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ABSTRACT 
Three-dimensional finite-element analysis is conducted to investigate the detailed compressive behavior 
of hollow precast concrete-filled steel tube (hollow CFST) piles. From the calibration and verification 
of the model with experimental results, proper modeling parameters are discussed. Concrete damage 
plasticity model (CDPM) successfully captured the axial load (𝑁)–average strain (𝜀௔௩௚) curves of four 
hollow CFST specimens. The individual contributions of concrete and steel, and the development of 
confinement are also discussed to clarify the composite action. 
Keywords: concrete-filled steel tube piles, hollow concrete core, high-strength concrete, compressive 
behavior, finite-element modeling 

 
 
1. INTRODUCTION 
 
  Hollow precast concrete-filled steel tube 
(hereafter, hollow CFST) piles with circular section and 
high-strength concrete are common foundation members 
being used in Japan for low- or mid-rise buildings. These 
piles are used near the pile head where large shear force 
and deformation demands are expected during an 
earthquake. The diameter (𝐷) ranges from 400 to 1500 
mm, and diameter-to-steel thickness ratio (𝐷/𝑡௦) ranges 
from 50 to 100 [1]. Hollow CFST piles are manufactured 
in the factory by centrifugal concrete casting technique 
using high-strength concrete (𝑓௖

ᇱ > 80  MPa). These 
piles are expected to have high ductility because the 
concrete is restrained by the steel tube. Hollow CFST 
piles were originally developed to prevent the brittle 
damage of prestressed high-strength concrete (PHC) 
piles and prestressed reinforced concrete (PRC) piles. 
The steel tube prevents the explosive failure of these 
prestressed concrete piles, thus greatly improving the 
ductility.  
 From the survey conducted on 330 buildings with 
precast piles constructed between 2011 to 2017, 86% of 
them used hollow CFST piles [2]. Despite the high usage 
of this pile, there are only few guidelines to support the 
design of these piles. The AIJ 2008 Guidelines for CFT 
members [3] has been used to calculate the compressive 
capacity of hollow CFST piles. This guideline adopts the 
equation proposed by Sakino et al. [4] to compute the 
compressive capacity of cast-in-place CFST piles, in 
which they incorporated the concrete size-effect to 
reduce the compressive capacity of the concrete. This 
equation has been shown to work well for cast-in-place 
CFST members, but not for hollow CFST piles [5]. 
 The author’s research group has researched 

hollow CFST piles under flexural and constant axial 
loads [1]. It was found that this pile was very brittle 
under high axial loads. Eventually, the author’s research 
group conducted two series of uniaxial compressive 
experiments [6,7] to understand the basic behavior of the 
pile. The results will be used to assess the mechanism of 
non-ductile post-peak flexural behavior of hollow CFST 
piles under high compressive load, and to propose a 
method to improve the ductility of hollow CFST piles. 
However, the mechanism and contribution of the 
concrete and steel tube could not be clearly observed in 
experiments and remains unclear. Several issues that 
need further investigation are the composite action (such 
as level of confinement and failure of concrete or steel), 
failure mechanisms, failure modes, and quantified 
contributions of each component.  
 In this study, the compressive behavior of hollow 
CFST piles is simulated by three-dimensional finite-
element model to investigate the behavior which could 
not be directly observed during the experiment. Material 
models and modeling parameters appropriate for 
simulating the behavior of hollow CFST piles are 
identified considering the response and mechanisms 
observed in the experiment. Lastly, the detailed behavior 
of concrete and steel components are discussed to clarify 
the axial compression response of hollow CFST piles. 
 
2. SPECIMEN DETAILS 
 
 Table 1 summarizes the details of the four hollow 
CFST pile specimens used for the finite-element analysis, 
and Fig. 1 shows the cross-section details of the piles. 
Material properties of concrete and steel tube are 
provided in Table 2. Details of the test setup and 
instrumentation are provided in reference [5]. Test 
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results are shown with the finite-element analysis results 
in Section 4.1. 
 

 
Fig. 1 Schematic of the hollow CFST pile 

specimens 
 

Table 1 Details of tested specimens 
Specimen 

Name 
𝐷 

[mm] 
𝑡௦ 

[mm] 
𝑡௖ 

[mm] 
𝑁௘௫௣ 
[kN] 

SC25 190.8 2.3 25.8 1912 
SC25s 190.6 5.3 26.1 2594 
SC50 190.6 2.3 50.2 2864 
SC50s 190.7 5.3 51.3 3542 

*𝐷, 𝑡௦ and 𝑡௖ are defined in Fig. 1. 𝑁௘௫௣ is the uniaxial 
compressive capacity obtained from experiment. 

 

Table 2 Material test results 
(a) Concrete 

𝑓௖
ᇱ 

(MPa) 
𝜀௖ 
(μ) 

𝐸௖ 
(GPa) 

𝑓௧ 
(MPa) 

120 2833 47.1 4.1 
* The specimens were Ø100xH200 solid cylinders. 
𝑓௖

ᇱ:  concrete compressive strength; 𝜀௖:  concrete 
compressive strain at peak strength; 𝐸௖: Young’s modulus 
of concrete; 𝑓௧: concrete tensile strength. 

 

(b) Steel tube 
𝑡௦ 

(mm) 
𝑓௬ 

(MPa) 
𝜀௬ 
(μ) 

𝐸௦ 
(GPa) 

𝑓௧௦ 
(MPa) 

2.3 273 3400 195 413 
5.3 351 3632 215 431 
7.0 349 3621 215 426 

** The test coupons were obtained from the rolled tube in 
Fig. 1. 
𝑓௬:  steel yield strength; 𝜀௬:  steel yield strain (based on 
0.2% offset); 𝐸௦:  Young’s modulus of steel; 𝑓௧௦:  steel 
tensile strength. 

 
3. FINITE-ELEMENT MODEL 
  
3.1 Geometry and Element Details 
 A schematic of the finite-element model is shown 
in Figure 2. A commercial program, LS-DYNA, was 
used for the finite-element modeling of the hollow CFST 
specimens. Concrete was modeled using constant stress 
solid elements (ELFORM=1 in LS-DYNA). The steel 
tube was modeled using fully-integrated shell element 
modified for higher accuracy (ELFORM=-16), with 
three integration points, and a transverse shear stress 
factor of 5/6. The top and bottom plates are serving as 
the loading plate and seating plate, respectively, and 
were modeled using solid elements. These plates were 

 
Fig. 2 Schematic of the numerical model 

 

assigned a high stiffness to act as rigid components. 
 Static analyses were conducted using implicit 
solver of LS-DYNA. Contacts between concrete and 
steel tube, and concrete and top and bottom flange-plates 
were modeled using surface-to-surface mortar contact 
type with static friction coefficient (𝐹௦ ) of 0.5. It is a 
segment-to-segment based contact, where the force 
transfer happens only when the neighboring segments 
are pushing and sliding against each other, but the 
contact will be lost when the segments are pulled (or 
separated) from each other. Mortar contact option is used 
for implicit analysis. For the contact between steel tube 
and flange-plates, tied constraint was used between the 
steel tube’s shell edge and the flange-plates surfaces. 
This option simulates the welded connection between 
steel tube and flange-plates. The penetration of retained 
node to the constrained segment and vice-versa was 
prevented by specifying a very small penetration 
tolerance (PENMAX=1E-05 in LS-DYNA). 
 The bottommost part of bottom flange-plate was 
restrained in all degrees of freedom. Similar restraint was 
applied to the topmost part of top flange-plate, the 
difference being axial displacement (along the Z-axis) 
being allowed. Axial loading was applied as 
displacement along Z-axis for the top surface nodes of 
the top flange-plate. 
 
3.2 Material Models 
 The material model used for the steel tube is 
bilinear material with strain hardening (material type 24 
in LS-DYNA), as shown in Fig. 3. The input parameters 
were based on Table 2(b). Poisson’s ratio of steel was 
taken as 0.3, and hardening stiffness, 𝐸்஺ே , was 
computed as 0.5% of Young’s modulus (𝐸௦). 
 The concrete model used is concrete damage 
plastic model (material type 273 in LS-DYNA), 
developed by Grassl et al. [8], as shown in Fig. 4. This 
model is developed based on the combination of damage 
mechanics and plasticity to analyze the failure of 
concrete structures. For the compressive damage regime, 
exponential stress-inelastic strain law is used. 𝐴௦௙  is 
the ductility parameter during damage, set at the default 
value of 15. For high-strength concrete, parameter 𝜀௙௖ 
was set to a small value of 0.00003. This small value 
represents the brittle damage in the post-peak region, 
where a sudden drop in capacity happens. The effect of  
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Steel tube 

Top flange-plate 

Axial load 

Bottom flange-plate 
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Fig. 3 Uniaxial stress-strain relationship of steel 

tube 
 

 
Fig. 4 Uniaxial stress-strain relationship of 

concrete 
 

Table 3 Input parameters for Concrete Damage 
Plastic Model (CDPM) [8] in LS-DYNA 

Parameter Input Description 
𝜀௙௖ 0.00003  Parameter controlling compressive 

damage softening branch in the 
exponential damage formulation. 
Default = 0.0001 

𝑤௙ 4.444 𝐺ி/𝑓௧  Tensile displacement threshold value 
for linear tensile damage formulation, 
where: 
𝐺ி = 73𝑓௖

ᇱ଴.ଵ଼
 [𝑁/𝑚]  ( 𝑓௖

ᇱ  in MPa) 
is the fracture energy of concrete. 

𝐻௣ 0.01 Hardening modulus. Value of 0.01 is 
recommended value for applications 
without strain rate effect. 

 

parameter 𝜀௙௖  on the concrete compressive response 
will be discussed in Section 4.1. Concrete size effect is 
not considered in the model, hence value of 𝑓௖

ᇱ obtained 
from material model shown in Table 2(a) is directly used. 
 Tensile damage formulation of concrete is 
bilinear damage formulation as shown in Fig. 4. This 
relationship was obtained from the tensile stress–crack 
opening relationship using fracture energy ( 𝐺ி ) and 
element characteristic length (ℎ ). Inelastic strains 𝜀௙ଵ 
and 𝜀௙  are calculated as 𝑤௙ଵ/ℎ  and 𝑤௙/ℎ , 
respectively, where variable ℎ  is a mesh-dependent 
measure used to convert strains to displacements, and 
taken as finite element size. Variable 𝑤௙ is specified in 
Table 3, and variable 𝑤௙ଵ is taken as 0.15𝑤௙ (default 
value in LS-DYNA). The tensile strength of concrete (𝑓௧) 
was calculated using Eq. (1) proposed by Arioglu et al. 
[9]. The 𝑓௧  in from the material test results shown in 
Table 2(a) are not used.  
 

𝑓௧ = 0.9[0.387(𝑓௖
ᇱ)଴.଺ଷ] (1) 

 

where 𝑓௧ and 𝑓௖
ᇱ are in MPa. 

 Parameters that were manually input are shown in 
Table 3. Other parameters that are not mentioned were 
set at default values. 

4. RESULTS AND DISCUSSION 
 
4.1 Model Calibration and Verification 
 In modeling hollow CFST, it is important to 
capture the peak capacity, the residual capacity, and the 
abrupt strength degradation. The parameter that is used 
to control these behaviors in the concrete model is the 
parameter 𝜀௙௖. Although 𝜀௙௖ does not directly control 
the peak strength of concrete, with a high value of 𝜀௙௖, 
the concrete behaves in a ductile manner and, as a result, 
confining action might occur—increasing the peak 
capacity of the composite section. As an example, Fig. 5 
shows the comparison of axial load (𝑁)–average strain 
(𝜀௔௩௚ ) relationship for specimen SC25 using different 
 

 
*The dashed line in experimental curve represents no data available due 
to the sudden capacity loss of specimen. 

Fig. 5 Effect of parameter 𝜀௙௖ on axial load (𝑁)–
average strain (𝜀௔௩௚) response of specimen SC25 

 

 
(a) Specimens SC25 and SC25s 

 
(b) Specimens SC50 and SC50s 

Fig. 6 Comparison of axial load (𝑁)–average strain 
(𝜀௔௩௚) response from analysis and experiment 
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Fig. 7 Comparisons of strains in the steel tube of 

specimen SC25 measured at two locations (shown 
in Fig. 8) 

 

  
(a) Steel tube (b) Concrete 

* Displacements amplified by a factor of 20. 
Fig. 8 Deformed shape of specimen No. 1 (SC25) 

at peak compressive capacity 
 

values of parameter 𝜀௙௖  ( 𝜀௔௩௚  is the ratio of axial 
displacement to the measurement length). When default 
value of 0.0001 was used, it can be seen in Fig. 5 that the 
strength degradation is very gradual which does not 
reflect the sudden strength degradation observed in the 
experiment. There is also a slight increase of capacity 
due to the confinement. Subedi et al. [10] recommended 
a range of 𝜀௙௖  for cast-in-place CFSTs. This range is 
0.00004 ≤ 𝜀௙௖ ≤ 0.01 , where the smallest value was 
adopted from Vorel et al. [11] for plain concrete. When 
the smallest 𝜀௙௖ for cast-in-place CFSTs was used for 
hollow CFST, it can be seen from Fig. 5 that the strength 
degradation is more gradual than the experimental 
results. For hollow CFSTs even the 𝜀௙௖ value used for 
plain concrete does not seem appropriate because the 
high-strength concrete exhibits abrupt strength 
degradation and the hollow concrete section adds to the 
brittleness due to instability. 
 Since the hollow CFST with high-strength 
concrete shows more abrupt strength degradation, a 
smaller value of 𝜀௙௖  was used. Figure 5 shows that 
using 𝜀௙௖  of 0.00003 produced good agreement with 
the experimental results of specimen SC25. To validate 
the proposal of 𝜀௙௖ =0.00003, the same model 
parameters were used to simulate the axial compression 
response of other three specimens (SC25s, SC50, and 
SC50s) listed in Table 1. Figure 6 shows the comparisons 
of the experimental and numerical results of the four 
specimens and Fig. 7 shows the local strains of the steel 
tube measured at two locations: mid-height and 100 mm 

above the mid-height level. Local strains in experiment 
were measured directly from the strain gauge. In finite-
element model, the local strains were taken at the 
respective surface of the element. It can be observed 
from the figures that the simulated results are in good 
agreement with the experimental results, and thus the 
model captures the peak capacity and the post-peak 
behavior.  
 The ability of the model to accurately reproduce 
the global behavior of four specimens and to also 
accurately reproduce the local steel strains in two regions 
gives confidence that the model can be used to examine 
the behavior not observed in the experiment. For 
example, Fig. 8 shows steel buckling at approximately ¼ 
and ¾ of the height. In the experiment, steel buckling at 
the peak compressive load was not visually observed. In 
finite-element simulation, however, the steel buckling 
can be clearly seen when the displacement is amplified 
by 20 times. 
 
4.2 Detailed Response from Finite-element 
Analysis 
 Given the good results of the finite-element model, 
it will be used to investigate the individual contributions 
of the steel and concrete in the hollow CFST pile. 
 

4.2.1 Change in Behavior Due to Composite Action 
 It is well-known that composite members show 
different response when compared to the behavior of 
each separate individual component (i.e., hollow 
concrete, hollow steel tube). In this subsection, the 
individual contribution of concrete and steel in the 
hollow CFST is compared with the behavior of 
individual components acting separately. 
 Figure 9 shows the comparison of analysis results 
for: 1) plain concrete cylinder, 2) hollow concrete core-
only model of SC25, 3) hollow steel tube-only model of 
SC25; and 4) SC25 specimen with individual 
contributions of concrete and steel tube. Same material 
properties were used for all models. The lines in Fig. 9 
are split into Fig. 10(a) and (b), and Y-axes are changed 
into axial stresses (𝜎) for easier comparison. 
 Figure 10(a) shows detailed comparisons of steel 
tube axial stress (𝜎 )–average strain (𝜀௔௩௚ ) curves. 
Comparing hollow steel tube-only model of SC25 and 
the contribution of the steel tube in SC25 CFST model, 
it can be seen that the post-peak response of the steel 
does not have the strength degradation of the steel-only 
model, likely because the steel local buckling in the mid-
height region is prevented by the presence of concrete. 
In the hollow steel tube model, the capacity gradually 
decreases due to steel buckling. For the steel tube 
contribution extracted from the hollow CFST model, the 
steel tube loses some strength immediately after the peak, 
which is seen from the sudden drop of the capacity, and 
regains the capacity and does not show any capacity 
decrease even at later stage of loading. The residual 
capacity ratio from the experiment (𝑁௥௘௦/𝑁௘௫௣, where 
𝑁௥௘௦ is the residual capacity) is 34% at an average strain 
of 1.5%. At the same average strain, the residual capacity 
ratio of hollow steel tube model is 10%, while that for 
the steel tube from SC25 model is 20%. The enhance- 
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Fig. 9 Axial load (𝑁)–average strain (𝜀௔௩௚) of 

specimen SC25 model with hollow steel tube and 
hollow concrete models 

 

 
(a) Steel tube 

 
(b) Concrete 

Fig. 10 Comparisons of axial stress (𝜎)–average 
strain (𝜀௔௩௚) of specimen SC25 model with 

separate concrete and steel models 
 
ment is double for this case. 
 Comparing the plain solid concrete cylinder 
model and hollow concrete-only model of SC25 in Fig. 
10(b), it is observed that the hollow concrete is more 
brittle as shown by the sudden drop in capacity and 
smaller residual capacity. The residual capacity of the 
hollow concrete is lower than plain concrete. This 
difference in behavior is expected because the hollow 
concrete is more unstable and brittle than the solid plain 
concrete cylinder. 
 When comparing concrete contribution from the 
SC25 model with the hollow concrete model, both 
models show identical behavior up to the peak. The 

initial post-peak drops are also very similar. However, 
the concrete in the hollow CFST retained more residual 
capacity (14%) than the plain hollow concrete (11%). 
Hence, it can be inferred that the presence of the steel 
tube helps in retaining the residual capacity of concrete 
because it slightly improves the residual capacity of the 
concrete. However, the improvement of concrete 
residual strength due to composite action is less than the 
improvement of the steel tube. 
 

4.2.2 Confinement Effect 
 Although previous researches suggested that there 
is confinement action in hollow CFSTs [12,13,14], the 
presence of confinement in hollow CFSTs with high-
strength concrete is questionable [5]. Therefore, we used 
the finite-element model to investigate the presence of 
confinement by observing the hoop stress in the steel 
tube. 
 The stresses in the steel tube at mid-height level 
obtained from the model are plotted in Fig. 11. The 
average axial stress of concrete is also shown in the 
figure. In addition, strain corresponding to the peak axial 
load is also marked in the figure. In Fig. 11(a), it can be 
seen that very small hoop stress is developed in the steel 
tube (with 𝐷/𝑡௦=83) before the peak axial capacity is 
reached. The hoop stress in the steel tube is more 
prominent for SC25s, which has thicker steel tube (Fig. 
11(b)) of 𝑡௦ =5.3 mm (𝐷/𝑡௦ =36). At the peak axial 
capacity, the average axial stress in concrete of SC25s 
(Fig. 11(b)) also has slight increase (≈ 3%) from 𝑓௖

ᇱ , 
whereas in specimen SC25 (Fig. 11 (a)) with 𝑡௦=2.3 mm 
(𝐷/𝑡௦=83), there is no increase in concrete capacity on 
average. Although not shown in this paper, similar 
 

 
(a) SC25 model (𝑡௦=2.3 mm) 

 
 (b) SC25s model (𝑡௦=5.3 mm) 

Fig. 11 Axial and hoop stresses of steel and 
concrete from analysis 
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results are observed for specimens SC50 and SC50s. 
From these observations, it can be concluded that there 
is only slight confinement in hollow CFSTs, if any, and 
the confinement slightly improves when steel tube is 
thicker. For smaller 𝐷/𝑡௦ , the steel tube in the mid-
height region develops local buckling much slower, 
therefore the lateral expansion of concrete catches up 
with the steel expansion, and hoop stress is developed at 
an earlier stage. 
 In addition, if we compare the axial stress in the 
steel tube for the two specimens, the specimen with 
thicker steel tube (SC25s) shows a slight decrease from 
its yield strength, 𝑓௬ , at the peak axial load. It is also 
observed that the strength degradation resulting from 
local buckling of steel tube is prevented when the steel 
is thicker. 
 
5. CONCLUSIONS 
 

Three-dimension finite-element model of hollow CFSTs 
with the concrete damage plasticity model (CDPM) 
developed by Grassl et al. [8] successfully simulated the 
axial load (𝑁)–average strain (𝜀௔௩௚) relationships of four 
specimens under monotonic compressive loading. The 
following conclusions are drawn from this study.  
(1) In CDPM model, parameter 𝜀௙௖ is used to control 

the concrete brittleness in the post-peak region, 
where value of 0.00003 well-captured the 
compressive behavior of the four hollow CFST 
specimens. This value is smaller than the minimum 
value used for plain solid concrete (𝜀௙௖ =0.00004) 
which indicates that even with the presence of steel 
tube, hollow concrete in CFST sections is more 
unstable and brittle compared to plain concrete. 

(2) CFST sections showed different behaviors 
compared to hollow concrete and hollow steel tube. 
In the hollow CFST section, the capacity loss of 
steel tube is prevented and the concrete retains more 
residual capacity. 

(3) The finite-element analysis showed that the steel 
tube gives the most contribution to the residual 
capacity of hollow CFST. Therefore, it is 
recommended to increase steel tube thickness (𝑡௦) to 
increase the residual capacity of the hollow CFST. 

(4) For high-strength concrete in a hollow CFST, 
confinement effect was found to be very small when 
steel tube is thin ( 𝑡௦ =2.3 mm, 𝐷/𝑡௦ =83). 
Confinement effect slightly improves when steel 
tube becomes thicker ( 𝑡௦ =5.3 mm, 𝐷/𝑡௦ =36), 
however, is only slightly noticeable (≈3% of 𝑓௖

ᇱ). 
Confinement effect can be neglected when 
calculating the compressive capacities of hollow 
CFST specimens. 
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