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ABSTRACT: The mechanical properties of concrete-filled steel tubular (CFST) members are
influenced by the possible debonding gap between the steel tube and concrete core. To investigate
this phenomenon, finite element models (FEMs) of the CFST columns with different debonding
types, such as the circumferential debonding gap (CDG) and spherical-cap debonding gap
(SDG), were established by using ABAQUS. The accuracy of the FEMs was verified comparing
the obtained results with experimental ones. The verified FEMs were used to analyze the influence
of different debonding types on the mechanical performance of the axially compressed CFST
stub columns with the same debonding arc-length ratio (Rp). The results showed that with an
increase in Rp, the ultimate load-bearing capacity (N,) of CFST columns decreased. However,
a critical Rp (Rp..;) was found, in fact when the Rp was less than or equals to the Rp.,, the influ-
ence of different debonding types on the N, and failure modes of CFST columns were basically
the same. When the Rp was larger than the Rp..;, with an increase in Rp, the N, of SDG CFST
columns decreased linearly, however, the N, of CDG CFST columns decreased nonlinearly with
gradually reduced decrease rates. Finally, it was found that the overall bending, inward and out-
ward buckling in SDG CFST columns were more serious than those in CDG CFST columns.

1 INTRODUCTION

According to the inspections made in arch bridges, debonding gaps can be found between the
steel tube and concrete core, which can weaken the combined effect of two materials in CFST
(concrete-filled steel tube) structures (Han et al. 2016, Shen et al. 2022, Xue et al. 2010, 2012).
Two different types of debonding gaps could be found, which are the circumferential debond-
ing gap (CDQG) (Figure la) and spherical-cap debonding gap (SDG) (Figure 1b) (Contento
et al. 2022, Han et al. 2016, Shen et al. 2022, Xue et al. 2021a).

The main parameters of CDG or SDG are shown in Figures 1a, b, respectively, including the
debonding thickness (Tp: Tcpg or Tspg), debonding arc-length ratio (Rp: Rcpg or Rspg) and
debonding length (Lp: Lcpg or Lspg). Tepg or Tspg is the maximum distance between the
outer surface of the concrete core and the inner surface of the steel tube within the range of
CDG or SDG. Rcpg or Rspg is the ratio of the arc-length of CDG or SDG to the perimeter of
the section (Ocpg/2n or Ospg/2n), where the Ocpg or Ospg is the angle of CDG or SDG. Lcpg
or Lspg is the length of CDG or SDG along the direction of the specimen length (L).

Some experimental tests done to investigate the influence of CDG on the mechanical per-
formance of CFST columns have been carried out by choosing the Rcpg as the key parameter
(Rcpg = 0, 0.25, 0.5 and 0.75 (Xue et al. 2012), Rcpg = 0 and 0.25 (Xue et al. 2020, 2021b),
Rcepg = 0 and 0.5 (Shao et al. 2018), Rcpg = 0, 0.5 and 1 (Xie. 2018), and Rcpg = 0 and 1
(Liao et al. 2011, Han et al. 2016)). It can be found that, with an increase in Rcpg, the ultimate
load-bearing capacity (N,) of CFST columns decreased, and the influence of Rcpg on the N,
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also decreased. Regarding the failure mode, with an increase in Rcpg, the number of local
bucking in the range with debonding gap (DG range) increased, the outward local buckling in
the range without debonding gap (NDG range) at the mid-height and the elephant-foot shaped
buckling near both ends were more obvious (Liao et al. 2011, Han et al. 2016, Xue et al. 2012).

Experimental tests on the influence of SDG on the mechanical performance of CFST columns
have been also carried out by choosing the gap ratio of SDG (yspg = Tspc/D) as the key par-
ameter. It can be concluded that, with an increase in yspg, the N, of CFST columns linearly
decreased. With an increase in yspg, the axially compressed CFST columns exhibited clearly
local bucking in DG range at failure, and the number of outward local buckling increased at the
mid-height; the failure mode of the eccentrically compressed CFST columns changed from
inward bending to wavy inward local buckling in DG range. In the literature, there is no
research on the influence of Rspg on the mechanical performance of CFST columns.

The influence of CDG or SDG on the mechanical performance of CFST stub columns was
analyzed separately in some references (Han et al. 2016, Liao et al. 2011, Shen et al. 2022, Xue
et al. 2021). However, the results of CDG or SDG were not compared with each other in the
same research. The influence of different debonding gap types on mechanical performance of
axially compressed CFST stub columns with the same debonding area was studied by Xue et al.
(2022). The results showed that the mechanical performance of CDG or SDG CFST columns
with the same debonding area were different.

It is difficult to measure the T, in real applications. The most accurate detection technology for
the Tp is to drill holes on the steel tube, which may damage the steel tube. The knocking method
is a nondestructive detection method which can be used to measure the approximate range of
debonding gaps to calculate the Rp. Therefore, the Rp should be considered as the key parameter
in CFST columns with CDG or SDG. However, there is few research on the influence of different
debonding gap types on mechanical performance of axially compressed CFST stub columns with
the same Rp based on the knowledge of authors. In this paper, the influence of CDG or SDG on
the N, and failure modes of CFST stub columns with the same Rp were analyzed.
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Figure 1. Parameters of debonding gaps.

2 FINITE ELEMENT SIMULATION

2.1  Finite element modelling

The steel tube was simulated by shell elements (S4R). The core concrete was simulated by

solid elements (C3D8R). The end plates were simulated by discrete rigid elements (R3D4).
The steel tube was simulated by an elastic-plastic model using a stress-strain relation that con-

sists of five stages with Von Mises yield criterion (Han et al. 2007). The damage plasticity model
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was used for modelling concrete by using the equivalent stress-strain model proposed by (Han
et al. 2007). For concrete in tension, the tensile softening behaviour was set by using the fracture
energy model specifying the post failure stress as a tabular function of cracking displacement.

Both the bond and friction actions were considered in the interface modeling between the steel
tube and concrete core. For the interface of the cross-sectional area in NDG range, the normal
behaviour was simulated with hard contact; the friction coefficient was taken as 0.6 (Xue et al
2022). For the cross-sectional area in DG range (CDG or SDG shown in Figures 1la, b, respect-
ively), both normal contact pressure and tangential shear stress were taken as zero at the begin-
ning. When the inner surface of the steel tube contacted with the outer surface of the concrete
core due to the inward buckling in the steel tube, the normal and tangent behaviours of the inter-
face was simulated as the same as the interface of the cross-sectional area in NDG range.

The loading history was applied by using vertical downward displacement in the z-axis at
the top end plate, as illustrated in Figure 2.

N
Top end plate ,I,

d=d =0

Specimen

Bottom end plate

Figure 2. Load applications and boundary conditions.

2.2 Verification of finite element models
The FEMs of CDG and SDG CFST stub columns information were listed in Table 1.

3 INFLUENCE OF DIFFERENT DEBONDING GAP TYPES WITH SAME RD

3.1 Parameters selection

According to GB 50923-2013 (MOHURD 2013), when the Rcpg is larger than 0.2 or the
Tcpg 1s larger than 3 mm, it is recommended to drill holes on the steel tube in DG range and
grout. Therefore, in this research the maximum Rp was set at 0.2 and Tcpg was set as 3 mm.
Tspg was changed from 0 to 21 mm with an increment of 1 mm, and the corresponding yspg
changed from 0 to 9.1%. The corresponding Rspg could be calculated according to the known
Tspg. The D of 219 mm, ¢ of 4 mm, L of 657 mm were chosen. The cross-sections of SDG
and CDG CFST columns with Rspg = Rcpg were shown in Figure 3. For the material prop-
erties of steel, a yield strength (fy) of 345 MPa. For the material properties of concrete,
a characteristic strength (f.x) of 32.4 MPa, cylinder strength (f.’) of 41.5 MPa.

3.2 Ultimate load-bearing capacity

In order to understand the influence of debonding gap on N,, a reduction coefficient of N,
(Kp= Nu.p/Nu.n) was defined (Xue et al. 2012). The N,p was the N, of specimens with
debonding gap (CDG or SDG specimen) and N, was the N, of specimen without debonding
gap (NDG specimen).
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Table 1. Experimental and numerical results of CFST stub columns with CDG or SDG.

Ny (kN)
Debonding gap type Literature Label NyExp Nu-FEM Nyrem/Nu.Exp
CDG Xue et al. (2012) N3-0-A 2647 2705 1.02
D3-1-A 2433 2431 0.99
D3-2-A 2306 2358 1.02
D3-3-A 2281 2345 1.02
N4-0-A 2896 2965 1.02
D4-1-A 2602 2625 1.00
D4-2-A 2538 2554 1.00
D4-3-A 2503 2532 1.01
Han et al. (2016) N-1 1559 1428 0.92
N-2 1544 0.92
Cl.1-1 1143 1164 1.02
Cl.1-2 1113 1.05
C2.2-1 1068 1143 1.07
C2.2-2 1041 1.10
SDG Liang (2008) PX-0-0 3400 3385 0.99
PX-0-2 3130 3010 1.04
PX-0-5 3010 3022 1.00
Guo et al. (2020) A0CO 5582 5809 1.04
A0C6.42 5476 5236 0.96
Zhang et al. (2019) C0-0-0a 1779 1708 0.96
C0-0-0b 1722 0.99
CS-6-0a 1569 1467 0.93
CS-6-0b 1518 0.97

The N, obtained by experimental tests (V,_gxp) and FEMs (N,_rgm) Were compared, as listed in Table 1. The
mean value of Ny.rppm/Nugxp Was 1.001 and the standard deviation was 0.045. Therefore, the finite element simu-
lation method could be used to simulate the mechanical performance of CDG and SDG CFST stub columns.

Figure 3. Cross-sections of SDG and CDG specimens with same Rp,

The influence of different debonding types with the same Rp on the N,, Kp and the
decrease rate of Kp are shown in Figure 4. It can be found that with an increase in Rp, the N,
and Kp of CDG or SDG specimens decreased. A critical Rp (Rp.e;) (0.12) can be found.
When Rp < Rp.;, with an increase in Rp, the influence of different debonding types no N,
and Kp was negligible, and the minimum Kp was 0.94. When Rp > Rp., with an increase in
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Rp, the influence of different debonding types on N, and Kp was different; the N, and Kp of
SDG specimens decreased linearly, however, the N, and Kp of CDG specimens decreased
nonlinearly with gradually reduced decrease rates, as shown in Figure 4a. When Rp = 0.2, for
CDG specimen, the N, decreased from 3005 kN to 2674 kN and the Kp decreased to 0.89; for
SDG specimen, the N, decreased from 3005 kN to 2597 kN and the Kp decreased to 0.86.
With an increase in Rp, the decrease rate of Kp for CDG or SDG specimens increased firstly
until the Rp reached 0.09 and the maximum decrease rate of Kp was 0.014; when Rp > 0.09,
the decrease rate of Kp for CDG or SDG specimens decreased, as showed in Figure 4b, the
decrease ratio of Kp of CDG specimen reduced faster than that of SDG specimen.
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Figure 4. Influence of different debonding gap types on N,, Kp, and decrease rate of Kp.

3.3 Axial load-axial displacement curves

The comparisons of the axial load (N)-axial displacement (4) relationship curves of different
NDG or DG specimens (CDG and SDG specimens) are shown in Figure 5. It can be found
that when Rp = 0.12, the influence of different debonding gap types on the N,.p and the curves
was negligible. When Rp = 0.2, the difference of N-4 relationship curves of CDG or SDG speci-
mens was the descending stage after Ny,.p. For CDG specimen, the N decreased until nearly
A fy+Acf; for SDG specimen, the descending branch of the N-A relationship curves was
longer than that of CDG specimen, and the N decreased to a value less than A, f,+A f'. It is
because even the Rp was the same (0.2), the Tcpg (3 mm) was less than the Tspg (20 mm).
Therefore, the inward buckling in CDG specimen can easier let the steel tube and concrete core
in DG range contact and provide contact stress to partial concrete core in DG range from the
steel tube than that of SDG specimen.
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Figure 5. Comparisons of N-4 relationship curves of NDG or different DG specimens.
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3.4 Failure mode

The CDG or SDG range and NDG range in the cross-section of the specimen were defined in
Figure 6.

NDG range CDG range SDG range

NDG range NDG range NDG range

(a) NDG specimen (b) CDG specimen (c) SDG specimen
Figure 6. Debonding or non-debonding ranges in cross-section.

The failure modes of axially compressed CDG or SDG CFST stub columns with the same
Rp were showed in Figure 7. When Rp = 0.12, the inward buckling in DG range (CDG and
SDG range), overall bending in NDG range, and lightly elephant-foot shape buckling at both
ends were observed in CDG or SDG specimens, as shown in Figures 7a, b. When Rp = 0.2,
the overall bending in NDG range and elephant-foot shape buckling at both ends can be
observed in CDG or SDG specimens; however, in DG range, the inward buckling was
observed in CDG specimen, while wavy inward and outward local buckling was observed in
SDG specimen, as shown in Figures 7c, d.
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Figure 7. Failure modes of SDG and CDG specimens with same Rp.

The lateral deflection (U) curves along the L of different specimens corresponding to N,
were illustrated in Figures 8a, c. The Rp = 0.12, Rp = 0.2 and NDG specimens were com-
pared. The U away from the center of the specimen was defined as the positive and the
U towards the center of the specimen was defined as the negative. The NDG and DG range in
the specimen were illustrated in Figure 8b, where the NDG range is in the right and the DG
range (DG specimen) or NDG range (NDG specimen) is in the left.

By comparing the U of DG specimens and NDG specimen, the overall bending toward to DG
range can be found in DG specimen, and the outward buckling can be found in NDG specimen.

By comparing the U at the L/2 in DG range (Uy ».p) of different specimens (Figure 8a), it could
be found that when the Rcpg increased from 0.12 to 0.2, the Uj»p decreased from 0.66 to
0.51 mm (by 0.15 mm). When the Rspg increased from 0.12 to 0.2, the Uy ».p slightly increased
from 0.65 to 0.70 mm (by 0.05 mm). When Rp = 0.12, the U p.p of CDG or SDG specimens
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were nearly the same, therefore, the influence of different debonding gap types on the Up,.p is
small. When Rp = 0.2, the Uy ».p of CDG specimen was smaller than that of SDG specimen, it is
because that the inward buckling in SDG specimen was more serious than that in CDG specimen.

By comparing the U at the L/2 in NDG range (U ».n) of different specimens (Figure 8c), it
could be found that with an increase in Rp, the U,y decreased. When the Rcpg increased
from 0.12 to 0.2, the Uy .y decreased from 0.65 to 0.35 mm (by 0.3 mm). When the Rspg
increased from 0.12 to 0.2, the Uy, slightly decreased from 0.64 to 0.53 mm (by 0.11 mm).
When Rp = 0.12, the Uy ».n of CDG or SDG specimens were nearly the same, therefore, the
influence of different debonding gap types on the Up,.n was small. When Rp = 0.2, the
Uy >~ of CDG specimen was smaller than that of SDG specimens, therefore, the overall bend-
ing in SDG specimen was more serious than that in CDG specimen.
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Figure 8. Lateral deflections corresponding to NV,
4 CONCLUSIONS

Based on the finite element analyses, the following conclusions can be drawn:

(1) With an increase in debonding parameters, the ultimate load-bearing capacity of axially
compressed CFST stub columns decreased. The critical value of debonding arc-length
ratio could be obtained. When the debonding arc-length ratio was less than the critical
value (0.12), the influence of different debonding types on load bearing capacity was negli-
gible. When the debonding arc-length ratio was greater than the critical value (0.12), the
load bearing capacity of SDG specimen decreased linearly, however, CDG specimen
decreased nonlinearly with gradually reduced decrease rates.

(2) When the debonding arc-length ratio was 0.12, the influence of different debonding gap
types on the load-displacement curve was negligible. When the debonding arc-length was
0.2, the descending stage after N, in SDG specimen was longer than CDG specimen.

(3) When the debonding arc-length ratio was less than the critical value (0.12), the influence
of different debonding gap types on the failure mode was negligible. The failure modes of
steel tubes shows that the inward buckling in debonding range, and overall bending in
non-debonding range. When the debonding arc-length ratio reached 0.2, the failure mode
had no obvious change in CDG specimen, but the wavy inward and outward local buck-
ling could be observed in SDG specimen.

(4) When the debonding arc-length ratio was less than the critical value (0.12), the influence
of different debonding gap types on the lateral deflections was negligible. However, when
debonding arc-length ratio was 0.2, both inward buckling in DG range and overall bend-
ing in NDG range of SDG was more serious than CDG, wavy inward and outward local
buckling could be observed in DG range of SDG specimen.
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(5) The constraint effect between steel tube and concrete was the key to influence the ultimate
bearing capacity of CFST axially compresses stub columns. The next step of the research
is to analyze the influence of different debonding types on the constraint effect between
steel tube and concrete.
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