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Abstract

Double skin composite (DSC) construction consists of a layer of a plain concrete, sandwiched between two layers
of relatively thin steel plate, connected to the concrete by welded stud shear connectors. This construction acts
in a similar way to doubly reinforced concrete elements but the flexibility of connection between the steel plates
and concrete gives rise to interface slip and additional overall element deflection. This results in a strong and
efficient structure with certain potential advantages over conventional forms of construction. This paper
presents a theoretical analysis of the behavior of simply supported single span DSC beams, assuming both full
and partial interaction. The partial interaction analysis takes into account the flexibility of connection on both
tension and compression faces. The partial interaction analysis is extended to cover the influence of frictional
forces between the concrete and external steel plates, at the supports and load points. The theoretical solutions
based on partial interaction theory, assuming realistic material and shear connector properties and
incorporating the influence of interface frictional forces between the concrete and external steel plates, at the
supports and load points, are compared with the results of tests on DSC beams. It is concluded that the proposed
method shows good correlation with real behavior and may be reliably used for the analysis of simply supported

single span DSC beams.

Keywords: Double skin composite construction, Sandwich beams, Partial interaction, Full interaction, shear connectors, slip, Frictional

force.

1.Introduction

Steel-concrete composite systems generally consist of steel plate,
concrete and reinforcement. Shear connectors are usually utilized to
develop the composite action between steel and concrete. In steel-
concrete composite members, the natural bonding, friction, and
mechanical interlocking actions of shear connectors have a
significant influence on the degree of interaction [1, 2].

It is known that the degree of interaction between steel and concrete
influences the shear flow and strain distribution. Also, it has an
impact on the structural performance such as strength, stiffness and
failure mode. The degree of interaction in steel-concrete composite
systems can be evaluated as full-interaction, partial-interaction, and
no-interaction. [1, 2]. The assumption of full-interaction may result in
an overestimation of the structural performance while the
assumption of no-interaction may cause an underestimation of the
structural  performance. Therefore, the partial-interaction
assumption and analysis with a degree of interaction becomes more
practical and seems to be essential for a precise prediction of
behavior. Actually, the steel-concrete composite members generally
show partial-interaction due to the deformation of shear connectors
and slip at the interface under the applied loads [3-16].

In many situations, slip and its influence on the structural behavior
of steel-concrete composite systems may be small enough to be
neglected in the analysis (i.e., full interaction). However, in some cases
it may be feasible to use either fewer connectors than are required for
complete shear connection or connectors which possess a relatively

low stiffness. In such situations the influence of slip may not be
negligible and result in reduced stiffness of the system (i.e., partial
interaction). In general, the stiffness of the connectors has a
significant influence on both the slip and deformations of a composite
beam. The stiffness of the shear connectors may be determined
experimentally from so called push-shear tests.

An important aspect of the design of double skin composite (DSC)
beams is the design of the so called shear connectors, which transfer
both shear and normal forces between the concrete infill and external
steel plates. The shear connection is sometimes defined as complete
when the bending strength cannot be increased by the provision of
additional connectors. However, all connectors possess finite stiffness
and therefore slip must occur between the concrete and steel plates if
the shearing forces are to develop. Slip results in a strain
discontinuity at the steel-concrete interface, with a corresponding
reduction in flexural stiffness.

Analysis of the influence of slip in composite beams, assuming both
linear and non-linear material and shear connector behavior [17, 18,
19-23], has generally been based upon an approach attributed to
Newmark et al [19]. The equilibrium and compatibility equations for
an element of the beam are reduced to a single second order
differential equation in terms of either the resultant axial force in the
concrete or the interface slip. Solutions for the axial force or interface
slip are substituted back into the basic equilibrium and compatibility
equations, which can then be solved to give displacements and strains
throughout the beam.
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Newmark et al [19] presented the results of tests and analysis for
evaluating the load deflection behavior of simply supported, partially
interactive, composite concrete and steel T-beams. The theoretical
analysis was based upon the assumption that a continuous imperfect
connection existed between the two elements. A second order
differential equation expressing the relationship between the
longitudinal forces, transmitted through the shear connection from
the concrete slab to the steel beam, and the applied bending moment,
was derived and solved for the case of a beam loaded with a
concentrated load.

Newmark et al's approach has been developed by Yam and Chapman
[18, 20, 21] to incorporate non-linear material and shear connector
behavior. The resulting non-linear differential equations were solved
iteratively and the influence of slip on the ultimate flexural strength
of composite beams was studied.

Johnson et al [22, 23] have presented modified versions of Newmark
et al's theory in which the differential equations are formulated in
terms of interface slip. The equations were used as the basis of an
extensive theoretical study of the loss of interaction in short-span
composite beams and slabs.

An alternative approach to the analysis of composite beams with
partial interaction has been presented by Roberts [24], in which the
basic equilibrium and compatibility equations are formulated in
terms of the displacements of the layers. The resulting differential
equations are then solved simultaneously by expressing the
displacement derivatives in finite difference form. The development
of this approach to incorporate non-linear material and shear
connector behavior has been described by Al-Amery and Roberts [25].
The resulting non-linear differential equations are expressed in finite
difference form and solved iteratively.

Experimental and theoretical studies of the behavior of DSC beams
with partial interaction have been reported by Oduyemi and Wright
[26], Wright et al [27-28], and Narayanan et al [29]. Wright and
Oduyemi [30] presented closed form solutions for the partial
interaction analysis of simply supported DSC beams. The analysis
takes into account the flexibility of the connection on both the tension
and compression faces, and incorporates the influence of concrete
cracking and non-linear connector behavior using a step-wise
linearization technique. Two coupled differential equations for the
axial forces in the tension and compression plates were formulated
and closed form solutions found for various load combinations. The
solutions were compared with the results of tests on several DSC
beams and good agreement between the theory and experiment was
found.

The objective of this study is to present a theoretical analysis of the
behavior of DSC beams, assuming both full and partial interactions
between steel plates and concrete infill. The partial interaction
analysis introduced by Wright and Oduyemi [30] is extended to
incorporate the influence of frictional forces between the concrete
and external steel plates, at the supports and load points. Several
errors in the original presentation have also been identified and
corrected. Theoretical solutions are compared with the experimental
results on DSC beams reported by Edwards [31-34] and are found to be
in reasonably close agreement.

2. Theoretical Analysis
2.1 Full Interaction Theory

Full interaction analysis of DSC beams is based on the following
assumptions: both steel and concrete are linearly elastic materials,
concrete subjected to tensile strain is cracked and ineffective in
resisting load, the shear connection between the concrete and steel is
sufficiently stiff to ensure that slip is negligible, and plane sections
remain plane.

2.1.1 General solution of governing differential equations

The assumed linear strain distribution over the depth of a DSC section
subjected to bending is shown in Fig. 1a, together with the associated
resisting forces in the concrete and steel plates. Fig. 1b shows the
assumed positive conventions for displacements u and v in the x and
y directions, moments M, shear forces V and curvature k.
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Figure 1a. Internal forces and strain distribution over the depth of
aDSC section for full interaction.
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Figure 1b. The assumed positive assumptions for displacement u and
v in x and y directions.

Referring to Fig. 1a, the compressive forces in the uncracked portion
of the concrete core Fcu and in the steel compression plate Fsc, and
the tensile force in the steel tension plate Fst, are given by

Fu = k(%)ECAcu (1a)
tSC
Fe = k(dey + ?)EscAsc (1b)
ts
Fo=k(d. —de + f)EstAst (10)

where k is curvature, A, is cross-section area of uncracked portion

of concrete core (b*d b is width of beam section, d,, is uncracked

cw
depth of concrete section, Ay, is cross-section area of steel tension
. . . . . . ~
plate (b*tg ), to. is thickness of steel plate in compression, A, is cross
section area of steel compression plate (b tg), tg is thickness of steel
platein tension, E . is Young's modulus of concrete core, E¢. is Young's
modulus of steel compression plate and Egt is Young's modulus of

steel tension plate.

The depth of the neutral axis d_, can be determined from the

condition that the resultant axial force is zero. Hence

Foe+ By = Fy (2)

Substituting Egs. (1a-c) into Eq. (2) and solving for d ., gives
B* — J(B)Z-4A°C"

dcu = _§+T (3a)
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where —— Steel Plate — T
Fe Foc+0F
A" =Eb (3b)
‘,' GG L ’7' Fay ¥se
B* = 2(EscAsc + EstAse) (o) — e e /IU'ncraCk?d’ A o l
T o Conerete L
C* = EqcAsctye — (2dc + to) Ege At () I L
Taking moments about the line of action of F_,, gives the resultant ,/Crack;d' /,
moment M as <007 Conerete” T Yt
M = Msc + Mgy + Mc + FscYse + FstYse (42) T —
Fq Fi+8F
dey +t
Vee = % (4b) e Steel Plate —
a X &x
t —_—
Yse = de- ¢+ (40)

in which My is bending moment in the steel compression plate, Mg
is bending moment in the steel tension plate, M, is bending moment
in the uncracked concrete core, yg. is moment lever arm of Fy, and

Vgt is moment lever arm of F .

Assuming that all the layers deform with equal curvature, Egs. (4a-c)
can be rewritten in the form

M = k(ESCISC + EC'U.IC'U. + EStISf) + F;'CySC + FSfySf (5)

where the elemental second moment of cross-section area is denoted
about local centroidal axes and Ige is second moment of cross-section

area of steel compression plate I, is second moment of cross-section
area of uncracked portion of concrete core, I, is second moment of

cross-section area of steel tension plate.

Eq. (5) can be rewritten in terms of a so called composite stiffness
factor o, which depends upon the section geometry and material
properties. Substituting for Fy, and Fg from Egs. (la-c) and

rearranging gives

M =kYEI(1+ @) (6a)
=50y (do + 59 + 5 v (de = do + %) (6D)
YEI = Eg s + Ecyley + Egelse (60)
Yo = Bt (64)
Vst = @ (6e)

Combining Egs. (1b), (1c) and (6a-e) yields

Fe =piM (7)
Fse = p2M (7h)
where
ESCASC tSC
P1 = Serray (dew +350) (79)
— EstAst _ i
P2 = YEI(1+a) (dc dcu + 2 (7d)

The interface shear forces per unit length q . and qg are equal to the

rate of change of the axial forces in the steel plates (see Fig. 2a).

Figure 2a. Interface shearing forces.
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Figure 2b. Support, loading and bending moment diagram.

Hence
__ dFy

Qsc = ax (8a)
_ _ dFs

st = = 73 (8b)

Approximating the curvature k by d*v/dx? in which v denotes the
transverse displacement of the beam in the y direction, Eq. (6a) can be
written in the form

d?vs _ M o
dx? ~ YEI(1+a) ©

Eq. (9) is the governing differential equation for bending of a fully
composite DSC beam. Integrating Eq. (9) twice, the general solution for
the transverse displacement of the beam in the y direction can be
written in the form

1

vs(x)z—mf{fde}dx+Clx+C2 (10)

in which C; and C, are constants of integration which can be

determined from particular boundary conditions.

2.1.2 Particular solution of governing differential equations

A particular solution of the governing differential equations is now
obtained for a simply supported beam subjected to symmetrical two
point loading, as shown in Fig. 2b. The bending moment diagram is
symmetrical about the centreline and only the left half of the beam
need be considered. However, the bending moment diagram is
discontinuous at the load points and therefore solutions have to be
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obtained for parts A and B of the beam. The bending moments in parts
A and B of the beam are

M,=P % (11a)

=

Mg =P (11b)

In part A of the beam, the axial forces in the compression and tension
plates (see Egs. (7a-d)) are therefore

P
Fsca = p1 (;)x (12a)

P
Fsea = P2 (;)x (12b)

Hence, the interface shear forces per unit length (Eq. (8a) and Eq. (8b))
are given by

P
Gsca = —P1 (5) (13a)
P
Gsta = —P2(3) (13b)
In part B of the beam, F .5 and Fy g are given by
P
Fsep = p1 (;)u (14a)
P
Fop = p; (;)u (14b)
Hence
Gsce = 0 (15a)
Gstg = 0 (15b)

Substituting the appropriate expression for the bending moment into
Eq. (9) and integrating twice gives

P x3

USA(x)__m ?+Cl x+C, (16a)
Pu x?

USB(X)——m7+C3 X+C4 (16b)

The four constants of integration can be determined from four
boundary conditions, which are

at x=0 v, =0
¢ _L dUB _
a x_2 dx
dUA dUB
t = =V, d —=——
at x=u Uy B an I P
Hence
_ Pu(L-u)
G = e (160)
Pul
G = 4YEI(1+a) (16e)
3
C, = — —22 (169

125 EI (1+a)

The particular solution of the governing differential equations for
deflection along the left half of the beam is therefore

_ 1 _ P 3 Pu’ Pul ]
Vs, (1) = YEI(1+a) [ 2 X ( 4 4 ) x (a7a)
_ 1 Pu o , Pul P u3]
vsp(x) = YEI(1+a) s x + 4 12 (a7)
2.2 Partial Interaction Theory

In this section, the partial interaction analysis introduced by Wright
and Oduyemi [5] is extended to incorporate the influence of frictional
forces between the concrete and external steel plates, at the supports
and load points. Theories of partial interaction are based on the
following simplifying assumptions: (a) both steel and concrete are
linearly elastic materials, (b) deflections are small, (c) shear
deformations within each material are negligible, (d) the shear
connection between the concrete and steel plates is continuous along
the beam i.e. the discrete stud connectors act as a continuous
(smeared) connection, (e) the shear stiffness of the connection is linear,
(f) the distribution of strain throughout the depth of each individual
layer is linear, (g) at every section of the beam, each layer is bent to
the same radius of curvature ie. each layer deflects by the same
amount and no buckling or separation of layers occurs, (h) the
concrete subjected to tensile strain is cracked and ineffective in
resisting load and (i) the depth of the neutral axis is constant and
related to the beam geometry and material properties.

Assumptions (a) and (b) are normally associated with elastic beam
analysis. Assumption (a) is valid for the steel plates over most of the
load range, and since the neutral axis is generally high in the section,
the error in assuming that the small area of concrete in compression
behaves linearly, is not thought to be significant.

So long as the ratio of bending to shear forces in the section is
relatively high, assumption (c) will be justified. For a beam subjected
to a reasonably uniform distribution of loading, this will normally be
the case.

Assumptions (d) and (e) are necessary requirements for the analysis.
Discrete connections can be allowed for using numerical techniques
[24, 25]. However, in practice, detailing requirements will be such as to
ensure a reasonably close spacing of connectors, which will
approximate to a smeared connection. Although the actual load slip
behaviour of studs is highly non-linear [26], the shear connection is
assumed linear for simplicity.

Assumptions (f) and (g) are valid for the small deflections which occur
during the major part of the load range. However, there is some
possibility of compression plate buckling which should be avoided by
ensuring a sufficiently close spacing of connectors [26].

Assumption (h) is often used in design situations and is particularly
valid in this analysis. It has been observed [26] that the stud
connectors on the tension face may act as crack inducers, giving rise
to discrete cracks in the tension region of the concrete from a very
early stage of loading.

Assumption (i) is required to simplify the form of the equations. The
neutral axis depth d,,, previously defined by Eqs. (3a-d), depends on

the cross-section geometry and material properties, and is assumed
constant throughout the length of the beam. However, the depth of
the neutral axis is influenced by slip between the concrete and steel
plates, and is not therefore strictly a constant.

2.2.1 General solution of governing differential equations

Based on the assumptions given in the previous section, the
differential equations governing the behaviour of DSC beams with
partial interaction are now derived. The assumed strain distribution
over the depth of a DSC section subject to bending is shown in Fig. 3a,
together with the associated resisting forces in the concrete and steel
plates. Due to slip between the concrete and steel plates, strain
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discontinuities €, and &, occur at the compression and tension plate

interfaces.
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Figure 3a. Internal forces and strain distribution for partial
interaction.

Compression and tension plate slips are related to the stud shear
forces and shear stiffness by the equations

= s
Sse = Koo (18a)
— Ot
Sst = %, (18b)
where
Qsc — dscPsc (180)
Nsc
Qst — Ast Pst (184d)
Nst
where sy is slip between concrete core and steel compression plate,

Sgt is slip between concrete core and steel tension plate, Qg is shear
force in stud connector welded to steel compression plate, Qg; is shear
force in stud connector welded to steel tension plate, K. is shear
stiffness of stud connector welded to steel compression plate, K¢, is
shear stiffness of stud connector welded to steel tension plate, q . is
shear force per unit length of steel compression plate, Qgt is shear
force per unit length of steel tension plate, pg. is longitudinal spacing
of stud connectors welded to steel compression plate, pg is

longitudinal spacing of stud connectors welded to steel tension plate,
ng is number of stud connectors across the width of the compression

plate and ng; is number of stud connectors across the width of the

tension plate.

The interface shearing forces per unit length q . and qg are equal to

the rate of change of the axial forces in the steel plates (see Fig. 2a).
Hence

Qsc = — % (19a)
qst = — % (19b)
Egs. (19a-b) can be substituted into Egs. (18a-d) to give

See = — & % (20a)
S = = T (20b)

The rate of change of slip ds/dx is equal to the strain difference ¢ at
the interface of layers. Hence

ds, d?F,

sc _ _ _Psc s = g (21a)
dx Nge Kge  dx?
ds d?F,

st _ Dst st _ & (21b)
dx Nngt Kg¢  dx?

The strain differences ¢ are assumed to be caused by the axial forces
F and bending moments M acting at the centroid of each of the layers,
as shown in Fig. 3a. If tensile strains are assumed positive, the strain
differences and strains are related to the forces by the following
equations derived, from simple bending theory.

€1 = &c1 — €a (22a)
€2 = &2 T &st2 (22b)
where
MSC tSC FSC
Esct Esclse 2 EgcA (229)
sc isc sc 41sc
M, d F,
&1 - . (224d)
EC Icu 2 EC Acu
Mcu dcu Fcu
& = - — 22
cz + Ecl (de 2 ) EcAgy (22¢)
— Mst tst Fst
&2 = g2 tEa @2
st st st £ist
Combining Egs. (21a-b) and (22a-f) gives
d?Fyc Nsc Ksc
C — scose ¢ 233
dx? Psc 1 ¢ )
szst Ngt Kot
= — - & 2
dx? Pst 2 (230)

Equating the axial compressive and tensile forces acting within the
section gives

Foe+ By = Fy (24)

Taking moments about the line of action of F, gives the resultant

moment M as

M = Mg + Mgy + Moy, + FeYse + ForYse (25)

where y. and y, are as defined by Egs. (4b) and (4c).

Using assumption (g) that all the layers deform with equal curvature
implies that

2
_ L M My Mo M-Fe¥eoFaYe o0
dx? Esc Isc Es¢ Ise Eclcy ZEI

where vP denotes the displacement of a partially composite beam.
Combining Egs. (22a-1), (23a-b) vP and (26) yields

%— a1 Fse + ap Fgp = —ag M (27a)
d;:it — b1 Fse + by Fse = —bp M (@70)
where

@ = e i) @re
- B (- %)
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% =5 55) @9
by = ns;::sr (E:ASt E:qcu ;S;zzl) (279
by = "5;—:“ (%) @7h)

Egs. (27a) and (27b) are the two simultaneous differential equations for
the axial forces in the steel compression and tension plates of a DSC
beam. Egs. (27a) and (27b) can be uncoupled and expressed in the form

[D* — (ay + by) D? + (a; by — az by )] F

= [— Qg D2 + (ao bl + a, bo )] M (28)
__ (D*Fsc—aiFsctagM
Fse = (—aZ ) (29)

in which D denotes the differential operator d/dx. Eq. (28) is a fourth
order differential equation for the axial force in the steel compression
plate. After solving this equation, the force in the steel tension plate
can be obtained by substitution in Eq. (29). The general solutions of
Egs. (28) and (29) are

Fe= A, cosB/my x + A, sin®,/m; x+ A5 cosB,/m, x +

A, sinB\ym, x + g4 M + g, D*M (30a)

F;e= Aq gscosBym, x + A, gzsinflym,; x + Azg, cosB/m, x +

Ay gysinBymg x + gs M + go DM (30E)
where
. 1/2
m, = (a1;- by) + <( a, +4az) —(ay by — ay b, )> (30¢)
, 1/2
mz:(alzbl)_<(a1+4az) —(ay by — azbz)> (3049)
1
91 = o, (agby — az by) 309
_ 1 m; +m; — -
g2 = mym,; L mym, (aO bl a bo ) aO] (30
gz = al;_zml (30¢)
ga = a1;mz (30h)
2
gs = a, g; — Qo (30i)
2
g6 = a; g;z— 91 (30j)

Egs. (30a) and (30b) represent the axial forces in the steel compression
and tension plates. The constants of integration A, to A, can be

determined from the boundary conditions, for various load cases. Egs.
(26) and (27a-h) can be combined and rearranged in the form

dv, M

_ _(3zb0+a0b1) _(a1b0+a0b2)
dx? Y EI

(arby— azby) 7" (ayby—az by) 7™

+

d?F, d?F,
M+ A (31a)
where

_ (bz ¥st + b1 Ysc) L
M= (a1 by —azby) YEI (310
AZ — (a1 Yse + a2 ¥sc) 1 (310)

(ay by —az by) YEI

The first term of Eq. (31a) involving the bending moment gives the
deflection of the beam with full interaction v. The second and third
terms represent the additional curvature caused by loss of interaction
between the layers. If there is no slip, the second and third terms in
Eq. (31a) are zero and the equation can be written in the form

v ____ M 2
dx? = YEI(1+a) a
where
Egc A, t Eq A ¢
*= SZ?EISC Yse (dew + f) + % Yse (de = dey + % (32b)
1 _ g _ (abotaehy) - (aibo+aeby)
1+a (arby—ayb) V¢~ (aybr—ayb,) VSt (32b)

Eq. (31a) can be integrated directly to give the following general
equation for the deflection of a beam with partial interaction vp.

vp(x) = vs(x) + A Fe + A4 Fy (33)

where vs(x) is given by Eq. (10).

2.2.2 Particular solution - no frictional forces

Fig. 2b shows a DSC beam subjected to symmetrical, two-point loading.
The applied bending moment diagram is symmetrical about the
centreline and only half of the beam need be considered. However,
there is a discontinuity in the bending moment at the load point and
Egs. (30a) and (30b) need to be determined for the portions A and B of
the beam. Hence

Fses = Ay cosByymy x + A, sinfl,/m; x+ A3 cosB,/m, x +
A, sinB\m, x + g, My + g, D*M, (34a)

Fyqa = Aq g3 cosBymy x + A, g3 sinBlym,; x + A; g, cosBym, x +

Ay ga sinBymy x + gs My + ge D*M, (34b)

Fsep = Ag cosBl,/m; x + A4 sinBl,/m; x + A, coshym, x +

Ag sinhym, x + g; Mg + g, D*Mp (340)

Fsp = Ag gs cosllymy x + Ag g5 sind/m; x + A, g, cosB/m, x
+
Ag g, sinBlym; x + gs Mg + g¢ D?*Mg (34d)

The general equation of deflection (Eq. 33) can also be written for each
section of the beam in the following forms:

= — p x_3 Fsca Fsta

va(x) = yEiia e + 44 el +1, o + Cx+C, (359
R Pu x_z FscB Fstp

U, 00 = = ssmrrre 7 T A ge A gay  Cax + Cy(35D)

The constants of integration A, to Ag in Egs. (34) and (35) have now to

be determined from specified boundary conditions. In this section,
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friction and adhesion between the concrete and external steel plates,
particularly at the supports and load points, is neglected. Therefore,
the appropriate boundary conditions are

at x=0 Fsea=0 and Fgu=0
at x = é DF;., =0 and DFy, =0
2 scp stp
at x=u Fsca =Fseg and  Fgy =Fgp ; DFy,
=DFyp and DFgy = DFgy,

The final forms of the constants A4 to Agare

A =0 (36a)
A, = fi g (cos\/mlu — sinBvm, u tan@vm, é) (36b)
A; =0 (36¢0)
Ay = f g (cos\/mzu — sinBvm,u tan@vm, %) (36d)
As = fi S sin@vm, u (36¢)
Ag = — fi S sin@lvm, u tan\/ﬁlé (366)
A; = f, 5 sinBym,u (369)
Ag = — f g sinBvm, u tan\/mzé (36h)
where

fi = \/_%1 % (36i)
fo = g 36)

The four constants of integration C4 to C, in Egs. (35a) and (35b) have

also to be determined from four boundary conditions, which are

at x=0 v, =0
t _L Dvg =0
at x=3 vp =
at x=u vy =vp and Dvy,=Dvg

The final forms of the constants C4 to C, are

Pu(L-u)

R TERT e
C,=0 (37b)
Pul
G = e &7
3
C, = — —21 (37d)

12 YEI (1 +a)

2.2.3 Particular solution - friction at supports and load points

In this case, it is assumed that frictional forces of equal magnitude Fg

exist between the steel plates and the concrete core, at the supports
and the load points, which induce axial forces in the steel plates (see

Fig. 3b).
X l P2

Fr " b Fr
_ | Fr Fr
:A: X P L2 __A_
. L .
v B I/
y
Ma=(P/2)x Me=(P/2)u

Figure 3b. Support, loading and frictional forces Ff at the support
and load points.

Again the eight constants of integration A, to Ag have to be

determined from eight boundary conditions, which are

at x=0 Fsea=0 and Fgy =Ff
L
at x = 5 DFep =0 and DFgp, =0
at x=u Foep + Fy = Fep and Fgyu = Fgp ;
DF;c, =DFcp and DFsy = DFgy

The final forms of the constants A, to Ag are

_ P/2
Al =9 (93— 9a) (382)
A, =—A; [/ tanBymyu + By /tanBymiu + B, — f, Ff /
sinBlymqu (38b)
_ P/2
A3 - (93 — 94) (38)

A, = —Asz/tan@ymqu + B3/ tanBymyu + B, + f3 Fy/

sinBl\m; u (38d)
As = A+ f; S sinBmyu + fa Fr cosB\m;u (38e)
Ay = — B; tan\/m_lé (38f)
A; = A; + fy g sinBymyu — f3 Fr cosBym, u (38g)
Ag = — By tandym, (38h)
where

h= % % 381
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fz = (gfﬁ (38K)
fo= 2 (38m)

The four constants of integration in Egs. (35a) and (35b) can be
determined from the boundary conditions

at x=0 v, =0
L
at x=§ Dvg =0
at x=u vy =Vg and Dv, = Dvg

The final forms of the constants C4 to C, are

Pu(L-u) A3

G = osarcire T e L sea(@) = dsep(w) ] (392)
__MFy

C =~ %5 (39b)
_ Pul

G = SEire (399)

Co= = =% 4 (A =) Fr+ st [ Goea(w) —

4 12361 (1 +a) 3 4 ) by 3 GscA

dscs (W) 1 (399)

3. Comparison of Results

The behavior of DSC beams is extremely complex and therefore
various assumptions are used in full and partial interaction analysis
in order to simplify the system as mentioned before. Particular
solutions have been obtained for a simply supported and
symmetrically loaded DSC beam, as shown in Fig. 2b, which are now
used to investigate the influence of various parameters, in particular
the stiffness of the shear connection and frictional forces between the
steel plates and concrete infill. For the beam shown in Fig. 2b the
applied bending moment diagram is symmetrical about the centerline
and therefore only half of the beam need be considered.

When comparing the results of full and partial interaction theories
the parameter variations involving material properties were
simplified. For comparison of theoretical solutions with the
experimental test results, the system geometry and material
properties assumed were the same as reported by Edwards [31] and are
presented in the following sections.

3.1 Comparison of full and partial interaction theories

In this section full and partial interaction theories are compared,
firstly neglecting friction between the layers at the supports and load
points and secondly taking these forces into consideration; boundary
conditions are studied separately. Axial forces in the steel plates,
shear flows (shear force per unit length), slip between the layers and
transverse displacements are compared in each case.

For the comparison of full and partial interaction theories the
assumed beam geometry was the same as tested by Edwards [31],
having a span L=1500 mm, a breadth b=200 mm, a concrete core depth
d.=150 mm, top and bottom steel plate thicknesses of 8 mm, stud

spacing on both plates 180 mm and the distance of the applied load
from the support u=575 mm. The Young’s moduli of the steel and

concrete were assumed to be 210 000 N/rnm2 and 25 000 N/rnrn2

respectively.

(i) Neglecting frictional forces

For the first assumption with no frictional forces between the layers,
Figs. 4a and 4b show the variation of axial forces in the tension and
compression plates and shear flows for various values of the
connection stiffness K. The axial forces increase with an increase of
shear connection stiffness. When the assumed stiffness of the
connection is increased, the results based on partial interaction
theory tend to those based on full interaction theory.

o Fst(x) K=10 kN/mm
—¢—Fst(x) Full
+ Fse(x) K=500

O Fst(x) K=100 a  Fst(x) K=300
*  Fsc(x) K=10 kN/mm O Fsc(x) K=100
Fse(x) Full

Axial force F (kIN)

0 100 200 300 400 500 600 700
Distance along the beam (mm)

Figure 4a. Comparison of axial forces in tension steel plate Fst and
compression steel plate Fsc for full interaction theory and partial
interaction theory with no frictional forces.
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Figure 4b. Comparison of shear flow between the layers for full
interaction theory and partial interaction theory with no frictional
forces.

Fig. 4c shows the slip between the steel plates and concrete infill. The
slip is zero at midspan and increases towards the end of the beam. The
slip decreases with an increase of the shear connection stiffness and
tends to zero as the shear connection stiffness tends to infinity.
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Figure 4c. Slip s between the layers for different shear connection
stiffness K and for full interaction theory.
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Figure 4d. Comparison of beam deflection v for full interaction
theory and partial interaction theory.

The deflection curve of the beam, shown in Fig. 4d, decreases with an
increase of the shear connection stiffness, and tends to the full
interaction curve when the shear connection stiffness tends to
infinity. The second and third terms on the right hand side of Eq. (31a)
represent the additional curvature caused by loss of interaction
between the layers. When these terms are zero, the first term on the
right hand side of Eq. (31a) is numerically equal to the right hand side
of Eq. (9). Eq. (31a) can therefore be rewritten as

d%v, M d?Fg, d?Fg,
dx2  YEI (1+a) t A e A (40)
(ii) Including frictional forces

For the second assumption with frictional forces at the supports and
load points, Figs. 5a and 5b show that the axial forces in the tension
and compression plates for K=10 kN/mm and a range of frictional
coefficients g.
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Figure 5a. Comparison of axial forces in tension and compression
plates for full and partial interaction theory.
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Figure 5b. Comparison of shear flow between the layers for full
interaction theory and partial interaction theory.

Fig. 5¢c shows the variation of slip with the variation of the frictional
forces between the layers. The slip decreases with an increase of the
frictional forces when the shear connection stiffness is constant. The
frictional force at the support makes the tension plate end slip smaller
than the maximum slip along the tension plate, while the
compression plate end slip is maximum at the end of the beam.
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Figure 5c. Comparison of slip s between the layers for different shear
connection stiffness K -partial interaction theory with frictional
forces.

Fig. 5d shows the variation of the beam deflection curve with a
variation of the frictional forces between the layers. The deflection
curve of the beam decreases with an increase of frictional forces.
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Figure 5d. Comparison of the beam deflection curve with a variation
of the frictional forces between the layers with frictional forces.

Figs. 6a, 6b, 6c and 6d show the variations of the steel plate axial
forces, shear flows, slip and deflections with variation of shear
connection stiffness, when the frictional coefficient is assumed
constant and equal to 0.2. With an increase of shear connection
stiffness the axial forces and shear flows increase while the slip and
deflection decrease.
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Figure 6a. Comparison of the steel plate axial forces with frictional
forces.
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Figure 6b. Comparison of the shear flow between the layers with
frictional forces.
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Figure 6c. Comparison of the slip between the layers with frictional
forces.
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Figure 6d. Comparison of the deflection for full and partial
interaction.

3.2 Comparison of partial interaction theory with experimental
results

To validate the partial interaction theory, theoretical results for slip
and deflection have been compared with experimental results for
beams, B7 and B8, tested by Edwards [31]. The beams had a span
L=1500 mm, a breadth b=200 mm, a concrete core depth d =150 mm,

top and bottom steel plate thicknesses of 8 mm and the distance of the
applied load from the support u=575. The stud spacing on the tension
and compression plates varied for the two tests. The assumed material
properties were as determined by Edwards [31] (steel plate Young’s

modulus 210 000 N/mmz, concrete Young’s modulus 30 000 N/mm2

forbeam B7 and 27 130 N/mm2 for beam B8). The stiffness of the shear
connection was varied from 30 to 40 kN/mm. The frictional coefficient
at the supports and load points was assumed to be either zero or 0.5.

Figs. 7a and 7b show the comparison of compression and tension plate
slip for partial interaction theory with the results of tests on beam B7.
For a frictional coefficient of 0.5 theoretical and experimental results
show reasonably close agreement.
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Figure 7a. Comparison of the slip between the compression plate
and concrete infill with frictional forces for partial interaction
theory and experimental results of beam B7.
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Figure 7b. Comparison of the slip between the tension plate and
concrete infill with frictional forces for partial interaction theory
and experimental results of beam B7.

Fig. 7c compares theoretical and experimental deflections for beam
B7, which also show reasonably close agreement.
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Figure 7c. Comparison of the deflection for partial interaction and
experimental results of beam B7.

Figs. 8a and 8b show the comparison of tension and compression plate
slip for partial interaction theory with the results of tests on beam B8.
For a frictional coefficient of 0.5 theoretical and experimental results
show reasonably close agreement. Fig. 8c compares theoretical and
experimental deflections for beam B8, which also show reasonably
good agreement.
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arrangement on simple span beams have been presented to establish
the applicability of partial connection in DSC beam elements.

Comparisons have been made between experimental data and
theoretical predications of behavior using the method of full and
partial interaction analysis. The second assumption of partial
interaction analysis with frictional force gives better results than the
others in comparison to the results of tests. The predicted frictional
coefficient at the interface of steel-concrete has a significant effect on
the definition of the behavior of DSC beam and must be calculated.
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Figure 8a. Comparison of the slip between the tension plate and
concrete infill with frictional forces for partial interaction theory
and experimental results of beam B8.

Consequently, agreement of partial interaction theory between the
full and partial interaction theories appears good. The agreement
between the solutions of partial interaction theory with frictional
force and the results of tests on DSC beams reported by Edwards [31]
are found to be reasonably close, although further experimental work
is required to establish the applicability of partial connection in DSC
beam elements.
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