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The purpose of this study is to observe the effect of different parameters on the connection of steel box filled with concrete. The 
steel box is monolithically connected with steel beam, while a steel pile is inserted in the concrete. In order to develop the design 
method, effect of different parameters i.e. insertion length, material strength, box size, pile diameter and pile length were ob-
served in the connection of steel box filled with concrete. After analysis, two types of failure mechanism were observed i.e. 
crushing of concrete and yielding of steel. Crushing of concrete dominant case takes place after the softening of concrete near 
the edge of pile. It was also observed that with the increase of concrete compressive strength the ultimate load of the connection 
varies non-linearly and with the increase of steel box size, ultimate capacity of the connection increases. Then it was found that 
by increasing the pile diameter the stress distribution around the pile increases, as a result, the ultimate load capacity of the con-
nection increases. Then it was observed that for smaller pile length (outside of the steel box) shear force controls the failure but 
for longer pile moment controls the failure of the connection. 
  Key Words: Steel Box Filled with Concrete Connection, Insertion of Pile, Concrete, Strength, Box size, Pile diameter, 
             Pile length and 3D FEM Analysis 

 
 
 
1. Introduction 
 
   Steel concrete sandwich structure is a relatively new form of struc-
tural system. This form of structure has the potential to fully utilize 
respective strength of both steel and concrete with help of composite 
action such as confinement. It allows the prefabrication of large sec-
tion in a factory, and enables rapid installation into main structure, 
dramatically reducing the fabrication cost and construction time. 
Steel faces act as permanent formwork during the construction and 
provide impermeable skins for the structure upon completion. So 
after considering these points, we selected steel box filled with con-
crete for connection between two structural members such as beam 
and foundation pile in a bridge. It has advantage over steel structure 
because of cost factor and it is a better option as compared to rein-
forced concrete connection due to strength and construction time. 
Our purpose is to develop design method for connection by using a 
3-D nonlinear finite element program CAMUI, which the authors’ 
group has developed 1). Therefore we can take part in the develop-
ment of simple and economical hybrid structure with high mechani-
cal properties. In order to develop the design method for connection, 
parametric analysis is carried out. These parameters are pile insertion 

length, concrete strength, steel strength, steel box size, pile diameter, 
pile length and pile length (or moment to shear force ratio at end of 
pile outside the steel box). In this paper the effect of these important 
parameters are closely observed that will be useful for the develop-
ment of design method of this type of connection. 
    The research on connection between steel beam and foundation 
pile by using concrete filled steel box was started by Emoto 2). The 
concrete filled steel box is a type of sandwich structure; however its 
failure mechanism is quite different from ordinary sandwich beams. 
The major finding was that failure of this connection occurs, when 
compression softening of concrete is caused by bearing stress from 
the steel pile. And other findings on shear connector effects was that 
the shear connector along the inserted length of pile enhanced the 
load carrying capacity of connection but shear connectors attached on 
skin plate of steel box had almost negligible effect on the strength of 
connection. Emoto also conducted the experiment and compared the 
experimental and 3D-FEM analytical results for this type of connec-
tion 2) which shows the reliability of the FEM analysis. 
   The objective of this paper is to observe the effect of different pa-
rameters on strength of concrete filled steel box connection by using 
thus FEM analysis. 
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2. Specimen details for analysis 
 
   Economical and rational hybrid structures have been adopted re-
cently. The connection of the hybrid rigid-frame bridge (Fig. 1) as 
shown in Fig. 2 has been proposed due to construction conditions 
imposed to the bridge such as limited space. The rigid frame structure 
makes height of beam shorter, while the connection, which is a con-
crete filled steel box, makes the abutment size smaller.  
 
2.1 Analytical model 
   Analytical model as shown in Fig. 3 is prepared by using commer-
cially available software. The connection is symmetrical in Y-Z plane 
so in order to reduce the mesh number one half of the connection is 
modeled. In one analysis one parameter is variable and the rest of the 
parameters are kept constant. Detail of analytical specimens is given 
in Table 1. 
 
2.2 Constitutive Model of Materials 
    For uncracked concrete and steel, Elasto-plastic fracture model3) is 
used. The Elasto-Plastic Fracture Model divides concrete nonlinearity 
into continuum damage and plasticity, and this model is also very 
suitable for steel. 
    The adopted failure criteria that acted in agreement with Niwa’s 
model in tension-compression zone and Aoyagi and Yamada’s 
model in tension-tension region were extended to three-dimensional 
criteria by satisfying boundary conditions 3).  
    For cracked concrete until peak, Vecchio and Collins model4) is 
used but for post peak, fracture energy concept is used 5). 
    When crack occurs, a local coordinate system based on each crack 
plane is defined (Fig 4). In the case of 2 cracks occurring, two local 
coordinate systems arranged to share a parallel axis at the intersection 
line between the two crack planes. 
    Constitutive models are applied in the direction parallel as well as 
normal to the crack and to shear slip along the crack planes. Global 
stresses are calculated by superposing the stress calculated in each 
local coordinate.  
(1) Constitutive law of concrete with crack 
   The  model is  expressed  as following relationship is expressed  as 
the following relationship between σ , the tensile stress carried by 
concrete ,  and  δ ,  the crack opening displacement. 
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Where 
c1       : constant 3 .00 (in normal concrete) 
c2       : constant 6.93  (in normal concrete) 
δo     : limit crack opening , 140 mm 
ft          : Axial tensile strength of concrete 

 
 

 
 
 
 
 
 
 
 
 
 
 

Fig 1 Hybrid rigid frame bridge 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Fig.2  Connection of hybrid structure 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 

Fig.3  Analytical model 
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    This model is expressed as the relation between principal stress 
and principal strain. Compressive strength is reduced according to 
magnitude of tensile strain in the direction parallel to crack. 

 
  

 

 
    Shear transfer model proposed by  Li and Maekawa (1989 ) was 
applied for the  calculation of shear stiffness along  a crack. 

 
 

 
Fig  4  Constitutive model applied under one crack occurring 

    The model in the shear direction was designed based on the 
average shear stress –strain model in cracked concrete proposed 
by Maekawa. This model is expressed by: 

crstcrG γτ=  (4) 

( )ccrt GGG 111 +=  (5) 

τ = G t  ×γ (6) 

 
Where 
 
τst : Shear transferred stress at crack 
γcr : Shear strain by relative shear displacement along to crack 
Gcr : Shear modulus at crack plane 
Gc : Shear modulus of concrete between cracks 
Gt : Average shear modulus of cracked concrete 
γ : Average shear strain in cracked concrete(γcr) 
τ : Average shear stress in cracked concrete 

    The Vecchio-Collins model  was applied for the  two 
dimensional concrete model prior to cracking in a plane 
parallel  to the crack: 

pεε ≤  




















−








=

2

00

' 2
ε
εβ

ε
εσ cf  

(2) 

 

02εεε ≤<p  


























−

−
−=

2

0

'

2
1

p

pcf
εε

εε
β

σ  (3) 

Where 

εp = εo /β 

β = 0.85+0.27εt / ε 
εt : Tensile strain in orthogonal to crack 
ε0 : Strain at compressive strength(2fc/Ec) 
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2.3 Bond link elements 
    Bond link element, in FEM Analysis, is 16 nodes have 4 gauss 
point element. The thickness of the element is considered zero. Two 
types of bond link element were used. One is the friction bond link 
element and the other is elastic bond element for shear connector of 
pile. For friction element, the relationship of shear stress-slip of the 
friction between steel and concrete considered the model used in 
analysis from the result of the punching shear test by Inomata et al6). 
For the shear connector, bond link element is the linear model using 
the stiffness derived from the formula of the previous study on 
shaped steel shear connector7), which is actually used in this connec-
tion. 
2.4 Boundary conditions 
    After adding bond link element, then boundary conditions for the 
connection is introduced, and this is shown in Fig. 5. The node, at 

which displacement is applied, is restricted in direction of the dis-
placement. 
2.5 Loading condition 
    Loading condition can be applied in two ways either applying the 
load or displacement. In this study, displacement is applied with an  
increment of 0.2cm. Point of application of displacement is shown in 
Fig. 5. 
 
3. Results 
 
3.1 Effect of insertion of pile 
    In order to see the effect of insertion length of pile on the strength 
of connection, five cases with 450 mm, 604.5 mm, 685.5 mm, 854.5 
mm and 1110 mm insertion lengths were analyzed. After analyzing 
the specimens, the load displacement curves are shown in the Fig. 6. 

Table 1 Analytical specimen details

Analytical Speci-
men 

Insertion length 
(mm) 

Concrete 
Strength 
(MPa) 

 

Steel Strength 
of  Pile 
(MPa) 

Steel Box  
size 

(mm) 

Pile diameter 
(mm) 

Pile length 
(mm 

1 450 
2 604.5 
3 684.5 
4 854.5 
5 1110 

24 347 1000 406.4 1250 

6 15.3 
7 24 
8 30.6 
9 40.8 
10 51 
11 

450 

61.2 

347 1000 406.4 1250 

12 300 
13 347 
14 

450 24 
400 

1000 406.4 1250 

15 347 
16 400 
17 

450 24 
700 

1000 206.4 1250 

18 600 
19 1000 
20 2000 
21 

450 24 347 

2400 

206.4 1250 

22 1000 
23 1400 
24 

450 24 347 
1800 

406.4 1250 

25 1000 
26 2000 
27 3000 
28 

450 24 347 

3600 

606.4 1250 

29 206.4 
30 406.4 
31 

450 24 347 1000 
606.4 

1250 

32 200 
33 600 
34 1250 
34 

450 24 347 1000 406.4 

2000 
35 Specimen 1 is analyzed which has Shear connector as bond between inserted pile and surrounding concrete 
36 Specimen 1 is analyzed by considering the friction element between inserted pile and surrounding concrete 
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Fig. 6  Load-displacement relationship for different insertion 
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(1) Failure mechanism 
    After analysis, two types of failure mechanism were observed; 
    ･ Failure mechanism controlled by concrete crushing. 
    ･ Failure mechanism controlled by yielding of steel. 
     For first three insertion length cases (450 mm, 604.5 mm and 
685.5 mm) the concrete crushing without the steel pile yielding con-
trols the failure mechanism, while for the last two cases (854.5 mm 
and 1110 mm) the failure mechanism is controlled by the yielding of 
the steel pile. 
 (2) Occurrence of peak load 
     Peak load is reached after the softening in compression of the 
concrete surrounding the pile takes place. . This critical location is 
shown in Fig. 7. Stress-strain relationship of the concrete, surround-
ing the pile in the cases of different pile insertion length can show 
clearly compression softening as seen in Fig. 8. This figure also 
shows that the peak load occurs after the compression softening in 
concrete takes place. 
    From the load-deflection curve in Fig.6, it was also observed that 
strength of the connection increases with the increase of the insertion 
length. This increase in strength is due to increase in resistive mo-
ment, and resistive moment increases due to increase in liver arm. 
Concrete bearing stress distribution along the pile for different pile 
insertion length is shown in Figs.9 and 10. The lever arm of resultant 
of the concrete bearing stress shows the longer liver arm for the 
longer insertion length. 
 
3.2 Effect of concrete strength 
     In order to see the effect of concrete strength on the strength of 
connection, six cases with different concrete strength were analyzed. 
The compressive strength of concrete for six cases was 15 MPa, 24 
MPa, 30.6 MPa, 40.8 MPa, 51 MPa and 61.2 MPa respectively. 
After the analysis, it was observed that strength of the connection 
increases with the increase of concrete strength as seen in Fig. 11. 
    It was observed that the variation of peak load is not linear with 
respect to concrete strength. This nonlinear increase of peak load is 
due to tensile strain in the direction normal to the bearing compres-
sive stress in the concrete along the longitudinal axis of pile. The 

tensile strain, which increases with the compressive strength, reduces 
peak compressive stress of the concrete, and thus variation of peak 
load becomes non linear as shown in Fig. 12. 
 
3.3 Effect of steel strength 
(1) Concrete crushing dominant case 
    Three cases with different steel strength of pile were analyzed. The 
pile steel strength for these cases was 300 MPa, 347 MPa and 400 

MPa respectively. After the analysis, it was observed that by chang-
ing the steel strength has no effect on the strength of connection 

Fig.5  Boundary conditions of the connection 

Nodes in this plane are  

restricted in X, Y and Z direction

Point of application of 
displacement 

X-axis 

Z-axis 
The nodes in this plane are  
restricted in X-direction 
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unless the yielding of steel takes place. This can be observed from 
Fig. 13 in which load-displacement curves for the different steel 
strength are almost the same. 
 
 (2) Yielding of Steel dominant case 
     If the yielding of steel takes place, then peak load is different 
among different steel strength.  In order to prove this statement the 
specimen with 206.4 mm diameter was analyzed with different yield 
strength of pile. Smaller diameter is used to allow the yielding of steel 
pile. After analysis, it was observed that peak load increases with the 
increase in yield strength as shown in Fig. 14. 
 
3.4 Effect of steel box size 
     In order to observe the effect of steel box width on the strength of 
connection, different sizes of steel box were selected for three diame-
ters of pile 206.4 mm, 406.4 mm and 606.4 mm respectively. It was 
observed that ultimate load capacity of the connection decreases with  
decrease of the box width (see Fig.15). This decrease in strength is 
due to reduction of peak compressive stress of concrete surrounding 
the pile. This decrease in peak compressive stress is due to increase of 
the tensile strain in the direction normal to the compressive stress in 
the concrete along longitudinal axis of pile (See encircled portion of 
Figs 16 , 17 and 18 to observe the increase in tensile strain as decreas-
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Fig.10 Concrete stress distribution along the 604.5mm insertion 

length of pile 
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       Fig. 11 Relationship between peak load and concrete strength 
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Fig.12 Relationship of tensile strain and concrete strength 
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ing the box size.). It is also observed that when box size reaches to 5 
times the diameter of pile, peak load becomes almost constant with 
respect to steel box size and it is shown in Fig. 15.  
 

 
 
Fig 16 Tensile strain distribution along Z axis when 

 box size is 600 mm.  
 

 
 
Fig 17  Tensile strain distribution when box size is 1000 mm.  

 
 
Fig 18  Tensile Strain distribution when box size is 2000 mm  
 

 
3.5 Effect of diameter of pile 
    In order to see the effect of pile diameter on the strength of connec-
tion, three cases with 206.4 mm, 406.4 mm and 606.4 mm diameter 
were analyzed. The insertion length and box width for these cases are 
450 mm and 1000 mm respectively. After analysis, it was observed 
that strength of the connection increases with the increase of the di-
ameter as shown in Fig. 19. The area, on which stress acts, increases 
when the diameter increases. As a result the resultant of concrete 
bearing stress increases, and this causes increase in ultimate load 
capacity of the connection 
 
3.6 Effect of pile length 
    Since the loading point o the steel pile is at its end, a longer pile 
gives a greater ratio of bending moment to shear force in the pile at 
the location where the pile insertion starts. In order to see the effect of 
pile length outside of the steel box on the strength of the connection, 
four cases with 200 mm, 600 mm, 1250 mm and 2000 mm pile 
length were analyzed. After analysis, it was observed that for longer 
pile length, failure (concrete crushing around the pile) takes place due 
to moment. And for shorter pile length shear force is the dominant 
cause of failure. This can be observed in Fig. 20 in which with the 
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Fig.19  Relationship between peak load and pile   diameter 
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increase of pile length, ultimate moment capacity of the connection 
becomes constant. 
 
3.7 Effect of bond link element along inserted pile 
     At the end, the effect of bond between the inserted steel pile and 
concrete was observed. Shear connector and friction element are used 
as bond link element in two cases respectively. Shear connector is in 
form of ring around the steel pile. The width and height of shear 
connector, which is shaped steel, is 12 mm and 6 mm respectively 
and spacing between shear connectors is 120 mm. The arrangement 
of shear connectors is shown in Fig. 21. After analysis, it was ob-
served that shear connector of the steel pile raises the capacity of the 
connection as shown in Fig. 22, which agrees with the result in pre-
vious study 2). 
 
4. Model for prediction of ultimate load 
 
    On the basis of parametric analysis result, a simple expression is 
developed for calculation of peak load of the connection for failure 
mode without yielding of steel pile. Curve fitting technique is used to 
develop the formula for peak load of the connection 
     For simplicity, actual bearing stress distribution in concrete is 
considered as equivalent rectangular stress block, and the peak load, 
P, which is calculated from the resultants, R1 and R2, of the bearing 
stress at front and back sides of the pile can be obtained as follows 
(see Figs.23 and 24): 

 
                     21 RRP −=               (7) 

                   1111 abR ××=σ                                  (8) 

                   2222 abR ××=σ              (9) 
 
Step 1: 
   First step was to find the value of 1σ  and 2σ . These values are 
defined as follows; 
 

                  Φ××= cf '11 ασ                                  (10) 

                  Φ××= cf '22 ασ              (11) 

   And 

               294.0
1 )'(220.1 −×= cfα            (12) 

               025.0
2 )'(245.0 −×= cfα              (13) 

    
Where f’c = Concrete compressive strength in MPa, α1, α2 are reduc-
tion factors, which are less than 1. These factors decreases as the 
concrete strength increases because of the tensile strain in concrete 
produced along the longitudinal axis of pile.  
    Then considering the effect of box size, a Φ factor is included in 
the equation. This Φ is a function of steel box size and pile diameter 
as follows:  

                  )1( BWeA −−×=Φ            (14) 

Where W is width of steel box in “meter”, and A and B are factors 
depending upon the diameter of pile as below: 

             231.1)(ln383.0 −×= dA            (15) 

             80.17)(ln514.2 +×−= dB            (16) 
 Where d is the diameter of pile in “mm”. 
Step 2: 
After finding the stress, then a1, a2 is determined by considering the 
pile diameter effect on the strength of connection as follows: 

                ×== γ21 aa Pile diameter 

   where γ = factor whose value is also less than 1 and calculated by 
Eq.(11).  
                  271.0)(153.0 d×=γ            (17) 
 

Step 3: 
    Then values of b for each σ and a are calculated by the following 
equations: 

                       lb ×= 11 β                (18) 

                       lb ×= 22 β               (19) 
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Where l = insertion length of pile in (mm) and 

             433.4)(ln518.01 +×−= plβ             (20) 

             678.3)(ln421.02 +×−= plβ             (21) 
Where lp = pile length outside the steel box in “mm”.  
Step 4: 
    In order to include the effect of bond behavior between the  
inserted pile and concrete another factor ψ is used as follows: 
Ψ = 1           with shaped steel shear connector is provided 
Ψ = 0.95     without shear connector 
Step 5: 
Final equation will be  

  dlfP c ×××−××××Φ×Ψ= γβαβα )(' 2211  (22) 

Where P is in “N”, f’c is in “MPa”, l and d are in “mm”.  The equa-
tion is only valid for those cases in which failure is controlled by 
moment. This means that this equation is only applicable for the 
range which is shown as the constant ultimate moment range in 
Fig.20. 
 
5. Verification of model with FEM Analysis  
 
   The equation’s results are compared with the numerical analytical 
results for the verification of the model in Fig. 25. 
 
6. Conclusions 
 
 The objective of the study was to see the effects of different pa-

rameters on the strength of connection. These parameters are inser-
tion length, concrete and steel strength, box size, pile diameter and 
pile length outside the box. From the analytical study, the following 
conclusion can be obtained. 

After analysis, it was observed that by increasing the insertion 
length of pile, peak load increases. This increase in peak load is due 
to increase of resistive moment by surrounding concrete, in which 
bearing stress is more widely distributed in longer insertion case. 
Ultimate strength of the connection increases nonlinearly as the con-
crete strength increases. This non-linear increase is because of in-
crease of the tensile strain in the direction normal to bearing stress in 
concrete along the longitudinal axis of pile, which reduces the peak 
compressive stress in concrete.     
     There is no effect of steel strength on the ultimate strength of the 
connection provided that concrete crushing controls the failure 
mechanism of the connection before the yielding of steel pile takes 
place.  
    Ultimate load capacity of the connection decreases with decrease 
of the box size. This decrease in strength is due to decrease of the 
compressive peak stress of concrete surrounding the pile, which is 
caused by increase of tensile strain in the concrete. 
    Ultimate load capacity of the connection increases with the in-
crease of the pile diameter. This increase is due to the increase of the 
resultant of concrete bearing stress distributed around the pile inside 

the steel box. For different pile length outside the steel box failure of 
the connection takes place because of bending moment or shear 
force. For longer pile the failure takes place because of moment.  
    Tentatively a simple model to calculate the peak load for the case 
caused by increase of tensile strain in the concrete. 
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Fig.22 Arrangement of shear connectors 
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    Ultimate load capacity of the connection increases with the in-
crease of the pile diameter. This increase is due to the increase of the 
resultant of concrete bearing stress distributed around the pile inside 
the steel box.  
    For different pile length outside the steel box failure of the connec-
tion takes place because of bending moment or shear force. For 
longer pile the failure takes place because of moment. 
   Tentatively a simple model to calculate the peak load for the case 
without yielding of steel pile. For the verification of the model further 
study with experiment is planned and the result will be reported in 
the future. 
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Fig 25 Comparison of results between 3D FEM analysis and  Equation’s result 
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