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Experimental study on ultimate flexural capacity
of steel encased concrete composite beams
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Abstract: Based on the experimental study and inelastic theory, the ultimate flexural capacity of steel encased
concrete composite beams are derived. The difference between steel encased concrete composite beams with full
shear connection and beams with partial shear connection, together with the relationship between the inelastic
neutral axis of steel parts and concrete parts, are considered in the formulae. The calculation results of the eight
specimens with full shear connection and the three specimens with partial shear connection are in good
agreement with the experimental data, which validates the effectiveness and efficiency of the proposed
calculation methods. Furthermore, the nonlinear finite element analysis of the ultimate flexural capacity of the
steel encased concrete composite beams is performed. Nonlinear material properties and nonlinear contact
properties are considered in the finite element analysis. The finite element analytical results also correlate well
with the experimental data.
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Steel encased concrete composite beams (see Fig. 1), a new type of
composite beam, are formed by encasing concrete into the U-shaped groove =7
welded by cold-formed profiled steel and a thick steel plane. The two parts | <
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of steel encased concrete composite beams cooperate with each other by the Cal d—fl'(.)rm T

shear connectors such as the shear studs on the interfaces. The research re- profiled steel /o= ,* "

sults reveal that steel encased concrete composite beams have the advanta- *¢4 Shear studs
ges of improvement in flexural capacity, fire-resistance capacity and the Thick steel plane

comprehensive economic index of the beams, and convenience in construc-
tion process, compared with traditional composite beams''. According to
the difference in the shear connection grade on the interfaces, steel encased
concrete composite beams are divided into two kinds: beams with full shear connection and beams with partial shear
connection'” . If the total shear force in the shear connectors between the section with the maximum flexural mo-
ment and the minimum flexural moment is equal to the shear force calculated according to the ultimate equilibrium
condition, the beams are beams with full shear connection. If not, the beams are ones with partial shear connection.

Fig.1 Section of steel encased concrete
composite beams

1 Experimental Study

In this study, eight specimens with full shear connection and three specimens with partial shear connection
were tested to failure. All the specimens were simply supported and applied with vertical loads added step by step at
the trisection points symmetrically. The strains in the steel and concrete were automatically collected by strain gau-
ges connected in series by computer, and the deflection data were read from displacement gauges simultaneously.

Based on the crack patterns observed from the tested specimens, the failure modes of the steel encased concrete
beams are classified into two types. One is the shear splitting failure mode which shows horizontal cracks along the
interface between the steel flange and concrete or vertical cracks along the two longitudinal planes with all shear
studs in the range of shear span; the other is the flexural failure mode which closely resembles the flexural failure of
ordinary reinforced concrete beams. In this paper the methods for calculating the beams with the latter failure mode
are investigated and proposed.

Fig. 2 shows the strains along the section of the specimen with full shear connection and those along the sec-
tion of the specimen with partial shear connection respectively. It indicates that the steel encased concrete composite
beams with full shear connection accord with the planar section assumption, but not the beams with partial shear
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connection due to the longitudinal slip effect on the interface between the two parts of the beams, as far as the
whole composite section is concerned. In other words, the steel and the concrete in the beams with full shear con-
nection have a uniform neutral axis; while the two parts of the beams with partial shear connection each has its own
separate neutral axis. However, the research has proved that either part of the beams with partial shear connection
can be separately assumed to accord with the planar section assumption.
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Fig.2 Validation of planar section assumption. (a) Beams with full shear connection; (b) Beams with partial shear connection

2 Calculation Methods for Ultimate Flexural Capacity

The simply superposition method'>* and the universal superposition method'** are in common use for calcu-
lating the ultimate flexural capacity of traditional steel-concrete composite beams. The former does not include the
cooperation of the two parts of composite beams by considering them to work dividually and is adopted in the Japa-
nese specification. Contrarily, the latter improves the deficiency of the former by considering the two parts to work
together and is adopted in the most codes or specifications in the world. The universal superposition method is pres-
ented in this paper.

2.1 Steel encased concrete composite beams with full connection

The basic assumptions of the calculation for the ultimate flexural capacity of steel encased concrete composite
beams include: (1) The beam applied with load accords with the planar section assumption and the distribution of
strains along the section is linear before the beam yields; 2) The relationship between the strain and stress of steel,
reinforced bars and concrete comes from the code for design of concrete structures of China (GB 50010 —
2002)'; 3) A uniformly distributed steel stress of 0.9 /fy the yielding stress of a steel section, is assumed through-
out the tensile and compressive zones and the local bulking of a steel section is neglected; @) A concrete stress of f.
is assumed to be uniformly distributed throughout the compressive zone, and the tensile strength of concrete is neg-
lected; (5 The steel girder and concrete girder have the same curvatures.

According to different distributions of the plastic neutral axis (PNA) of the composite section, there are three
classifications of calculations for the ultimate flexural capacity of steel encased concrete composite beams with full
shear connection as follows.

2.1.1 Plastic neutral axis within concrete flange

According to Fig. 3, the force and moment equilibriums give

fibax ~f,A, =0 (1)
M, <0.5f.b.x +M,, +M, (2)
where M, =f,Aw(hy —x); M =f A (h—x-1,/2);f, [, are 0. 9 times the yield strength of steel plane in the bot-
tom and 0.9 times the yield strength of cold-formed profiled steel, respectively; A, is the area of the section of the
steel plane in the bottom; A, is the area of the section of the cold-formed profiled steel; f, is the concrete strength;
M, is the ultimate flexural capacity of the composite beams. In Fig. 3, x is the calculation depth of the compressive
zone of concrete; x, is the actual depth of the compressive zone of concrete, 0. 8x, =x; & is the height of the con-
crete flange; b, is the width of the concrete flange; b is the width of the steel flange; 4, is the height of the steel
girder; & is the height of the composite beam; b is the width of the web of the composite beam; ¢, is the thickness of
the cold-formed profiled steel; #, is the thickness of the steel plane in the bottom; /, is the distance between the cen-
troid of cold-formed profiled steel and the surface of the concrete flange. From Egs. (1) and (2), it can be seen that
the plastic neutral axis is located in the concrete slab with a thickness of A if 0.8 f, b h,=f. A, where f A =

[iA +fwAy, namely, x<<h . and x, <h in this case.
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Fig.3 Stress distribution when plastic neutral axis within concrete flange
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2.1.2 Plastic neutral axis within steel flange
According to Fig. 4, the force and moment equilibriums give
f.byx +4f b,(1.25x -h,) -f. A, =0 (3)
M,<0.5f.b.x +M,, +2f, b,(1.25x —h)(h, —0.75x) + M, (4)
Egs. (3) and (4) indicate the condition that 0. 8 f.b(h, +1,) =f A, =0.8f b h, namely, x<h  and h <x,
<h, +1, are satisfied.
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Fig.4 Stress distribution when a plastic neutral axis is within steel flange

2.1.3 Plastic neutral axis in the web of a composite beam
Stress distribution when a plastic neutral axis is within the web of composite beam is shown in Fig.5 and the
categories are as follows:
) If f.b,h,=fA,=0.8f.b,(h;+t),namely, x<h, and x,=h +1t,, the formulae can be expressed as
[ibx +2f [2bgt, +2(1.25x —hy —t) 1] —f A =0 (5)
M, <0.5f.b.x" + M, +4f, bt ,(h; +0.5t, —x) +2f,,t,(1.25x —h —t,) (hy +1, =0.75x) + M, (6)
2) £ f.bshy +f.(b-2by)t, +4f., t,by=f A, namely, h,<x<h, +t, and x, =h, +t,, the formulae can be
expressed as
fobghyg +f.(b=2by) (x —hy) +2f,[2bgt, +2(1.25x —h, —t))t,] —-f A, =0 (7)
M, <f.b h,(x—-0.5h,) + M, +4f bt (hy +0.5¢, —x) +2f t,(1.25x —h, —t,) (h, +t, =0.75x) + M (8)
3) If f.b,h, +f.(b=2by,)t, +4f t, by <[ A, namely, x=h  +1t, and x, =h + ¢, the formulae can be ex-
pressed as

.fcbcfhcf +fc(b_2tl)(x_hcf) +2ﬁw[2bsft] +2(1'25x_hcf_tl)tl] _f;sAss :0 (9)
M, <ft.b h;(x-0.5h;) +0.5f.(b -2¢)(x - hcf)2 +M,, +4f byt (hy +0.5¢ —x) +
26t (1.25x —hy —1,) (hy +1, —=0.75x) + M, (10)
bt
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Fig.5 Stress distribution when a plastic neutral axis is within the web of composite beam

In conclusion, the location of the plastic neural axis and the depth of the concrete compression zone are esti-
mated by x and 1. 25x on the assumption that the plastic neutral axis is firstly within the concrete flange, and then
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the corresponding formulae are chosen for the calculation.
2.2 Steel encased concrete composite beams with partial shear connection

Steel encased concrete composite beams with large ratios of span to depth are popular in engineering design,
where deflection is usually the key objective to be controlled. In fact, the shear studs of steel encased concrete com-
posite beams with full shear connection do not yield or yield partly when the deflection of beams reaches the allow-
able limit in the service limit state design. Accordingly the composite beams are generally designed as ones with
partial shear connection in engineering practices. Many engineering practices indicate that the adoption of beams
with partial shear connection can reduce the amount of shear connectors used on the interfaces and increase the inte-
grated economic benefits. As for beams with partial shear connection, the quantity, strength and distribution of shear
connectors are the three dominating factors that affect the ultimate flexural capacity of beams. Furthermore, the
shear connectors on all the interfaces including the flanges, webs and bottom plane of steel encased concrete beams
contribute to the capacity, differently to traditional composite beams.

Based on the assumptions of calculation for steel encased concrete composite beams with full shear connec-
tion, the assumptions added for the ones with partial shear connection are established as follows: (1) The steel and
concrete in the beams accord with the planar section assumption of its own respectively; (2) Shear connectors have
sufficient transformation capacity; (3) The shear connectors are assumed to be ductile and work at the same load due
to the plastic redistribution of the shear forces; (4) The bond between concrete and steel is neglected considering the
lubricity of profiled steel beams.

The ultimate flexural capacity M, is divided into two parts'':

M, =M, +Tz (11
where

T=YnV,, (12)
T is the total tensile stress needed to be added on the steel section when a steel beam is in the ultimate flexural state
of itself; z is the distance between the centroid of the additional tensile stress and that of compressive stress of con-
crete; n,, V,; are the number and ultimate shear capacity of the i-th kind of shear connector, respectively; V, ; refers
to the code for design of concrete structures of China'”'. There are four classifications of calculations according to
the position of a PNA of a steel beam and the edge line of a calculational expressive zone of a concrete beam.
2.2.1 Two axes within their own flanges

As shown in Fig. 6,

z2=x, +h,;-0.5x (13)

The force equilibriums give
I,-T7T, =T = z nV,, (14)
Tl +T2 :Assf%s (15)

where x, is the distance between the centroid of the additional tensile stress and the interfaces of the two parts of
beams; T, and 7, are the total stress in the tensile zone and that of the compressive zone of the steel beam, respec-
tively.
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Fig.6 Stress distribution when plastic neutral axes of steel beam and concrete beam are within their own flanges
Solving Egs. (14) and (15) yields
1
T, = 5(Af + N nV,.) (16)
1
I, =(Ads - DA (17)

So the depth of the compressive zone of the steel beam a is calculated by
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T2 _ Assfss - z nivu,i

a = = (18)
2flwbsf 4.ftwbsf
As shown in Fig. 6,
1 1
X o= a+5 (0 —a) =y +a) (19)
where y, is the distance between the centroid of the steel section and the top surface of the steel flange.
Derivating with respect to a in Eq. (18) and then using Eq. (19),
1 Assfﬁs - z n i Vu, i
5= (v af b, ) (20)
Derivating with respect to x, in Eq. (20) and then using Eq. (16),
1 Assfss - 2 n i Vu i 1
- : - 21
c=g o af, b, IREE 2D
2.2.2 Two axes within the steel web and the concrete flange respectively
From Fig. 7, the depth of the compressive zone of the steel beam « is calculated by
T, —2f,bh Af — ) nV,,
— 2 ﬁw sf'hsf + . = if 2 b bsf + tl (22)
2f‘twtl 4f‘twt1
then
1 Assfss - z nivu i bsf B tl
X, =— |y + : - (23)
! 2 ( ! 4f by ) 2
1 Assfss - Znivui bsf _tl 1
= — | - - 24
¢ 2( T 4 b, ) 2 Tha = (24)
bcf
t fe fe
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Fig.7 Stress distribution when plastic neutral axes of steel beam and concrete beam are within a steel web and concrete flange

2.2.3 Two axes within concrete web and steel flange respectively

. :L( +Assfss - Enivu,i
2\ 4f. b,

where A, is the distance between the centroid of the compressive zone of concrete beams and the top surface of

composite beams.

2.2.4 Two axes within their own webs

1 Ayfy — Znivu,i b, —t,
z ‘?(yl T 4D, ) -

Based on Egs. (21), (24), (25) and (26), solving Eq. (11) yields the ultimate flexural capacity of steel en-
cased concrete beams with partial shear connection.

z=x +h, —h, ) +hy, —h, (25)

+hy = h (26)

3 Nonlinear Finite Element Analysis of Ultimate Flexural Capacity

Nonlinear finite element analysis, a practical way of parametric studies on the characteristics of steel encased
concrete composite beams, is performed by means of the software ANSYS 6. 1. In the analysis, the concrete is simu-
lated as element Solid65, and the relationship between the stress and strain of concrete adopts the multilinear kine-
matics hardening plasticity model. The failure state of the compressive zone accords with the Willam-Warnke failure
criterion, which depends on five material parameters. The relationship between the stress and strain of cold-formed
profiled steel is accomplished by the definition of bilinear kinematics hardening plasticity. In addition, every shear
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connector is modeled as three spring elements. Among the three spring elements, the transverse and vertical elements
are Combinl4 with high rigidity; while the longitudinal element adopts Combin39, a nonlinear element to simulate
the nonlinear properties of a shear connector. Based on Ref. [6], the equation V =V, (1 —e "")** gives the rela-
tionship between the shear force and relative slip of Combin39, where V, is concerned before. Furthermore, the
point-to-point contact is used to simulate the contact between the two parts of beams and the friction rigidness is de-
fined as zero for simple consideration.

4 Results

As shown in Tab. 1, the results of calculation and finite element analysis correlate well with the experimental
data, which validates the effectiveness and efficiency of the proposed calculation methods and the nonlinear finite
element analysis. M, M\ and M represent the results of calculation, finite element analysis and experiment, respec-
tively. Specimen 1 to specimen 3 are beams with partial connection and the others are ones with full connection.

Tab.1 Comparison among the results of experiment, calculation and finite element analysis
M./ M/ M/

Specimen /,/mm b,/mm b,/mm b/mm t/mm f/mm h/mm L /mm M /M, M. /M,
(kN-m) (kN-m) (kN-m)
1 115 900 50 150 4 20 360 6.45 346 310 376 0.918 0.824
2 110 900 50 150 4 20 360 6.45 409 359 440 0.929 0.815
3 110 900 50 300 4 20 220 5.25 352 304 366 0.962 0. 831
4 110 900 50 300 4 20 220 5.25 352 294 355 0.991 0. 828
5 115 1500 50 340 4 14 315 6. 60 551 459 550 1. 002 0.834
6 115 1500 50 340 4 14 315 6. 60 550 464 561 0. 980 0.827
7 120 1100 50 290 4 14 360 6. 60 559 459 561 0. 996 0.818
8 120 1100 50 290 4 14 360 6. 60 557 470 572 0.974 0.822
9 100 890 50 180 4 20 345 6.45 234 203 255 0.917 0.795
10 115 900 50 180 4 20 360 6.45 280 230 287 0.974 0. 802
11 115 890 50 180 4 20 360 6.45 331 292 372 0. 890 0.786
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