
polarization occurred at the large effective NP size, i.e. the large cross sections. We
should note that Mie scattering regime is only valid for the NPs with the diameters in
the range of 0.14<d <104. In this work, we have chosen Ag for a case of the
metallic nanoparticle instead of Au nanoparticle since Ag nanoparticle is cheaper than
Au nanoparticle and there is not much different feature between their absorption
spectrums. The diameter of Ag nanoparticle is about 100 nm and the diameter of
ZnO-NPs is about 150 nm. These diameters are valid to apply the Mie theory.

NUMERICAL SIMULATION: FINITE ELEMENT METHOD

In this work, we will apply the finite element method (FEM) [14] for the different
types of NPs which can be model as a perfect sphere. Comparing to other techniques,
i.e. FDTD technique [15], FEM is a good choice for a complex problem since it will
transform the continuos problem into the discrete one in a great manor. As a result, we
have a good mesh which can be used to solve the PDEs and integral equations, i.e. the
Maxwell’s equations. In other words, we will map our problem into a set of the
independent ordinary differential equations of the different smaller elements. We
should note that a mapped mesh has to satify the following rules: firstly, the two
different elements only share their boundaries. This condition will rule out the overlap
between the two elements. The boundary can be the points, the lines as well as the
surfaces. Secondly, the set of these elements forms a shape similar to the original one.
In other words, the good grid can capture the most feature of the original system. This
condition tries to avoid the empty space between the elements. An example of a FEM
grid for a NP is illustrated in Figure 2 below.



Figure 2. A typical quarter of NPs mesh using in a FEM simulation.

Figure 2 shows only a FEM mesh for a quarter of a nanoparticle since a particle is
a perfect sphere with the high symmetry. There should not be any different between
the full mesh for a sphere and its quarter but we will save the computing time as well
as CPU memory by using a quarter of a NP instead of a full NP in FEM mesh.
Following the standard way, we divide the original volume €2 into the different
smaller volume elements €2, in which its size can be described by an unknown

N
function ¢~ > fp, . Here, f, is the basic polynomial functions and p; is the
i=1
coefficients. Due to the second rule stated above, the discrepency between the
approximated functions and ¢ is close to zero as much as possible. The set of

equations for the unknown coefficients are now ready to solve. We should note that
the different elements are meshed following the first rule mentioned above. The

boudary conditions of a different volume elements €2, and the approximated function
¢ are constrained and could be applied Neuman’s condition n.V¢ =S or Dirichlet’s
condition ¢ =S ; where S is a scalar function and n is a normal vector to the boundary.

In this manuscript, we will apply COMSOL multiphysics based on FEM technique to
investigate the absorption spectrum of different NPs: Ag and ZnO NPs.

RESULTS AND DISCUSSION

We will start with ZnO nanoparticle, the radius is about 150 nm, doping into
P3HT:PCBM active layer. In order to investigate the LSPR effect of ZnO
nanoparticle, we will compare its absorption spectrum in two different environments:
a pure air and P3HT:PCBM.



®— ZnO NPs in the air
o ZnO NPs in P3HT:PCBM

%o
- "
= 2 .
8 o’o..‘ .
o

’? .
g .
e .
£ .
c .
i<}
g 1 1

-
g s
o .q_—_—_-.——--.“ |
<

: : . " "

400 500 600 700 800

wavelength (nm)

Figure 3. The absorption intensity of ZnO-NPs versus the wavelength in two environments:
in air (black filled circles) and in P3HT:PCBM (red filled circles).

Figure 3 shows the absorption spectrum of ZnO-NPs in air (black filled circles)
and ZnO-NPs in P3HT:PCBM (red filled circles). The two curves are obviously
different: ZnO-NPs in air has a smooth curve and a weak peak in the infrared region
whereas ZnO-NPs in P3HT:PCBM has a stronger peak around the two wavelengths
A=500nm and A =580nm. The higher absorption intensity in the wide range of
invisible light has been observed as well. We conclude that the oxide ZnO-NPs do not
absorb the invisible light in the air but ZnO-NPs has a strong absorption effect in
P3HT:PCBM. This can be explained simply using the LSPR theory: exciting ZnO-
NPs with the invisible light induces the multi-oscilations, on other hand this will lead
to the defraction as well as the absorption of light. Moreover, P3HT:PCBM owns the
7 — bindings in its polymer chain which causes the stronger absorption. This makes
P3HT:PCBM become a better absorption environment. The LSPR effects of ZnO-NPs
in P3HT:PCBM could be illustrated through the distribution of the electromagnetic
field at different weavelengths.

a) b) <) d)

Figure 4. The distribution of the electromagnetic field of the ZnO-NPs in P3HT:PCBM with
different incident wavelengths: a) A =400 nm, b) A =580 nm, ¢) A =650 nm, d) A =800 nm.

Figure 4 shows that the LSPR at the wavelengths A =400nm and A =580nm
has stronger effects than LSPR in the infrared region, i.e. A=650nm and
A=800nm. As we can see, the red-shift of the incident light reduces the LSPR
effect illustrated by the change of the electromagnetic field from A =400nm to
A =800nm. It also means that the defraction as well as the absorption of ZnO-NPs
responses weakly to the incident light with a large wavelength, i.e. the infrared region.

More interesting, ZnO indeed has a strong LSPR effect although metallic NPs
such as Au, Ag-NPs are previously well-known to enhance LSPR. We therefore
investigate the absoprtion spectrum of Ag-NPs and compare it with ZnO-NPs to



verify this conclusion. The result is shown in Figure 5, obviously, the ZnO-NPs peak
as well as its absorption intensity are much stronger than those of Ag-NPs. This also
suggests us to use ZnO-NPs doping into OSC structure for a better the power
conversion efficiency.

s g pamde in PIHT PCBM
o Zn0 parde in PINT PCEM

tion Ftansty (A L)

wavelength

Figure 5. The absorption spectrum of Ag-NP (filled black square)
and ZnO-NP (filled red circle).

Using Mie theory, it is easy to show that the larger the ZnO-NPs is, the further the
absorption peak shifts to the near infrared region. We here also have recaptured this
conclusion for ZnO-NPs in P3HT:PCBM with different NPs radius and the fixed
incident light wavelength 4 =580nm .
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Figure 6. The dependence of absorption intensity on the radius of ZnO-NPs in P3HT:PCBM
at the fixed wavelength A =580 nm.

Figure 6 displays the dependence of the absorption intensity as a function of the
radius of ZnO-NPs in P3HT:PCBM. From Mie theory, the scattering and absorption

cross section is proportional to the dielectric function of NP, & as written in Equation
(2). In the rough approximation, i.e. using the simple Drude model, the dielectric
w,’e’
(0 +iyw)
1.6 x 10" C, @ is frequency of the incident light. The absorption intensity is

function: ¢, =1- with @, is Plasma frequency, ¢ is electron unit and e =

Av
proportional to 1/r as the follows: y(r)=y, +——, with v; is electron velocity at
r

Fermi level. Hence, the absorption cross sections o, is quantitatively proportional to
the radius r which is well consistent with Mie theory. This result is important since



one is able to control the absorption and scattering properties of NPs by tuning the
radius of NPs.

MECHANICAL EFFECT OF NANOPARTICLES ON OSC COMPOSITE
STRUCTURE

The role of particles in several FGM structures at macroscopic scale is well
known. However, the role of particles in the multilayered structure at nano-scale
has not been known much. Other than the enhancement of the energy conversion,
the nanoparticle can stabilize the OSC multilayered structure. Therefore, it should
be interesting to take a closer look at the mechanical properties of these NPs in our
structure of interest. We can use a simple model to investigate this problem as the
following: the NPs are considered as the ideal spheres with the same radius r (nm).
The elastic, homogeneous and isotropic conditions for NPs are assumed. Under
these conditions, the most two important parameters, which we should take into
account, are Young’s (E) and bulk (K) modules. At nano-scale, the mechanical
coupling between the different ingredients can be represented by the stress
distribution as the follows:

M, 2

0
Oy =0y 0y +0y7 +... 3)

Where, o, is the homogeneous stress, o’ is coupling stress between matrix

and particles, o is the coupling stress between the nearest particles. We will cut

off the stress distribution at the first order of coupling, meaning we only take into
account the first and the second term in Equation (3), for the simplicity. We, now,
are able to apply the well-known Lame’s equilibrium equation for the displacement
components U as the follows:

2(1-V)VVI ~(1-2V)VxVxT =0 )

The mechanical effects can be extracted by solving the Equation (4) under the
additional assumption in which the location of stress for NPs at nano-scale is at the
center of the particles [16]. As the results, we can obtain that the dispersion of NPs
doping in polymers structure such as P3HT:PCBM have increased both the
effective Young’s (E) and effective bulk modulus (Kg). This finding is similar to
our finding of TiO, doping in MEH-PPV-OSC structure. In other words, the NPs
not only enhance the energy conversion but also increase the stability as well as
lifetime of the OSC multilayered structure. This conclusion is important for the
commercial products.

CONCLUSION

In this manscript, we have investigated the effects of the metallic nanoparticle Ag
and non-metallic nanoparticle ZnO on the power conversion efficiency as well as the
mechnical impact on the OSC devices. We have found that the absorption of ZnO is
enhanced inside P3HT:PCBM environment due to LSPR. In other words, the



harvesting light process in active layer has been affected by using ZnO-NPs. We have
also found a similar behavior for Ag-NPs except the weaker absoprtion intensity and
the peak. The mechanical properties of OSC devices such as the effective Young’s and
effective bulk modulus doping with ZnO-NPs and Ag-NPs have been improved.
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Design Model for Hybrid Steel-RC Walls

Quang-Huy Nguyen', Van Toan Tran? and Mohammed Hijiaj'

ABSTRACT

Hybrid RCS frames consisting of reinforced concrete (RC) column and steel (S)
are used frequently in practice for mid to high-rise buildings. RCS frames possess
several advantages from structural, economical and construction view points
compared to either traditional RC or steel frames. One of the key elements in RCS
frames is the composite shear wall consisting of several steel sections encased in
reinforced concrete. Regarding the RC walls reinforced by more than one steel profile,
namely “Hybrid” wall, although a number of researchers have focused on its various
aspects, they are currently not covered by standards because they are neither
reinforced concrete structures in the sense of Eurocode 2 or ACI318, nor composite
steel-concrete structures in the sense of Eurocode 4 or AISC 2010. This paper is
dedicated to present a tentative design model for hybrid walls with several embedded
steel profiles subjected to combined axial force, bending and shear. The model is
based principally on the design rules of Eurocode 2 and Eurocode 4. Particular
attention will be paid to shear (longitudinal and transversal) resistances because
preventing shear failure is one of the major concerns when designing a composite
structuralmember. A strut-and-tie model is developed to evaluate the transverse shear
resistance taking into account the contribution of the steel profiles. Furthermore, an
analytical method is proposed for the prediction of the longitudinal shear stress at the
concrete-steel profile interface which allows to design adequate shear connection of
the profile to concrete. The proposed design model provides a faire estimation of the
part of applied shear which is applied to the embedded steel profiles; this allows to
take into account the influence of transverse shear on the combined axial force and
bendingresistance. When used with design values of bond and friction shear strength
of Eurocode 4, the proposed design model gives a faire estimation of the longitudinal
shear stress at the concrete-steel profileinterface.

Keywords: Steel-concrete hybrid shear walls, shear connection, design method,
static test.
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INTRODUCTION

Nowadays, hybrid reinforced concrete steel (RCS) frames consisting of reinforced
concrete (RC) column and steel (S) are used frequently in practice for mid to high-rise
buildings. RCS frames possess several advantages from structural, economical and
construction view points compared to either traditional RC or steel frames. As
described by Griffis (Griffis, 1986), RCS frames effectively combine structural steel
and reinforced concrete members to their best advantage. From construction view
point, these systems are usually built by first erecting a steel skeleton, which allows
the performance of different construction tasks along the height of the building. One of
the key elements of RCS frames is the steel-concrete composite core wall, where the
practice of encasing structural steel shapes encased in reinforced concrete is common.
For many years, the traditionally reinforced concrete shear walls have been used as the
primary lateral load resisting system in multistory buildings. Although reinforced
concrete shear walls have many structural and economical advantages some
disadvantages appear when using this structural system in buildings subjected to
seismic action. One of the main disadvantages is the development of tension cracks in
tension zones and compressive crushing in localized compression areas during large
cyclic excursions. Such cracks and crushing failures can result in splitting and spalling
failure of the wall with serious deterioration of stiffness and reduction in strength.
Steel-concrete composite shear walls can mitigate most disadvantages of RC shear
walls and take advantage of the best characteristics the RC and the steel can offer.

Various types of composite walls have been developed, investigated and used for
core walls of high-rise buildings in seismic zones. Zhao and Astaneh-Asl (Zhao, 2004)
attached RC panels to the steel plate walls using bolts, resulting in highly ductile
behavior and stable cyclic post-yielding performance. Saari et al. (Saari, 2004) studied
the behavior of headed shear stud connectors for use in steel frames with partially
restrained connections and reinforced concrete infill walls, attached compositely to the
steel frame around the perimeter of each wall panel. They pointed out that, in infill
walls, the shear connectors lie in the plane of the concrete panel, which results in
different behavior from studs in composite beams. Experimental results shown that the
presence of axial tension greatly reduced the stud shear strength and deformation
capacity when no confining reinforcement was provided. When confining
reinforcement was provided, test results correlated better with existing design
equations. Tong et al. (Tong, 2005) conducted an experimental study of the cyclic
behavior of a composite structural system consisting of partially-restrained steel
frames with reinforced concrete infill walls. The composite interaction is achieved
through the use of the headed stud connectors along the steel frame-infill interfaces so
that the two main components of the system share in the resistance of lateral shear and
overturning moment. They concluded that this system has the potential to offer
strength appropriate for resisting the forces from earthquakes and stiffness adequate
for controlling drift for low to moderate-rise buildings located in earthquake-prone
regions. Zhou et al. (Zhou Y. X., 2010) performed experimental and numerical studies
of composite shear with multi-embedded steel sections at wall boundaries as well as
wall middles. They indicated that composite shear walls with multi-embedded steel
sections had better energy dissipation capacity than that with steel sections only at
boundaries. The presence of multi-embedded steel sections did not affect the final
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failure mode of the composite shear walls, but they would restrain the development of
cracks and prevent the concrete from serious spalling. Similar kind of composite shear
walls was experimentally and numerically studied by Dan et al. (Dan, 2011). They
encased vertical steel profiles into RC walls and demonstrated the effectiveness of the
steel profiles in improving the seismic performance of RC shear walls. Qian et al.
(Qian, 2012) investigated the behavior of composite shear walls with embedded steel
tubes at the wall boundaries and proved that such composite details can ensure good
seismic performance under high axial load and cyclic lateral loading. Rafiei et al.
(Rafiei, 2015); Hossain et al. (Hossain, 2016) studied the behavior of composite shear
walls consisting of two skins of profiled steel sheeting and an infill of concrete under
in-plane monotonic and cyclic loading respectively, demonstrating more ductile
behavior and higher energy absorbing capacity. Chen et al. (Chen, 2015) investigated
the double steel plate-high strength concrete composite walls with concrete filled steel
tube boundary elements, showing high strength and excellent deformation capacity.
Wu et al. (Wu, 2016) studied the seismic behavior of steel and concrete composite
shear walls with embedded steel truss. Test results indicated that the embedded truss
web braces affect significantly the hysteretic behavior of the composite walls in terms
of lateral load capacity, energy dissipation and ductility, while the embedded truss
chords can enhance the lateral load capacity. Zhang et al. (Zhang, 2016) proposed and
investigated a new structural shear wall consisting of bundled lipped channels seam-
welded together and in-filled concrete. They pointed out that that the level of axial
force ratio and the configuration detail significantly affect the entire hysteresis
performance, while the presence of shear studs delays the occurrence of fracture and
failure.

Regarding the RC walls reinforced by more than one steel profile, namely hybrid
wall, although a number of researchers have focused on its various aspects, they are
currently not covered by standards because they are neither reinforced concrete
structures in the sense of Eurocode 2 (Eurocode 2, 2004) or ACI-318 (ACI-318,
2005), nor composite steel-concrete structures in the sense of Eurocode 4 (Eurocode 4,
2004) or AISC (ANSI/AISC 360-05, 2010). Gaps in knowledge are mostly related to
the problem of force transfer between concrete and embedded steel profiles, a situation
in which it is neither known how to combine the resistances provided by bond, by stud
connectors and by plate bearings, nor how to reinforce the transition zones between
classical reinforced concrete and concrete reinforced by steel profiles. This paper is
dedicated to present a tentative design model for hybrid walls with several embedded
steel profiles subjected to combined axial force, bending and shear. This model is
based principally on the design rules of Eurocode 2 (Eurocode 2, 2004) and Eurocode
4 (Eurocode 4, 2004). Particular attention will be paid to shear (longitudinal and
transversal) resistances because preventing shear failure is one of the major concerns
when designing a composite structural member. Experiments conducted with steel-
concrete composite columns (simple encased steel profile) shown that the shear failure
generally involves two possible failure modes: (1) the diagonal shear failure, which
closely resembles the shear failure of an ordinary reinforced concrete structural
member; and (2) the shear bond failure, which results in cracks along the interface of
the steel profile and concrete. For this reason, a strut-and-tie model is developed to
evaluate the transverse shear resistance taking into account the contribution of the steel
profiles. Furthermore, a analytical method is proposed for the prediction of the
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longitudinal shear stress at the concrete-steel profile interface which allows to design
adequate shear connection of the profile to concrete. Finally, a hybrid wall with three
steel profiles is designed using the proposed method and the design resistance values
are compared to the ones obtained by an Abaqus FE model.

DESIGN MODEL

As already mentioned in the introduction, the studied hybrid walls are not yet
covered by design standards. The present study aims to develop a tentative design
method for such element subjected to combined axial force, bending and shear. Let
consider a hybrid steel-concrete element subjected to axial force, bending and shear as
shown in Figure 1. The cross-section consists of a rectangular RC section reinforced
by several steel profiles. Question can be raised as how to assess the strength of this
type of section. Can we simply consider it as reinforced concrete section in sense of
Eurocode 2 (Eurocode 2, 2004) or ACI-318 (ACI-318, 2005) and apply them for
design or as composite steel-concrete section in sense of Eurocode 4 (Eurocode 4,
2004) or AISC (ANSI/AISC 360-05, 2010). For this kind of composite element, gaps
in knowledge are mostly related to the problem of force transfer between concrete and
embedded steel profiles. In the case where the full interaction between steel profiles
and concrete is ensured (by bond and/or connectors such as shear studs or plate
bearings), the steel profiles can be considered as reinforcement rebars their bending
and shear resistances can be evaluated using reinforced concrete standards. Otherwise,
for the bending resistance the concept of composite section of Eurocode 4 (Eurocode
4, 2004) or AISC (ANSI/AISC 360-05, 2010) can be also used however the shear
resistance of the composite section built-up from two or more encased steel is not yet
covered by these standards.

In the proposed design method, particular attention will be paid to shear
(longitudinal and transversal) resistances because preventing shear failure is one of the
major concerns when designing a such composite structural member. Experiments
conducted with simple encased steel profile shown that the shear failure generally
involves three possible failure modes:

b
— 0,85f
(a) hybrid wall L fq
® ° =
(1 - p)f,
__ _ | _plastic|neutral axis
° ) =
(1_p)fv fyd Moy d
yd
° e Vg
1-p)f,
fla
] e =

(b) Corss-section

Figure 1. Description of studied hybrid walls
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(1) the diagonal shear failure, which closely resembles the shear failure of an
ordinary reinforced concrete structural member;

(2) the longitudinal shear failure, which results in cracks along the interface
of the steel flange and concrete.

(3) the flexural failure, which results in vertical cracks at mid-span.

A method for the calculation of the number of connector to ensure the full
interaction between steel profiles and concrete around is firstly developed. The
bending resistance will be determined using the M-N interaction curve which is build
using the method of stress distribution of Eurocode 4 (Eurocode 4, 2004). Regarding
the shear resistance, a strut-and-tie model is developed taking into account the
contribution of the steel profiles. For the sake of simplicity, in this work, we consider
only the case of three encased steel profiles. The three steel profiles are oriented such
that they are submitted to weak axis bending. It is assumed that the second order effect
is negligible.

DESIGN RESISTANCE OF CROSS-SECTION TO COMBINED
COMPRESSION AND BENDING

There is nowadays no design standard providing the guidance on how to determine
properly the plastic resistances of composite section with more than one encased steel
profile. However, once the steel profiles are fully embedded in concrete, the resistance
of hybrid cross-sections to combined compression and bending and the corresponding
interaction curve may be calculated assuming rectangular stress blocks as shown in
Figure 1. This method is inspired from the simplified method of design of Eurocode 4
(Eurocode 4, 2004). In this method, the tensile strength of the concrete is neglected.

If the shear force V,gq acting on one steel section exceeds 50% of the design shear
resistance of the steel section Vpjard (see EC3-1-1§6.2.6(2)) (Eurocode 3, 2004), the
influence of the transverse shear on the resistance in combined bending and
compression should be taken into account by a reduced design steel strength (1-p)fy

where:
2
2V
p=[ - —IJ (1)

Vpl,a,Rd

The shear force V,gq acting on one steel section is assumed to be determined by:

Ve, My
pgg = & B2 @)
n I\/IpI,Fed

a

where My ard 15 the plastic resistance moment of N, steel sections and My rq is the
plastic resistance moment of the hybrid section.

DESIGN TRANSVERSE SHEAR RESISTANCE

If the encased steel profiles are considered as reinforcing bars, the shear resistance
can be evaluated using the strut-and-tie model proposed in Eurocode 2 (Eurocode 2,
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2004). However it is obvious that the shear resistance provided by the steel profiles
must be not negligible for such hybrid section. In our design approach it is assumed
that the shear resistance of the hybrid section is given by adding up the shear
resistances of RC section and composite steel-concrete section. As shown in Figure 2,
the composite section has a width limited to the width of the steel shape h, and the RC
section has a width b;=b- h, where b being the width of hybrid section.

Ved =Veare TV raa 3)

where:
e Rgrc is the design shear resistance of RC section which is determined in
accordance with EN 1992-1-1 §6.2.3(3):

Vigs = A zf 4 cot
' S

V = min 4
Rd,RC acwbczvl fc ( )

cotfd+tan @

Rd,max —

e VRga is the design shear resistance of composite section which is given by:
VRd,a =n,(1- 77)Vp|,a,Rd (5)

with n, being the number of steel profiles; Vy 2 eq being the design shear resistance
of one steel section determined in accordance with EN 1993-1-1§6.2.6(2); The
coefficient 7 represents the influence of normal stress on the shear resistance of steel
profile when the design axial force exceeds 50% of the plastic resistance to
compression Npjrg:

2
2N
n =(—N = —IJ 6)
pl,Rd
Hybrid section Composite section RC section
zA | | 9
IH] B
.| | — 53
| |
n h= +
. e —9 3
| H
z | :
‘| le— ] | o
e P D —
b h, b =b-h

Figure 2. Decomposition of hybrid section into a RC section and composite section
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DESIGN LONGITUDINAL SHEAR RESISTANCE

Vertical force equilibrium:
V,, =bzo_ sin® 0+ NV, e (7)

where ogy is the compression stress in struts; z is the distance between the
compression and tension chords. In wall with huge embedded steel sections, it is
proposed to consider z as the distance between the center of top and bottom embedded
profiles. @ is the inclination of the compression struts.

I Shear renforcement :

Mg,

pI'Oﬁ le VE d

e I
le zcot@ %

Figure 3. Strut-and-tie model fore shear force transfer in hybrid wall

The longitudinal shear force acting on the bottom (or top) embedded profile can be
obtained by:
h,o., (cos @ — usin 0)

- 8
e 7 cold (@)

If the longitudinal shear force ggq is greater than the design shear strength g given
in Eurocode 4 (Eurocode 4, 2004), shear connectors are therefore needed to ensure the
full interaction between steel profiles and concrete. In this case, the longitudinal shear
force, namely V|, acting on the shear connectors from the cross-section where the full
plastic bending moment is reached to the cross-section where the bending moment
vanishes is:

Vi=Al-p)f, ©)

where A, is area of one steel profile. The minimum number of shear stud needed
for one steel profile to ensure the full interaction is Nyin=V|/Prg Where Pgrq is design
shear resistance of one shear connector.

NUMERICAL APPLICATION

The proposed design model is now used to evaluate the resistance to combined
bending and shear of a composite wall reinforced by three encased steel profile. The
geometric and material characteristics are presented in Figure 4.

The prediction of the longitudinal shear stress at concrete-steel profile interface is
presented in Table I. As can be seen, at the maximum applied load the predicted shear
stress Qeq is greater than the design shear strength zrq which is taken equal to 0.51 MPa
according to Eurocode 4 part 1 §6.7.4.3(4). This points out that in all specimens for
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design conditions the shear connectors are always requited to provide at least a shear
resistance equal to 0.51 MPa.

o F
i Steel Stirrups | Stirrup Connector
Specimen rofile Rebar | and pins | spacing | Connector | spacing
P (mm) (mm)
BW 3HEB100 | 8HA20 | HA16 200
h || l— CW | 3HEB100 | 8HA20 | HA16 | 200 | 2NN | 200
mm
~3
* Distance between two axes of supports: L=1875mm);
* Design concrete resistance: f.= f,=30MPa;
» Steel profile resistance: f,=460MPa (S460);
» Steel rebar resistance: f,,=500MPa;
 Dimensions of the cross-section: height h=900mm and width
— b=250mm.
Figure 4. The geometric and material characteristics of hybrid wall
TABLE I. SAMMERY OF DESIGN RESISTANCE
Design calculation EC4
: Vakd Gew “grd Mpird VRra **TRa
Specimen | 4 \) (MPa) | (MPa) | (kNm) (kN) (MPa)
BW 130 5.96 0.75 1446 1614 051
CwW 131 6.39 0.81 1493 1614 '

~ the coefficient of friction is taken as 0.5 (see Eurocode 4 part 1 §6.7.4.2(4))
TRd including P factor of Eurocode 4 for concrete cover greater than 40mm;
p=1.7

CALIBRATION OF PROPOSED DESIGN MODEL BY NUMERICAL 3D
MODEL

The proposed design model is now calibrated by a numerical 3D model. The
hybrid wall considered in the previous section is now simulated by Abaqus FE
software where solid elements are adopted for concrete, steel profiles and connectors
and truss elements are used for steel reinforcement. Regarding the material models,
concrete damaged plasticity model is used. The model parameters are selected to
provide more or less the same stress-strain curve for uniaxial compression given in
Eurocode 2. In this numerical model, steel reinforcement is embedded in concrete
while “Hard contact” and “Frictionless” interactions are used to connect steel profiles
and shear stud to concrete around. Figure 5 and Figure 6 show the load-displacement
curve obtained by the numerical model. The design-numerical comparison of the shear
force in steel profiles is presented in Table I and Figure 6. As can be seen, the design
value is quiet well calibrated by the numerical results.
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Figure 6. Numerical results
CONCLUSIONS

In this paper, a design model for hybrid walls subjected to combined compression,
bending and shear has been proposed. Particular attention has been paid to transverse
shear resistance for which a strut-and-tie model has been developed taking into
account the contribution of the steel profiles. Furthermore, the proposed design model
provides a method to evaluate longitudinal shear the concrete-steel profile interface,
which is necessary to design an adequate shear connection of the profile to concrete.
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