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ABSTRACT: To ascertain the nature of the interface bond behaviour of lightweight aggregate concrete-filled steel 
tubes (LACFSTs), 27 specimens were tested by push-out loading and four of them were subjected to repeated 
push-out loading. Influence factors such as lightweight aggregate concrete strength, concrete vibration and curing 
method, steel surface conditions, slenderness ratio, and diameter-to-thickness ratio were considered. The bond slip 
process and strength were analysed and a formula was proposed to calculate the bond strength of the LACFSTs. The 
results show that the bond-slip curve can take one of two forms: one with an obvious peak, the other without, and 
each one manifests three different trends after reaching ultimate load. According to the test results, the bond strength 
is independent of the lightweight aggregate concrete strength. Higher diameter-to-thickness ratios cause a reduction 
in the bond strength. A good quality of concrete vibration and curing can improve the bond strength. The bond 
strength after the first of the repeated push-out tests is the largest. In the same push-out direction, the bond strength 
decreases as the push-out time increases, and the load-slip curves are similar among all samples tested. The 
comparisons between test results and calculations show that the proposed formula has a good accuracy. 
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1.  INTRODUCTION 
 
Concrete filled steel tube (CFST) fully utilizes the tensile- compressive properties of steel and 
compressive strength of concrete, and has a wide range of applications in various types of 
structures [1-2]. Research has also been carried out into the design and construction of steel tube 
concrete structures [3-4]. The demands of different applications, section shapes, and categories of 
in-filled concrete contribute to various types of CFST including: square CFST, circular CFST, 
high-strength concrete filled steel tubes, recycled concrete filled steel tubes, and so on. According 
to the stress acting on the section, CFST can be classified into partially-filled steel tubes, confined 
concrete-filled steel tubes, and normal CFST, depending on whether the stress acts only on the steel 
tube, coral concrete or the combined section as a whole [5-7]. Lightweight aggregate 
concrete-filled steel tube (LACFST) is one type studied here. Previous studies show that the 
behaviour of LACFSTs is excellent and can replace normal CFSTs [7-9]. Due to their lighter 
weight, it can expect a more significant advantage in application [10]. 
 
As a type of composite structures, the bond strength directly affects whether the two materials can 
work together or not [11]. Due to the lack of accurate constitutive relationships, many studies 
assume that there is no slip between the steel tube and the concrete under load. To describe the 
bond behaviour, the interface bond slip of CFSTs was studied [12-13]. Early studies mostly 
involved normal CFST. In recent years with the application of research into various kinds of new 
composite structures, such as recycled aggregate CFSTs, high-strength CFSTs, etc., the 
corresponding bond slip behaviour was also studied. Some of the studies examined the change of 
interface bond behaviour of CFSTs after fire or fatigue load action [14-15]. At present, there are 
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two main methods used to test the interface bond slip in a CFST. Push-off tests, with the load acting 
on the whole section, can be used to simulate the actual change in a structure while only the 
ultimate bond strength can be tested by this method [16]. The Push out test is adopted by most 
studies because it can measure the bond strength in the whole loading process [17-18]. Tao et al. 
[13] prepared a total of 24 specimens to consider influence of various parameters, including the 
section shape, steel type, concrete type, concrete age and interface type. The results showed that the 
bond strength declined dramatically with increasing of tube size and the concrete age. Pre-stressing 
concrete was adopted by Chen et al. [17] and 20 specimens were fabricated to study the influences 
of the pre-stress on the bond strength of steel–concrete interface. The bond strength of CFST with 
pre-stressing concrete was approximately 1.2~3.3 times than that with normal concrete. A new 
stiffening system was proposed by Chen et al. [19] to improve the bond strength at the 
steel–concrete interface and the degree of improvement increased with decreasing tab stiffener 
spacing. Tests carried out by researchers [20-26] mainly focused on the section shape, steel grade, 
concrete strength, number of specimens, etc., and the bond strength concluded from the tests above 
ranges from 0.03 to 3.29, showing a distinct discreteness. 
 
So far, it is still not possible to provide reliable equations to predict the bond strength in CFST 
columns because of the numerous influencing parameters and uncertainties. For simplification 
purposes, existing design codes only specify constant design bond strengths for CFST columns 
based on previous test data. In Europe standard [27] and American standard [28], the specified 
design bond strength is 0.4 MPa for both circular and rectangular CFST columns. In contrast, the 
specified bond strength values in Japan standard [29] are 0.225 MPa and 0.15 MPa for circular and 
rectangular CFST columns, respectively. In China standard [30], the bond strength ranges from 
0.40~0.60 considering different concrete grades. To study the mechanical properties of lightweight 
concrete filled steel tubes, an experimental study of bond slip was carried out considering different 
factors influencing the bond strength. 
 
 
2.  EXPERIMENTAL PROGRAM 
 
2.1  Material and Specimens 
 
The coarse aggregate used in this lightweight aggregate concrete is ceramsite. The bulk density is 
814 kg/m3, the cylindrical compressive strength is 8.5 MPa, and the water absorption is 6% at one 
hour. Ordinary Portland cement was used in the concrete. The fine aggregate is a kind of medium 
sand with a fineness modulus of 2.6 and a bulk density of 2600 kg/m3. Slag powder and JM-B 
water reducer were used to improve the concrete mechanical properties. Three strength types of 
lightweight aggregate concretes (LAC) numbered: CL1, CL2, and CL3, were considered. 
According to the relevant Chinese standards, compression tests were carried out on a number of 
standard cubes ([150 × 150 × 150] mm3) to determine the concrete grade and prisms ([150 × 150 × 
300] mm3) and determine the compressive strength (fck) and elastic modulus (Ec) of the unconfined 
concrete. The concrete mix proportions and mechanical properties are given in Table 1. 
 

Table 1. Mixture Ratio and Mechanical Properties of Lightweight Aggregate Concrete 

Number 
Mass in per cubic meter of concrete/ kg 

fck (MPa) Ec (MPa) 
Cement Ceramsite Sand Slag Water Water reducer 

CL1 460 670 650 － 203.5 － 28.71 19.50×103 

CL2 387 645 643 43 150 3.8 30.71 23.84×103 

CL3 450 650 650 50 125 6.8 37.38 24.83×103 
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Straight welded steel tube Q235 was used in the test. A group of three standard specimens was 
tested to determine the tensile strength of the steel and the section thickness of each steel tube fitted 
the standard specimen dimensions. The test method followed the Chinese Standard for 
“GB/T228-2002 Metallic materials-Tensile testing at ambient temperature” [31]. The steel 
specimen is shown in Figure 1. The yield strengths (fy) of the steel with thicknesses of 2.5 mm and 
4.0 mm were 305.6 MPa and 274.7 MPa, respectively, and test results are shown in Figure 2. 

 

A 50 mm length at the upper end of each steel tube was left empty. After pouring the LAC, a 50 
mm diameter vibrator was used to compact the concrete, except in one group of specimens which 
were manually vibrated. Some 10 days of curing later, the bottom of the column was smoothed 
with fresh cement paste. The details of the test specimens are shown in Table 2, where group A was 
designed for comparison of different lightweight aggregate concrete strengths, group B for 
comparison of different curing techniques, group C for comparison of different pouring techniques, 
group D for comparison of different surface conditions, group E for comparison of different 
slenderness ratios, and group F for comparison of different diameter to thickness ratios. 
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Figure 1. Steel Tensile Specimen (Unit:mm)       Figure 2. Stress-Strain Curve of Steel 
 

2.2  Test Instruments and Procedure 
 
Figure 3 shows the loading and measurement system. The load was applied by hydraulic jack with 
a maximum load range of 3000 kN and measured by a pressure sensor with maximum range 
equivalent to 500 kN. To measure the relative displacement of the steel tube and the core concrete, 
two displacement transducers were arranged at the bottom end of the steel tube column on 
magnetic meter bases. Throughout the test, the data were continuously collected by a data 
acquisition system which was composed of TS3890 dynamic strain gauges, gauge readers, and a 
personal computer. 
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Figure 3. Loading and Measurement System 

 
Before testing, a pre-load of 1kN to 2 kN was applied to ensure that all component of the loading 
and measurement system were brought into close contact. Then this seating load was removed and 
the test started. The specimens were loaded at rate of 1/20 of the predicted ultimate load at the 
beginning. Each load was maintained for about 2-3 minutes to enable development of the full 
associated deformation. When obvious non-linear sliding between the steel tube and concrete was 
observed, the samples were loaded slowly and continuously. The test was stopped when the 
concrete underwent an apparent slip displacement. Four specimens were selected for reloading in 
the opposite direction and this procedure was repeated for a total of four load cycles. 
 
 
3.   DISCUSSIONS OF INITIAL PUSH-OUT TESTS RESULTS 
 
3.1  Testing process and slip curves 
 
At the beginning of the test, the displacement increased slowly and minimal slip occurred. On 
approaching the failure load, brittle acoustic emissions from the concrete could be heard. The 
displacement increased with the load increasing and the acoustic emissions from the concrete also 
increased in frequency and intensity. After the maximum value of load was conducted, the load 
plateaued for a period of time while the displacement still increased. Then, the load began to 
decrease as the displacement still increased. The displacement reached the maximum when the core 
concrete was pushed out. For the failure specimens, concrete showed obvious slippage with 
crushing at one end. Figure 4 shows the failed specimens after a push-out test. No local buckling 
appeared on the steel tube, which indicated that the steel tube restrained concrete effectively. 

        
(a) Tested Specimens                    (b) Slip of the End 

Figure 4. Specimens after Testing 
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Table 2. Dimensions and Results of Tested Specimens. 

Specimen  
Tube size 

 (mm) 
 D×t×L 

Slenderness 
ratio 
4L /D 

Diameter 
to 

thickness 
ratio D/t 

Concrete 
strength 
fck(MPa) 

Ultimate 
load 
(kN) 

Bond 
strength 
(MPa) 

Average 
strength 
(MPa) 

Concrete 
vibration  

Curing Surface 

A-1-a 114×4×350 12.28 28.5 28.71 169.5 1.45
1.42 Vibrator Natural Smooth A-1-b 114×4×350 12.28 28.5 28.71 162.9 1.40 

A-1-c 114×4×350 12.28 28.5 28.71 163.5 1.40 
A-2-a 114×4×350 12.28 28.5 30.71 181.6 1.56 

1.52 Vibrator Natural Smooth A-2-b 114×4×350 12.28 28.5 30.71 181.8 1.56 
A-2-c 114×4×350 12.28 28.5 30.71 167.2 1.43
A-3-a 114×4×350 12.28 28.5 37.38 161.7 1.39 

1.39 Vibrator Natural Smooth A-3-b 114×4×350 12.28 28.5 37.38 165.3 1.42 
A-3-c 114×4×350 12.28 28.5 37.38 158.4 1.36 
B-4-a 114×4×350 12.28 28.5 28.71 145.8 1.25 

1.26 Vibrator 
Sealed 
curing 

Smooth B-4-b 114×4×350 12.28 28.5 28.71 150.1 1.29 
B-4-c 114×4×350 12.28 28.5 28.71 145.2 1.25 
C-5-a 114×4×350 12.28 28.5 28.71 148.0 1.27 

1.28 Manual Natural Smooth C-5-b 114×4×350 12.28 28.5 28.71 153.9 1.32 
C-5-c 114×4×350 12.28 28.5 28.71 147.1 1.26 
D-6-a 114×4×350 12.28 28.5 28.71 291.7 2.50 

2.45 Vibrator Natural Rough D-6-b 114×4×350 12.28 28.5 28.71 273.4 2.35 
D-6-c 114×4×350 12.28 28.5 28.71 289.8 2.49 
E-7-a 114×4×490 17.19 28.5 28.71 318.4 1.95 

2.09 Vibrator Natural Rough E-7-b 114×4×490 17.19 28.5 28.71 370.4 2.27 
E-7-c 114×4×490 17.19 28.5 28.71 336.1 2.06 
E-8-a 114×4×780 27.37 28.5 28.71 380.2 1.46 

1.46 Vibrator Natural Rough E-8-b 114×4×780 27.34 28.5 28.71 362.0 1.39 
E-8-c 114×4×780 27.37 28.5 28.71 400.4 1.54 
F-9-a 114×2.5×350 12.28 45.6 28.71 184.5 1.53 

1.48 Vibrator Natural Rough F-9-b 114×2.5×350 12.28 45.6 28.71 174.2 1.45 
F-9-c 114×2.5×350 12.28 45.6 28.71 177.7 1.47

Notes: (1) D is the external diameter, t is the thickness, and L is the length of the tube. 
(2) fck is the axial compressive strength of the lightweight aggregate concrete. 
(3) The bond strength τ is given by τ = Nu/(πLd), where Nu is the ultimate load and d  

         is the inner diameter of the tube. 
 
The load-slip curves from initial push-out tests are shown in Figure 5. The corresponding ultimate 
load and bonding strength are shown in Table 2. The relative slip of concrete increased linearly and 
slowly with a sharply increasing load at the beginning of test. When the load approached its 
ultimate value, the slip grew rapidly, indicating that the bond between the lightweight aggregate 
concrete and the steel tube began to be damaged. After the ultimate load was reached, the slip 
increased quickly and showed different load-displacement trends. 

 
3.2  Bond Slip Process 
 
Figure 5 shows several different types S-N curves. In order to find the load-slippage rule, the bond 
slip process and the slip mechanism were analyzed.  
 
For the LACFSTs, the bonding force is similar to that of normal CFSTs, and includes the following 
components: the chemical cementing force at the interface between the cement and the steel pipe, 
the mechanical interaction force between the concrete and the rough surface of the steel, and the 
friction at the surface. The chemical cementing force is very small and determined by the concrete 
properties. The mechanical interaction force generates mainly due to the shearing resistance of the 
concrete, which depends on the roughness of the steel surface and the shear strength of the concrete. 
The friction is proportional to the friction coefficient and the pressure on the contact surface. The 
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friction coefficient depends on the roughness of the interface between the steel tube and the 
concrete, and the pressure refers to the restriction imposed by the steel tube on the concrete. 
 
The axial load only acts on the concrete section in the push-out test. Therefore, the longitudinal 
force is transmitted from the concrete to the steel tube because of the bonding between concrete and 
steel. Meanwhile, the steel tube is subject to transverse extrusion of concrete under axial load 
which results in the biaxial stress state of the steel tube. This causes a reduction in the normal 
constraint capacity which influences the friction on the interface. Due to the non-uniform pipe 
diameter, the variation was defined to be a macro-dimensional deviation by Virdi [32]. If concrete 
slipping causes movement to a smaller diameter section of steel tube, the constraint effect increases 
and friction is enhanced. Before slipping, the bond strength is mainly composed of the chemical 
cementing force and the mechanical interaction. 
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Figure 5. Load (N)-Slip (S) Curves: Push-out Tests 

  
Figure 6 shows one typical bond-slip curve and different stages in the slipping process of a 
push-out test. At the beginning, the bonding stress is mainly provided by the chemical cementing 
force with no slip between concrete and steel (point A). As the load increased, a little slip occurred 
at the two ends of the specimens where the cementing force vanishes. Because the top end is loaded 
and the bottom end is unconstrained, the mechanical interaction force begins to work at the two 
ends (point B). Then, the slip at both ends increases and expands to the middle section. The 
cementing force exists only at the middle section where there is no relative slip. The bonding force 
of the other parts is mainly provided by the mechanical interaction force (point C). When the 
cementing force and mechanical interaction force reach the maximum value, the load reached 
failure (or ultimate) load Nu (point D), too. When the cementing force is broken completely, 
relative slip occurs over the whole interface between the steel tube and concrete core. The 
mechanical interaction also decreases upon large slip and the frictional force appears (point D). 
Then the mechanical interaction force is broken completely, and the slip increases quickly even as 
the load changes less (point F). 
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Based on the test results in Figure 5, two classifications of load-slip curves can be seen: one has an 
obvious peak, the other doesn’t, as shown in Figure 7. When there is no slip between the steel tube 
and the concrete, the bonding capacity consists of the cementing force and the mechanical 
interaction, which matches the friction force after slipping. If the sum of the cementing force and 
the mechanical interaction exceeds the initial friction force, the initial friction force cannot balance 
the bonding capacity before obvious slip occurs and the curves descend immediately with the 
appearance of a peak point. Otherwise, the curves ascend after obvious slip. However, the initial 
friction decreases during slippage because the friction reduces the roughness of the interface, which 
results in an inflection point, but not an obvious peak. 
 
Based on the behavior after reaching the ultimate load, three types of curve are proposed (Figure 7). 
The macro-dimensional deviation causes an increase in the frictional force. If the 
macro-dimensional deviation is large, the increase in the friction is higher than the reduction in the 
initial friction, which causes the curve to have an ascending trend (lines a and d). Otherwise, the 
increase in friction is lower than the reduction therein, and the curve has a descending trend (lines c 
and f). In the situation intermediate to the aforementioned scenarios, the curve has an aclinic trend 
(lines b and e). 

 
3.3  Effects of Main Factors on Average Strength 
 
Table 2 shows the bond strength of specimens with different factors and Figure 5 shows the 
comparison of bonding process. Based on these two, the average bond strength of each group 
specimens is shown in Figure 8.  

 
3.3.1 Effect of concrete strength 
 
The concrete strength of groups A-1, A-2, and A-3 are 28.71 MPa, 30.71 MPa, and 37.38 MPa, 
respectively. The corresponding bond strengths are 1.43 MPa, 1.52 MPa, and 1.39 MPa, which 
show no obvious trend. The results indicate that the bond stress is independent of concrete strength. 
This is consistent with the studies of normal CFST tests by Virdi [32] and Liu et al. [33]. 
Shakir-Khalil [34] also proved that the data from normal CFST tests was scattered. However, Xue 
et al. [35], through a specimen test study, proposed that a higher concrete strength could increase 
the bond strength of normal CFSTs. The results showed that the bond strengths were 0.45MPa, 
0.56MPa, 0.59MPa and 0.60MPa (the surface was treated by derusting machine) corresponding to 
concrete cube strengths of 41.9MPa, 53.1MPa, 77.8MPa and 83.7MPa. However, the increase was 
not obvious especially for the high strength concrete. 
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Figure 8. Comparison of Bond Strength 

 
3.3.2 Effect of concrete curing condition  
 
Comparison of specimens A-1 and B-4 shows the influence of concrete curing conditions on bond 
strength: group A-1 was cured under natural conditions while group B-4 was cured under sealed 
condition. As shown in Figure 8, bond strength under a natural curing condition was higher than 
that under sealed curing conditions, which matched normal CFSF data from Xue et al. [35]. Some 
researchers thought that the concrete shrinkage caused a tendency to separation between the 
concrete and steel and reduced the bond strength [33-35]. In fact, the concrete and steel only tended 
to separate, but did not do so completely. The tendency to separate causes tensile stress which is 
smaller than the cementing stress. When the load acts on the section, the transverse strain in the 
concrete produces a compressive stress in the steel, but some of the compressive stress is offset by 
the tensile stress caused by the tendency to separate. 
 
3.3.3 Effect of concrete pouring method 
 
Concrete in specimens A-1 and C-5 was vibrated by mechanical vibrator and manual, respectively. 
Figure 8 shows that the specimens vibrated mechanically have a higher bond strength than those 
compacted manually. The study of normal CFSTs by Virdi [32] also showed that adequate 
vibration could make the concrete denser and guaranteed that the steel tube and concrete would 
bond together to increase the bond strength. Otherwise, some clearance might remain between the 
two materials, which reduced the bond strength. 
 
3.3.4 Effect of steel surface appearance 
 
Specimens in group A-1, with their smooth steel surface, had a lower bond strength than specimens 
in D-6 with a rough steel surface (Figure 8). This is because a rough surface can increase the 
mechanical interaction force and the friction. The same results from tests on normal CFSTs were 
also proposed by Shakir-Khalil [34] and Xue et al. [35]. 
 
3.3.5 Effect of slenderness ratio 
 
In order to avoid local buckling of steel, the slenderness ratio of the walls must satisfy the 
stipulated limiting value. Slenderness ratio can be expressed as 4L0/D where L0 is the interface 
length between the concrete and steel tube, and D is the external diameter of the steel tube. The 
slenderness ratios of specimens D-6, E-7, and E-8 were 12.28, 17.19, and 27.37, respectively. As 
shown in Figure 4 and Figure 5, specimens with a higher slenderness ratio sustained a higher 
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ultimate load but had a lower bond strength. The study of normal CFSTs by Virdi [32] and Liu et al. 
[33] showed the opposite trend with a minor increase in the slenderness ratio arrangement from 4 to 
12. The results by Shakir-Khalil [34] showed that the slenderness ratio had no obvious influence on 
bond strength. Xue et al. [36] also found that the bond strength decreased with increasing 
slenderness ratio under an eccentric load which was similar to the results of these tests. Because the 
surface of groups D and E was rough, another three specimens were tested with smooth surface. 
The concrete strength was 31.35MPa. The bond strength were 1.56MPa, 1.57MPa and 1.21MPa 
corresponding to slenderness ratios of 12.28, 17.19 and 27.36. The results showed that the larger 
slenderness ratio had far smaller bond strength and the change of bond strength was not obvious 
when the slenderness ratio was small (less than 12). More detailed studies about the effects of 
slenderness ratio are needed. 
 
3.3.6 Effect of diameter to thickness ratio 
 
The diameter to thickness ratio reflects the strength of the steel tube to some extent, which can be 
expressed as D/t where D is the external diameter of the steel tube, and t is the thickness of the tube. 
The diameters to thickness ratio of specimens D-6 and F-9 were 28.5 and 45.6, respectively. The 
test results showed that the larger the diameter to thickness ratio, the lower the bond strength. 
Roeder et al. [12] also got the same results when studying normal CFSTs, but the results from 
normal CFSTs proposed by Virdi [32] indicated that the diameter-to-thickness ratio influenced 
bond strength less and the test results were scattered. 
 
 

4.   DISCUSSION OF REPEATED PUSH-OUT TEST RESULTS 
 
Repeated push-out tests were conducted on four specimens (A-1-c, A-3-a, C-5-c and D-6-a). After 
the initial push-out test, the lightweight aggregate concrete slipped from the bottom of the steel tube 
to the upper end and the empty space changed from upper to bottom end. Then, take off the 
specimen from the loading system and reverse the two end of specimen to make the empty space at 
the upper end. A repeated loading process of initial push-out testing was conducted on the reversed 
specimen. The push-out test process had four load cycles in two directions containing the initial one, 
which was called the repeated push-out test here.  
 
The load-slip curves of the repeated push-out tests are shown in Figure 9, where n is the number of 
cycles. Figure 9 shows that the ultimate load of n = 1 is the largest. For push-out at n = 1, the bond 
strength is provided by a cementing force and mechanical interaction. In other push-out tests, the 
cementing force is destroyed and the mechanical interaction is reduced by the previous slippage. 
The bond strength is mainly offered by the friction which is also reduced because of the smoother 
interface caused by slippage. Through the analysis of normal CFSTs, such a friction reduction was 
also proved by Xue et al. [35]. It also causes, in the same push-out direction as n = 1, 3 or n = 2, 4, 
the bond strength to decrease as the number of cycles increases. Generally, it is considered that the 
roughness of interface reduces more with increasing slip and cycling time. However, the test results 
showed that the bond strength at n = 4 was higher than that at n = 3. 
 
After reaching the ultimate load, the load-slip curves for push-out in the same direction had similar 
trends: n = 3 tended to n = 1, and n = 4 tended to n = 2. The ultimate load for push-out 
corresponding to a larger number of cycles in the same direction was smaller. It was easier for the 
increase in friction caused by macro-dimensional deviation to balance the ultimate load. This 
resulted in a rising trend of the curves for n = 3, 4 compared to those of n = 1, 2, and caused the 
curves for push-out in the same direction to come together. However, these were not mentioned in 
the studies of normal CFST tests, but the tests result figures by Xue et al. also showed the similar 
conclusions [35].  
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Figure 9. Load (N)-Slip (S) Curves: Repeated Push-out Test 

 
 
5.   BOND STRENGTH PREDICTION 
 
Through the analysis of main factors on bond strength of LACFSTs, it can be concluded that the 
surface roughness, the slenderness ratio, and the diameter-to-thickness ratio are the main factors 
affecting behavior of the LACFST. The influence of concrete strength is not considered when 
calculating bond strength because of its smaller impact. Effects of concrete pouring and curing 
method on the bond strength cannot be ignored; but the influences of the two are not quantitatively 
considered due to the complexity of actual construction situations. Generally, the pouring and 
curing quality of concrete can be ensured according to the standard process of construction. In the 
process of a push-out test, the concrete is restrained by the steel tube, and the steel properties affect 
the bond strength. Some bond slip studies of normal CFSTs considered this by adopting a 
confinement coefficient and a steel area ratio [37], but the influence of steel area ratio and 
confinement coefficient are actually consistent when the effect of concrete strength is not 
considered. In practical engineering, the restraining effect of the steel tube on the concrete should 
be ensured because a low confinement coefficient causes local buckling. Meanwhile, slip occurs 
only with difficulty under conditions of obvious radial deformation of the steel tube caused by local 
buckling. The steel tube is required to deliver sufficient constraint to the concrete, otherwise it is 
not meaningful to discuss the interface bond slip. As shown in Figure 4, all of the specimens had no 
local buckling in the testing process. Based on the previous research into LACFSTs, a 
confinement coefficient larger than 1.0 was suggested to ensure the constraint effect [38]. Therefore, 
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the influence of steel properties was not considered in this discussion. In addition, the influence of 
other factors is considered by a safety coefficient. 
 
With reference to the previous studies on normal CFSTs, a bond strength calculation formula was 
proposed according to the regression on the test results: 

4.1625 0.2226 0.0477
L D

k
d t

                 
                            ( 1 ) 

Where, τ is the bond strength of an LACFST; γ is the safety coefficient; k is the influence 
coefficient for steel surface condition; l is the length of the interface; t is the thickness of the steel 
tube; d and D are the internal and external diameters of the steel tube, respectively. According to the 
suggestion arising from normal CFST studies, γ takes the value of 0.9 considering the errors in 
fabrication and unfavorable curing condition; k takes the value of 1.3 for a rusty surface without 
any de-rusting, 1.0 for a rusty surface with manual de-rusting, and 0.75 for rustless surfaces or rusty 
surfaces subjected to mechanical de-rusting [37]. 
 
The results from the use of Equation (1) are listed in Table 3 and compared to the test results. In the 
table, specimens B-4 and C-5 were not analyzed because the condition is not adopted in 
engineering practice. The average ratio of calculated bond strength to the test value was 0.973 with 
a standard deviation value of 0.033. The comparison shows that the results from Eq. 1 are accurate, 
and matched test data. 
 

Table 3. Comparison of Test and Calculation Results 

Specimen 
Size (mm) 

D×t×L 
L/d D/t γ k 

Bond strength (MPa) 
τ2 / τ1 

Test(τ1) Calculation(τ2) 
A-1 114×4×350 3.30 28.5 0.9 0.75 1.42 1.396 0.983 
A-2 114×4×350 3.30 28.5 0.9 0.75 1.52 1.396 0.919 
A-3 114×4×350 3.30 28.5 0.9 0.75 1.39 1.396 1.004 
D-6 114×4×350 3.30 28.5 0.9 1.3 2.45 2.420 0.988 
E-7 114×4×490 4.62 28.5 0.9 1.3 2.09 2.076 0.993 
E-8 114×4×780 7.36 28.5 0.9 1.3 1.46 1.363 0.933 
F-9 114×2.5×350 3.30 45.6 0.9 1.3 1.48 1.466 0.990 

Average 0.973 
 
 
6.   CONCLUSIONS 
 
The factors influencing bond strength were different from those found in studies of normal 
concrete-filled steel tubes. To clarify these reasons for this, a further study is needed. According to 
the test results and studies of the references, the following conclusions were obtained.  
 
(1) The push-out tests on lightweight aggregate concrete-filled steel tubes gave two types of 
load-slip curves which either had obvious peaks or not. It depended on whether the friction after 
slip being smaller than the initial bond force or not. Each type of curve had three trends after 
ultimate load due to the degree of macro-dimensional deviation. 
 
(2) According to these test, the bond strength was independent of the lightweight aggregate 
concrete strength. On the other hand, higher diameter-to-thickness ratios resulted in smaller bond 
strength. Moreover, a good quality of concrete vibration and curing could improve the bond 
strength. 
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(3) The repeated push-out test results showed that the ultimate load and bond strength 
corresponding to the first time push-out were the largest. In the same push-out direction, the 
ultimate load and bond strength decreased in time. After the ultimate load was conducted, the 
load-slip curves for push-out in the same direction were similar. These data were consistent with 
evidence from studies on normal concrete filled steel tubes. 
 
(4) A calculation method of bond strength was proposed based on the test results. A comparison 
between test results and calculation results showed that the method was accurate when calculating 
the bond strength of lightweight aggregate concrete-filled steel tubes. 
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