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Abstract. In a nonlinear finite element study on the mechanical behavior of simple beam connection
continuous concrete-filled steel tube columns, two principally different connection types were analyzed
with plates attached to the outside of the tube wall, relying on shear transfer, and one with an extende
inserted through the steel section to ensure bearing on the concrete core. The load was applied partly
connection within the column length and partly at the top, representing the load from upper stories of a m
story building. The primary focus was on the increased demand for load transfer to ensure composite 
when concrete with higher compressive strength is used. The results obtained from the analyses show
the design bond strength derived from push tests is very conservative, mainly due to the high frictional 
resistance offered by pinching and contraction effects caused by connection rotation. However, with h
concrete strength the demand for load transfer increases, and is hard to fulfill for higher loads w
connections are attached only to the steel section. Instead, the connection should penetrate into the c
core to distribute load to the concrete by direct bearing.

Key words: composite columns; concrete-filled steel tube; composite action; bond; connections; finite elem
analysis.

1. Introduction

 The use of concrete-filled steel tube (CFT) columns in multi-story buildings, horizontally brace
shear walls, has increased around the world in recent years as the benefits of increased stiffness
resistance for a reduced cross section, resulting in an increase in usable floor space, have been
These advantages can be enhanced further by the use of high-strength concrete (HSC). How
structural benefits of CFT columns require load transfer between the steel tube and the concrete
ensure their composite action. Especially for CFT columns filled with HSC, the need for high load tr
can be expected since the concrete core is supposed to carry an increased part of the total norm

Careful design of the top and bottom of a single-story high column or the connections of a cont
column is necessary to ensure that the loading is introduced to the composite cross section in 
way. This means that loads should be transferred from the beams in such a way that all st
components of the column contribute to the load-bearing according to their strength. The
introduction is seldom a problem for the single-story column see Bergman (1994), Kilpatrick
Rangan (1999) and Johansson (2001) since the forces from the continuous beam can be trans
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the column by direct bearing on head-plates; see Fig. 1a.
However, for continuous columns the cheapest connections are achieved by attaching plate

outside of the steel tube; see Fig. 1b. In this case, strain compatibility between the two mate
unlikely to be achieved, and the load transfer from the steel tube to the concrete core depend
ability of the interface to resist shear stresses. Comprehensive studies on the bond strength for
tests have been reported in the literature; among many examples are those of Virdi and Dowling 
Roik et al. (1984), Shakir-Khalil (1991), Shakir-Khalil (1993a), Shakir-Khalil (1993b) and Roeder et al.
(1999). Despite the large number of push tests available in the literature, they provide l
information about the real bond behavior in CFT columns. In addition, push tests do not always, 
represent the loading condition in an actual CFT column. Moreover, these connection regions 
places in a frame where the highest shear stress demand exists.

Far less work, though, has been done on the influence of bond in more realistic situations such as
regions of load introductions and the load transfer mechanisms. This is still not well understood. 
on simple beam-column connections by Dunberry et al. (1987), Shakir-Khalil (1992), Shakir-Khalil
(1993b) and Shakir-Khalil (1994), it has been shown that the shear transfer resistance in the con
region could be considerably higher than that obtained from push tests, mainly explained 
pinching effect. In case of insufficient shear resistance, one way to increase the load transfe
extend the loading plate through the steel section, which ensures that the concrete core is lo
direct bearing; see Roik et al. (1988).

The purpose of this study was to examine the stress situation around simple beam connections
columns more thoroughly, with the use of three-dimensional nonlinear finite element (FE) analyse
primary focus was on the increased demand for load transfer to ensure composite action when 
with higher compressive strength is used. Two principally different connections were studied: on
plates attached just to the outside of the steel tube, and one with an extended plate inserted thr
steel section. The first relied on shear transfer and the second on direct bearing upon the concrete
the FE analyses, part of the load was applied to the simple beam connection within the column len
part was applied to the top of the model, representing the load from upper stories of a multi-story b

2. Composite action

2.1. Load distribution and redistribution

In the European Prestandard, Eurocode 4 (1992) (EC4), full composite action up to maximum

Fig. 1 (a) Single-story high columns with head-plates and (b) continuous columns with simple connec
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resistance shall be assumed in the design of composite columns. Full composite action mean
compatibility between the steel section and the concrete section, and consequently no slip shou
in the interface between the concrete core and the steel tube. This requires that internal for
moments applied to the column are distributed between the concrete core and the steel tube a
to their response to the imposed deformations.

In the ultimate limit state, the distribution of the normal force may be calculated on the basis of stic
resistance of the cross section parts. The steel component part (Na,Sd) of the total normal force (NSd),
often called the steel contribution ratio δ, can be determined for pure axial loads as

(1)

where Npl,a,Rd is the plastic resistance of the steel section, Npl,Rd is the plastic resistance of the tota
cross section, Aa is the steel area, Ac is the concrete area, fy is the yield strength of the steel and fco

is compressive strength of the concrete. Accordingly, the remaining part of the normal force has t
be carried by the concrete (Nc,Sd):

(2)

The distribution of the internal forces in the ultimate limit state does not necessarily coincide w
distribution in the serviceability limit state. For the latter, the distribution depends on the longitudi
stiffness. The steel component can be written as:

(3)

and the concrete component as

(4)

where Ea and Ec are modulus of elasticity of the steel and the concrete respectively. If the con
core is reinforced, the resistance of the reinforcement may be added to the concrete part.

In regions where concentrated loads are introduced to the column, it can be difficult to ensure 
cross-section parts of the composite column are loaded according to their resistance. Conseque
composite action does not exist in these regions of the column, and to achieve this the load h
redistributed, considering the shear resistance at the interface between the concrete and the ste
According to EC4, this shear resistance shall be provided by bond stresses and friction or by mechani
connectors, such that no significant slip occurs. Furthermore, the transfer (introduction) length, lv, of the
shear force should not be assumed to exceed twice the relevant transverse dimension; for CFT 
with circular section, this means twice the diameter of the column. Thus, if an external load 
introduced only to the steel part, the component of the load given by Eq. (2) and Eq. (4) has
transferred over the interface to the concrete core within the introduction length, for the ultimate state
and serviceability limit state, respectively.

There is no well-established method for calculating the longitudinal shear stress at the int
Therefore, design is usually based on the mean shear stress found by dividing the shear forc
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assumed shear transfer interface area. This area is given by the perimeter of the section, ua, and the
transfer length; see Fig. 2. The design shear stress is given by

(5)

where Nc,Sd is the design concrete force according to Eq. (2) or Eq. (4).
The maximum transferable shear stress, τSd, must not exceed the design bond strength τRd= 0.4 MPa. If the

acting shear stress exceeds the admissible value, the load transfer has to be achieved by mechan
connectors. However, in CFT columns with smaller dimensions, it is of great practical and economic 
to omit any mechanical shear connectors at the interface between the concrete core and the steel

With the use of HSC both the concrete compressive strength and the E-modulus of the c
increase, and from Eqs. (1)-(4) it is obvious that this means that the concrete core takes an in
part of the total normal force, both in the serviceability limit state and the ultimate limit state. Hence, i
connection regions, this requires that more shear force can be transferred over the interface. Moreover,
redistribution of the forces from the concrete to the steel may take place due to long-term effe
fact, the bond stress demand can be even greater in the serviceability limit state when long-term
are present, than in the ultimate limit state; see Roik and Bode (1980). Creep can be taken into 
by using a fictitious modulus of elasticity for the concrete in Eq. (3).

2.2. Shear transfer between the steel and the concrete

The design “bond strength” given in EC4 is based on push (or push-out) tests performed by et
al. (1984). It is defined as the average interface shear stress associated with the residual loa
friction. No adhesive bond is taken into account.

As in EC4, the behavior of shear transfer in the interface between the concrete and the ste
composite column is often based on the experimental behavior obtained from push tests. These tes
reveal a stiff initial part and a peak load that is highly dependent on the surface quality of the steel section
For additional deformation, the load decrease and finally a residual resistance due to frictional bond remain.

The initial bond is provided by adhesion between the steel and the concrete; see Fig. 3a. This
termed chemical bond. It is an elastic brittle shear transfer mechanism that is active mainly at the ear

τSd

Nc Sd,

ual v

-----------=

Fig. 2 Shear transfer between the steel tube and the concrete core



Composite action in connection regions of concrete-filled steel tube columns 51

ibution
 exceeded
se effect

pends on
the
terface

wling
 3.5‰
ased the
ation

instance
ularities

t
 separation

th”. This
C. It has
l shape;
ple, it

r than in
s refer
e. The
ses that
 Shakir-
a
terface

 higher
om push

r in an
ide, and
hen it is

. In this
stage of loading when the relative displacements are small. Kennedy (1984) found that its contr
to transfer shear stresses can be neglected for composite columns since the adhesion stress is
at a slip value less than 0.01 mm. Furthermore, the shrinkage of the concrete core has an adver
on the development of adhesion stresses.

With increasing shear, this adhesion resistance is exceeded, and the subsequent strength de
the mechanical characteristics at the interface. Here, two features exist: the bond provided by 
mechanical microlocking of the concrete and the steel, and the bond that depends on the in
pressure and the coefficient of friction; see Fig. 3b-c.

The microlocking relates to the surface roughness of the steel tube. According to Virdi and Do
(1980), this bond breaks when the concrete interface attains a local strain of approximately
associated with the compressive crushing of concrete. They found that surface roughness incre
bond strength. This mechanism contributes to a typical initial stiff part of the load-deform
relationship obtained from tests.

Friction develops between the concrete core and the steel tube due to normal stresses, for 
caused by volumetric increase of the concrete core when subjected to compressive loading, or irreg
in the steel tube, often referred to as macrolocking. Although microlocking and friction apply to differen
scales, they are very closely related and can be regarded as the same type of phenomenon, and no
between these two types of mechanical bond is further made in this paper.

It has been shown that the concrete compressive strength does not increase the “bond streng
is important since the need for shear transfer can be assumed to be higher with the use of HS
also been argued whether and how the “bond strength” in CFT columns depends on: the sectiona
dimensions (d/t); length of steel-concrete interface; slenderness; and load eccentricities. For exam
has been shown that the average bond stress evaluated from push tests is greater in circula
rectangular CFT columns. However, this is not explained by better bond strength; the difference
to structural effects, i.e., the rigidity of the tube walls against pressure perpendicular to their plan
magnitude of the shear stresses due to friction depends directly on the amount of normal stres
can be built up. This effect can be seen in push tests on concrete-filled steel tubes carried out by
Khalil (1993a). He found that in a circular section the overall perimeter resisted the slip, while 
rectangular section was effective in resistance only in the vicinity of the corners. Hence, the in
shear transfer due to mechanical bond is more pronounced for concrete-filled steel tubes with circular
cross section than with rectangular cross section; but this is due to structural effects rather than
bond strength between the concrete and the steel. Furthermore, the bond strength evaluated fr
tests shows a large scatter, which is found to be directly related to the irregularities in the diameter and
shape of the tubes; see Roeder et al. (1999). Again, this can be attributed to structural effects.

The deformation and stress situation obtained in push tests will never or at least rarely occu
actual CFT column. However, it can be argued that the results from these tests are on the safe s
are appropriate for use in design. Although this is perhaps true in most cases, there exist cases w
not so, for instance, when the load is applied only to the steel section at the top of a CFT column

Fig. 3 Idealized shear transfer mechanisms in the steel-concrete interface
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case the steel tube expands outwards and almost no load is transferred to the concrete core and
column acts more or less like an empty steel tube; see Johansson (2001). It illustrates the proble
studying the shear transfer mechanism in this simplified way by the use of design bond streng
important to realize that the bond stresses cannot be treated as a constant bond strength with
distribution. In reality the bond stresses will vary; local contact pressures can exist that are much
than in the push tests, resulting in the possibility of high shear stresses due to friction withou
significant slip. This effect can be very apparent in regions around connections. The shear mech
should be studied more locally and the possibility to account for higher interface contact pressu
should also be included. Baltay and Gjelsvik (1990) performed tests to determine the coeffic
friction between concrete and mild steel for a wide range of normal stresses: from 7 kPa to alm
MPa. The average coefficient of friction was found to be 0.47, which clearly shows the possibility
transmit high shear stresses in the steel-concrete interface.

3. Mechanical behavior of simple connections

3.1. Need for improvement

From the discussion above, it is obvious that our knowledge about the true stress situation 
simple connections to CFT columns has to increase in order to understand the load transfer 
interaction between the concrete core and the steel tube. The stresses in the load introduction
determined by using either complete elastic design or full plastic design. Reality lies anywhere between
these two methods and the real stress situation can be very complicated. To study the stress 
around connection regions more thoroughly, three-dimensional nonlinear FE models can be us
use of finite element programs is perhaps not economical for practical engineers. However, on
increased knowledge is it possible to derive more realistic mechanical models that can be u
design, and hopefully also lead to more economical solutions.

3.2. Finite element modeling

3.2.1. General remarks
Few analytical studies have been conducted where the slip and stress transfer between the s

and the concrete core has been taken into account. Hajjar et al. (1998) presented a fiber-base
distributed-plasticity FE approach for analysis of square and rectangular CFT columns. This 
accounts for slip between the concrete and the steel by incorporation of a nonlinear slip int
Although this model shows good correspondence with experimental results, it is hard to use in 
of local behavior. Its advantages lie especially in global frame analyses where the CFT colum
parts of a complete structure. A drawback is that constant values of the initial slip stiffness and
strength are used over the entire interface of the column. As shown, the shear transfer is 
accounted for by friction, thus depending on the contact pressure, which locally can be very hig
local phenomenon is to be studied, these effects have to be taken into account. However, with in
knowledge about the load transfer mechanisms, this kind of global model can be further improv
form a very powerful tool in structural analyses where detailed 3D modeling is not possible.

The models used in this study are based on solid elements where the interface between the steel t
and the concrete core is simulated with a surface-based interaction using a Coulomb friction 
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The surfaces of the concrete and the steel can separate and slide relative to each other, a
transmitting contact pressure and shear stresses. Furthermore, both material and geometric nonline
behavior is taken into account, i.e. confinement effects, local buckling and second-order effe
considered. These are matters of vital importance if the real stress situation around connection d
to CFT columns is being studied.

3.2.2. Modeling of the concrete, the steel and the interaction
The concrete core was modeled using eight-node solid elements with reduced integration. Fo

concrete a special material option called “concrete” is provided in ABAQUS; see HKS (2001). W
the principal stress components are predominantly compressive, the response of the con
modeled by elastic-plastic theory. The elastic stress state is limited by a Drucker-Prager yield surface.
Once yielding has occurred, an associated flow rule together with isotropic hardening is use
uniaxial stress-strain relations in compression, used in the analyses, were determined in acc
with the CEB Bulletin d'Information 228 (1995). In tension, the model uses a smeared crack app
which means that it does not track individual “macro” cracks. A crack is assumed to occur wh
stresses reach a failure surface called the “crack detection surface.” Once cracking has app
damage elasticity model describes the post-failure behavior of the concrete. Although the model
be able to treat the behavior of concrete in both compression and tension, a convergence p
occurred when plastic compressive strain and cracking were obtained in the same integration p
overcome this problem, linear elasticity was assumed in tension. However, it was shown that com
stresses dominated and only limited tensile stresses occurred in few locations. Accordingly, thesile
behavior of the concrete was of secondary importance in these analyses.

To model the steel in the tube and the connection details, eight-node solid elements wi
integration were used. A bi-linear stress-strain relationship was used for all steel elements. 
assumed that all steel components behaved the same way in compression as in tension. An
plastic model, with the von Mises yield criterion, associated flow rule and isotropic strain harde
was used to describe the constitutive behavior of the steel; see HKS (2001).

The interfaces between the steel and the concrete were simulated with surface-based intera
the use of gap elements available in ABAQUS; see HKS (2001). A hard contact pressure-over
model gives the contact pressure, p. When the surfaces are in contact, any contact pressure ca
transmitted between them; if the surfaces separate, the pressure reduces to zero. In the basic form 
Coulomb friction model, two contacting surfaces can carry shear stresses across their interface
given magnitude before they start sliding relative to one another. The Coulomb friction model d
this critical shear stress, τcrit, at which frictional slip starts. The critical shear stress is proportional to
contact pressure between the surfaces (τcrit = µp), where µ is known as the coefficient of friction. It is
also possible to specify an upper limit, τmax, on the critical shear stress. The behavior remains elast
long as the shear stress does not exceed the critical stress.

3.3. Modeling of experiments from literature

As was described in Section 2.2, the majority of the experiments that have been condu
determine the behavior of the shear transfer in the interface between the concrete core and the s
have been push tests with focus on the bond strength. However, some tests have been carrie
study the more realistic shear transfer and slip around simple connections to CFT columns. 
Khalil (1993b) performed modified push tests, where short CFT specimens were provided wi
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200 mm high brackets through which the load applied to the concrete core was transferred
supports; see Fig. 4a. The compressive strength of the concrete was fco= 40.1 MPa and the steel had 
yield strength of fy = 318 MPa and a modulus of elasticity of Ea = 208 GPa.

The length of the steel-concrete interface was 400 mm. He concluded that circular sections wer
more effective than rectangular sections in resisting push forces. The specimen D1 with circular 
supported a load in excess of 800 kN and the failure was due to the failure of the brackets, whic
not designed to support such high loads. The obtained load resistance is approximately 10 tim
predicted resistance given by assuming the design bond strength (τRd= 0.4 MPa) over the entire steel-
concrete interface. Furthermore, interestingly, only very small slip takes place even at high load
The load-slip relationship obtained by the FE analysis was very sensitive to the value of the coeffic
friction that was used, and a value of 0.5 gave the best agreement with the experimental results; se
Fig. 4b. By the use of FE analysis it can be concluded that the high resistance is mainly attributab
pinching mechanism. In Fig. 5a, it can clearly be seen how the bracket has rotated and a sep
between the steel tube and the concrete core has taken place over most of the bracket height. De
separation, it can be seen that the pinching effect is more than adequate to compensate for th
bond in the tensile zone of the bracket, and the main load is transferred over the interface by frict
small area at the lower part of the bracket, where very high contact pressure occurs; see Fig. 5

The maximum shear stress obtained in the FE analysis was 31 MPa. After opening of the sp
Shakir-Khalil (1993b) found clear pressure points on the concrete core at the same locations whe
contact pressure was obtained in the FE analysis. But shear stresses also occur in the upper p
bracket where contact pressure develops due to contraction of the steel tube; see Fig. 5c. Thi
that the load transfer mechanism in a connection region can be very different from that in push te
that it is possible to transmit high shear stresses if the friction mechanism is taken into ac
However, this test is rather extreme and, as in push tests, such a stress situation probably will n
in a real CFT column.

Nonetheless, the same author also performed tests on more realistic simple beam-column connec
Shakir-Khalil (1992). The specimens consisted of CFT columns with the same cross section dime
as above and a length of 2.8 m, with steel beams bolted to the column through the use of 360 m

Fig. 4 (a) Test setup and (b) load-slip relation for specimen D1
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plates welded to the wall of the steel tube; see Fig. 6a. Both the column and the beams were lo
represent a column in a multi-story building. For specimen A6, used here as comparison, the
were loaded symmetrically, and the loads were applied at a distance of 250 mm from the face
column, i.e., the load eccentricity of the column was e= 334 mm. The beam and the column loads, P2

and P1, were increased proportionately with the ratio 1:5. Accordingly, the total applied load is: P = P1

+ 2P2. The compressive strength of the concrete was fco= 34.8 MPa and the steel had a yield strength
fy = 318 MPa and a modulus of elasticity of Ea = 208 GPa.

The coefficient of friction value 0.5 that was calibrated for specimen D1 was also used 
established FE model of specimen A6. The maximum load resistance predicted by the FE analy
1447 kN, which is in good correspondence with the failure load of 1421 kN that was obtained 
test. Fig. 6b shows measured longitudinal strains in the steel at three different load levels, i.e. 2
and 1000 kN, versus the height of the column for the experiment and FE analysis. The FE 
matches the experimental strain measurements fairly well for these load levels. The distribution
axial force between the concrete core (Nc) and the steel tube (Na) is shown in Fig. 6c for the same thre
load levels as in the strain comparison. As can be seen, the load transfer is completed well wi
distance of two times the diameter (2D) below the connection.

The shear load transfer behavior is very similar to that shown for specimen D1. However, th
transfer due to the pinching effect at the lower part of the plate is not as dominant as for specim
Instead, the effect of contraction of the steel tube in the part subjected to high lateral tensile stres
has a great influence on the load transfer, especially at higher load levels; see Fig. 7. The first y
in the steel tube occurs in the upper part of the connection, due to the biaxial stress state ca
longitudinal compressive stresses from the load P1 and the lateral tensile stresses from the rotation
the connection. However, the maximum load resistance is limited by yielding in the steel section
the plates. As for specimen D1, the concrete is subjected to very high local stresses in the lowe
the plate. These are distributed very quickly and the total plastic resistance of the concrete 
(Npl,c,Rd = Ac fco) is never reached.

Fig. 5 Results from the FE analysis: (a) deformed shape, (b) minimum principal stress (in Pa) in the c
core and (c) contact pressure (in Pa) at the concrete core
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3.4. Numerical study of simple connections

3.4.1. Model description
To study the mechanisms of load transfer, and the influence of concrete compressive stren

interface conditions, a numerical study was performed. It was in principle the same FE model as used in
comparison in Section 3.3. However, the load application, load ratio, material properties and the ge
of the column were slightly changed. The outer diameter of the steel tube was 160 mm and t
thickness was 5 mm. A steel yield strength of fy = 350 MPa and a modulus of elasticity of Ea= 200 GPa
were used. To study the influence of different resistance of the concrete core, five concrete comp
strengths, fco, were used: 40, 60, 80, 100 and 120 MPa. The corresponding modulus of elasticity, Ec, was
calculated from the compressive strength according to CEB Bulletin d’Information 228 (1995) as

(6)

where Eco= 22 GPa and fcmo= 10 MPa. This expression is valid for both high-strength and norm

Ec Eco  fco fcmo⁄( )0.3 GPa[ ]=

Fig. 6 (a) Test set-up of specimen A6, (b) comparison between test and FE analysis of axial strains
steel tube, and (c) distribution of the axial force between the concrete core (Nc) and the steel tube (Na)
obtained from FE analysis

Fig. 7 Pinching and contraction effects due to connection rotation
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To minimize the influence of the boundary conditions on the behavior of load transfer in

connection region, half the height of the column above and below the connection was mo
corresponding to a total height of 2.8 m. The concrete core and the steel tube are restrainedeach
other at the top and the bottom of the FE model, since it is assumed that strain compatibility is o
in these locations in the continuous column. The beams were not modeled; instead, the bea
were applied directly through the boltholes in the plates, at a distance of 70 mm from the face
column, corresponding to the shear force that could be expected in a simple connection. The h
the plates was 150 mm and the thickness was 10 mm. A higher steel grade, with higher yield s
(500 MPa) and modulus of elasticity (210 GPa), was assumed for the plates. Furthermore, for simplic
welds were assumed to be strong enough not to influence the resistance and were therefore not mod
column was loaded symmetrically; therefore, only ¼ of the column section was modeled. In practic
will always be load eccentricities and slenderness effects present, but according to Roeder et al. (1999)
these effects increase the shear transfer resistance due to binding effects. Therefore, it is on the safe sid
if the connection is able to distribute the load to the concrete core and the steel tube under the 
condition of axial loading.

The column was loaded to represent an internal column in a multi-story building of 10 floors 

Fig. 8 The loading sequence of the column

Fig. 9 Deformed shape at maximum load, Pmax
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the ground floor. The plate and column loads, P2 and P1, were increased proportionately with the rat
1:18 up to 60% of the column ultimate section strength (Npl,Rd = Aafy + Acfco); see Fig. 8.

Then, to simulate overload at the first floor, the column load (P1) was kept constant and the plate loa
(P2) was increased until the maximum load resistance was obtained. Since the resistances betw
columns in this study were different, the evaluation of the columns was more consistent wit
loading sequence. In principle, two different connection types were studied: one with plates (den
attached just to the outside of the steel wall, and one with an extended plate (denoted EP) 
through the steel section; see Fig. 9. The former was also studied when it was strengthened
stiffening ring above the plate (denoted PR).

To investigate the maximum resistance of the different connection types for a column filled w
concrete compressive strength of 100 MPa, some analyses were also performed with load appl
to the plates (P1= 0). Here, two cases were studied: firstly, when the tube and the core were restra
the top of the model (marked “r”), secondly, when they were unrestrained (marked “u”) and conseq
were permitted to slip relative to each other. A summary of all performed analyses in the numer
study can be seen in Table 1.

3.4.2. Results and discussion
In Fig. 10, the load-deformation relationships for the connection types P and EP, with dif

concrete strengths, are compared. The load P is the total force in the section at mid-height of the grou
floor, i.e. the bottom of the FE model. The deformation, δv, is the vertical top deformation of the FE
model; see Fig. 8. For clarity, the origin for eight of the curves has been shifted horizontally alo
deformation axis; however, in all cases, the deformation at zero load is zero.

The pronounced change in the curves after the first, almost linear part corresponds to 60%
calculated ultimate resistance, where the loading is changed. Before this point, there is no 
difference between the connection types. This is not surprising since most of the total load origina
from the load from the stories above (P1) that has already been distributed according to the respons
the section. The differences can be seen in the second part of the loading, where the load f
beams (P2) should be transferred to the column. For the lowest concrete strength, there is alm
difference between the connection types P and EP; however, with increasing concrete stren
difference becomes more apparent. The stiffness and the load resistances are lower for the co
type P compared with the connection type EP for the same concrete strength. The load resistance, Pmax,
for connection type EP is in no case lower than 90% of the calculated maximum load resistance
section (Npl,Rd). However, the load resistance for the connection type P falls to 83% for the hi
concrete strength; see Table 1.

It is interesting to note that the difference in load distribution between the concrete core and th
tube does not vary much. In fact, for all cases the yield strength of the entire steel section is o
below the plate. The difference is thus the ability of the connection to transfer load to the concrete core
For all cases, the load transfer was completed within the distance of 2D below the plates. The
distribution of the total applied load, between the concrete core and the steel tube, at a distancD
below the plate is shown in Fig. 11. As can be seen, the distributions obtained in the FE an
correspond rather well with the expected distributions, for both the ultimate limit state (us) an
serviceability limit state (ss), according to Eqs. (1)-(4) described in section 2.1. The distribution 
serviceability limit state is taken at the load 0.6Npl,Rd, where the response of the materials is assume
be elastic, and in the ultimate limit state at the maximum load resistance (Pmax). Important to notice, as
discussed in Section 2.1, is that the need for load transfer in the connection region increase
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concrete with higher compressive strength is used; hence, the demand on the connection perfo
increases. The amount of the total beam load (2P2) that is carried by the concrete core, Nc,P2,
corresponds to the load that has been transferred from plates to the core; see Table 1.

As expected, the behavior of the connection type P is very similar to that of specimen A6 descr
Section 3.3. The shear transfer at lower load levels is dominated by the pinching effect at the lower pa
plate. The first yielding in the steel tube occurs in the upper part of the plate, which leads to an in
rotation of the connection and increases the distortion of the tube wall. Then, localized yielding s
develop below the plate when the steel tube is overstressed. This causes some slip at the inte
additional load at the plate is taken by tension in the steel tube above the connection and then transfe
the concrete core mainly by shear stresses offered by the contraction effect; see Fig. 7. The maxim
transfer in accordance with EC4 would be 56.5 kN, assuming the design bond strength over a transf

Table 1 Summary of the numerical study

Analysis
fco

[MPa]
Ec

[GPa]
µ Restr.

Npl,Rd

[kN]
Pmax

[kN]
Pmax / 
Npl,Rd

Nc,P2

[kN]
Nc,Sd/ NSd

(Eq. 2)
Nc/Pmax

(us)
Nc,Sd/NSd

(Eq. 4)
Nc /0.6 

Npl,Rd (ss)

Load on the plates and on the column top

P40 40 33.3 0.5 yes 1559 1517 0.97 226 0.45 0.45 0.55 0.49
P60 60 37.7 0.5 yes 1912 1813 0.95 372 0.55 0.53 0.58 0.56
P80 80 41.1 0.5 yes 2266 2084 0.92 509 0.62 0.60 0.60 0.58
P100 100 43.9 0.5 yes 2619 2277 0.87 594 0.68 0.64 0.61 0.60
P120 120 46.4 0.5 yes 2973 2469 0.83 674 0.71 0.68 0.63 0.60

EP40 40 33.3 0.5 yes 1559 1507 0.97 222 0.45 0.45 0.55 0.51
EP60 60 37.7 0.5 yes 1912 1829 0.96 387 0.55 0.54 0.58 0.57
EP80 80 41.1 0.5 yes 2266 2118 0.93 538 0.62 0.60 0.60 0.59
EP100 100 43.9 0.5 yes 2619 2424 0.93 706 0.68 0.65 0.61 0.6
EP120 120 46.4 0.5 yes 2973 2662 0.90 813 0.71 0.68 0.63 0.6

P100 µ0 100 43.9 0.0 yes 2619 2237 0.85 602 0.68 0.66 0.61 0.57
P100 µ02 100 43.9 0.2 yes 2619 2265 0.86 622 0.68 0.66 0.61 0.59

EP100 µ0 100 43.9 0.0 yes 2619 2384 0.91 668 0.68 0.64 0.61 0.61

PR100 100 43.9 0.5 yes 2619 2321 0.89 655 0.68 0.66 0.61 0.6
PR100 µ0 100 43.9 0.0 yes 2619 2274 0.87 678 0.68 0.68 0.61 0.58

Load only on the plates (P1 = 0)

P100r 100 43.9 0.5 yes 2619 864 0.33 507 0.68 0.59 - -
P100u 100 43.9 0.5 no 2619 864 0.33 463 0.68 0.54 - -
P100 µ02r 100 43.9 0.2 yes 2619 855 0.33 431 0.68 0.50 - -
P100 µ02u 100 43.9 0.2 no 2619 851 0.32 214 0.68 0.25 - -
P100 µ0r 100 43.9 0.5 yes 2619 835 0.32 283 0.68 0.34 - -
P100 µ0u 100 43.9 0.0 no 2619 814 0.31  18 0.68 0.02 - -

EP100u 100 43.9 0.5 no 2619 1060 0.40 596 0.68 0.54 - -
EP100 µ0u 100 43.9 0.0 no 2619 1058 0.40 630 0.68 0.60 - -

PR100u 100 43.9 0.5 no 2619 911 0.35 448 0.68 0.49 - -
PR100 µ0u 100 43.9 0.0 no 2619 857 0.33  25 0.68 0.03 - -
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of 2D. This is evidently very conservative when it is compared with the transfer load (Nc,P2) obtained in the
FE analyses; see Table 1. This conservatism was indicated earlier, although even more interesting
the bond strength is reduced, the resulting effect is larger deformations but not a drastic reduction
resistance as could be expected; see Table 1 and compare P100 and P100µ0 in Fig. 12.

Furthermore, how is it possible that the concrete core carries approximately the same amoun
beam load also with lack of bond strength, as for P100µ0 (See Table 1.) Apparently, friction cannot b
the only load transfer mechanism causing redistribution of load. One possible answer can be f
the results from the analyses of the connection type P loaded only at the plates (P1= 0). For the
exceptional case of no bond at the interface and no restraint between the tube and the core a
(P100µ0u), the steel tube becomes overstressed earlier and, since no load can be transferred to
the behavior is approximately as it would be for an empty steel column, except that the core 
potential local buckling. However, if the core and the tube are restrained at the top (P100µ0r), load
from the connection will be taken by tension in the tube to the top, transferred into the concrete c
down to the support by compression. This behavior was also recognized in tests perform

Fig. 10 Load-deformation relations for the connection types P and EP, with different concrete streng

Fig. 11 Comparison of the expected distribution from Eqs. (1)-(4) and that obtained 2D below the connection
in the FE analyses
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Dunberry et al. (1987), where rectangular CFT columns were loaded through plates. The top o
columns was either provided with a steel cap plate welded to the steel tube or left without any
corresponding to the restrained and unrestrained cases respectively.

In reality, there will always exist some bond that can redistribute load from the tube to the core 
can be observed in Table 1 for P100u and P100µ02u, the transferred load (Nc,P2) increases rapidly with
increasing coefficient of friction. However, when these cases are compared with the corresp
restrained cases (P100r and P100µ02r), it is clear that part of the transferred load can still be attribu
to the “restraint” effect at the top. In a real continuous CFT column, this restraint effect corresponds 
column splice plate. However, it will not exist for the intermediate connections and, even if the
transfer would probably be secured by an extended transfer zone, there will not be strain compa
Consequently, the assumption of full composite action will be violated in these transfer zones. Ye
observations regarding the transfer zone are on the safe side, because the condition in the FE 
very ideal compared to reality and, as discussed earlier, there will always exist macro locking due to
binding effects and nonuniformity of the steel tube, which increases the shear transfer resistan

The rotation of the plates in the connection type P causes large unwanted distortions of the tu
which can induce local buckling; see Fig. 9. Furthermore, the high lateral tensile stresses in the st
above the connection reduce the axial resistance of the steel tube, and the load from the stories aboP1) is
redistributed to the concrete core. The distortions and lateral stresses can be somewhat reduced by
a stiffening ring above the plate (PR), and thereby some increase in stiffness and load resistance is 
However, the general behavior will still be the same as for the connection type P; see Fig. 12.

Fig. 12 Load-deformation relations for the connection types EP, P and PR, with different interface cond
i.e. coefficient of friction 0.5 or 0

Fig. 13 Area of high local concrete stresses below the inserted plate
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The load transfer mechanism for the connection type EP is, in contrast to the connection type P
simple. Since the plate is inserted through the steel section, it ensures that the concrete core is lo
direct bearing. The concrete stresses below the plate can reach very high values, because the 
confines the concrete; see Fig. 13.

A design proposal for this type of load introduction was derived for normal-strength concrete 
on tests by Roik et al. (1988) and is included in the design guide by CIDECT; see Bergman et al.
(1995). The average concrete compressive stress below the plate should not exceed the valu

(7)

and (8)

where Ac is the total concrete area, A1 is the area below the plate, fck is the characteristic concrete
compressive strength, γc is the material safety factor for concrete and Npl,c,Rd is the plastic resistance of the
concrete core. These expressions should be valid for axial as well as eccentric loads. Moreover,
performed by Bergman (1994), it was indicated that this design proposal is applicable also fo
strength concrete. The assumed uniform distribution of the compressive stress below the plate is o
a simplification, and it was found in the FE analyses that the highest stresses occurred in the regi
to the tube wall and decreased somewhat towards the middle of the plate. However, it is interestin
that the level of the stresses (fu1,Rd) according to Eqs. (7) and (8) corresponds rather well with the stre
from the FE analyses, which were obtained by dividing the transferred load by the area below th
(σc1 = Nc,P2 / A1); see Table 2. Here, the mean value of the compressive strength was used and th
factor was taken as 1.0 in Eqs. (7) and (8).

The load transfer by shear stresses at the interface is of minor importance, as is obviou
EP100µ0u and EP100u are compared. Although EP100µ0u has no bond strength, it has a loa
resistance almost identical to that of EP100u and, in fact, even more load is transferred to the c
core in the former; see Table 1. Furthermore, the inserted plate does not cause large distortion
steel tube; see Fig. 9c.

To conclude, the main difference between the connection types P and EP is what happe
localized yielding occurs in the steel section below the plate. For the connection type P, further l
of the plates causes slip at the interface and additional load has to be taken by tension in the s
above the connection, and then gradually be transferred into the concrete core. For the connect
EP, slip between the steel tube and the concrete core is prevented due to the blocking action provided
the inserted plate, and the load is directly transferred to the concrete core. As a consequence of 

fu1 Rd, fck 35+( ) 1
γc

---- Ac

A1

-----=

fu1 Rd,
Npl c Rd, ,

A1

-----------------≤
Ac

A1

----- 20≤

Table 2 Comparison of numerically obtained and calculated concrete stresses below the loading pla

Analysis fco [MPa] fu1,Rd [MPa] fu1,Rd / fco Nc,P2 [kN] σc1 [MPa] σc1 / fu1,Rd

 EP40 40 257 6.4 222 148 0.57
 EP60 60 326 5.4 387 258 0.79
 EP80 80 395 4.9 538 359 0.91
 EP100 100 463 4.6 706 471 1.02
 EP120 120 532 4.4 813 542 1.02



Composite action in connection regions of concrete-filled steel tube columns 63

 yield
 Fig. 10.
,

el tube
wing
e tube

loads to
ete core

r, when
art of the
demand
, this can
calized

for the
trength is
nection
ctional
hanical
tical as

er load
nnection
 can be
d to the
ce and
cause of

almers
 of the
author
 2001,
uction
different mechanical behavior, the stiffness is lower for the P compared with the EP when the
strength for the steel tube is reached, as was observed for P60, P80, P100 and P120; see
Furthermore, this explains why the interface condition is of vital importance for the behavior of the P
and hardly at all influences the behavior of the connection type EP; see Fig. 12.

4. Conclusions

The results obtained from the FE analyses on simple beam connections to concrete-filled ste
columns, presented in this paper together with findings in referred literature, allow the follo
conclusions to be drawn. Both the connection type with plates attached only to the outside of th
wall, and that with extended plate inserted through the steel section, were able to transfer high 
the concrete core. In both cases the distribution of the internal normal force, between the concr
and the steel tube, corresponds rather well with the expected distributions in the serviceability limit
state and the ultimate limit state, assuming elastic and plastic response respectively. Howeve
concrete with higher compressive strength is used, the concrete core should take an increased p
total normal force and the needs for load transfer in the connection region increase; hence, the 
on the connection performance increases. In the case of plates attached only to the steel section
cause problems with slip at the interface and unwanted distortions of the steel tube wall due to lo
yielding and connection rotation.

The design bond strength for CFT columns given in EC4 has proved to be very conservative 
case of plates attached only to the outside of the steel tube. This is because the design bond s
derived from push tests, which do not represent the deformation and stress situation in the con
region. The evidently higher shear transfer resistance can mainly be attributed to the high fri
shear stresses caused by the pinching and contraction effects. To derive more realistic mec
models that can be used in design, although not the aim of this limited work, requires more analy
well as experimental research.

Meanwhile, connection detailing attached only to the steel section have to be avoided for high
levels, unless more advanced analysis methods are used to predict the real behavior of the co
region especially for higher concrete strengths where the need for higher shear load transfer
expected. Instead, the connection should also penetrate into the concrete core to distribute loa
concrete by direct bearing. Here, shear transfer resistance at the interface is of minor importan
very high local compressive stresses can be allowed in the concrete below the bearing area, be
the confinement offered by the steel tube.
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