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Abstract: This paper investigates the mechanical behavior of ultra-high-performance concrete-filled steel tubes 7 
(UHPCFST) under repeated eccentric compression. A total of 30 UHPCFST specimens are designed, fabricated, and tested. 8 
The design variables include steel tube thickness, UHPC type, loading eccentricity and load pattern. Failure modes, force-9 
axial shortening curves, section strain distributions, lateral deflection distributions, bearing capacity and stiffness are 10 
studied. Three failure modes, i.e., steel tube bulge, compressive crush and tensile crack of the UHPC infill are observed. 11 
Specimens with larger loading eccentricity and thinner steel tube are more likely to exhibit all the three modes. Subjected 12 
to eccentric loading, the compressive strength and stiffness of the UHPCFST increase significantly with the increase of 13 
steel tube thickness and UHPC strength. In the case of repeated loading, stiffness degradation is observed. Existing 14 
formulas for the N-M curve and the eccentric compressive capacity are evaluated against the test results. A formula for 15 
eccentric compressive stiffness is derived based on the parabolic function assumption. Additionally, an empirical model is 16 
introduced to describe the force-axial shortening relationship of the UHPCFST under repeated eccentric compression, 17 
which may be applied in practical design and analysis. 18 
 19 
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 21 

1. Introduction 22 

Due to its advantages such as affordability, malleability, and high compressive strength, concrete has become one of 23 
the most widely used construction materials over centuries [1]. Numerous studies have shown that the mechanical 24 
properties of concrete significantly improve when subjected to tri-compression [2–4]. Concrete-Filled Steel Tubes (CFSTs) 25 
exploit this property and have gained significant attention in the field of structural engineering[5–7]. CFST technology has 26 
found practical applications in. i.e., civil constructions, including high-rise buildings[8], bridges[9], and cooling towers[10]. 27 
In pursuit of higher mechanical properties, a promising cement-based material known as Ultra-High-Performance Concrete 28 
(UHPC) [11–13] emerged and has the potential to replace traditional concrete. Filling steel tube with UHPC leads to the a 29 
high performance composite form known as Ultra-High-Performance Concrete-Filled Steel Tube (UHPCFST) [14–17]. 30 
This high-performance and innovative composite component is gaining increasing attention and is being recognized as a 31 
significant potential structural form for the future of construction and engineering. 32 

In the recent decades, a structure form, diagrid structure, draws most attentions in the area of civil engineering[18–33 
20], seen in Fig.1. Compared to the common frame structure with horizontal beams and vertical columns, a diagrid structure 34 
removes almost all horizontal components and uses diagrid columns to provide lateral stiffness and axial stiffness 35 
simultaneously, providing required lateral stiffness for earthquake resistance design. During an earthquake, columns in 36 
diagrid structures will undergo axial or eccentric loading cycles. CFST exhibit superior mechanical behavior under axial 37 
or eccentric loading, which can explains why they have been widely used in diagrid structures[21,22], such as the 38 
Guangzhou West Tower and the Guangzhou Television Tower. Consequently, the axial and eccentric compression 39 
responses of CFST remain a hot topic of research. Han[7] conducted numerous eccentric loading tests on CFST and 40 
developed an N-M curve to predict eccentric load-bearing capacity. Inspired by traditional CFST, Carbon-FRP[23], inner 41 
spiral stirrup[24], different section type (L-shaped[25] and T-shaped[26]) and concrete-encased[27] enhancement CFST 42 
have also been studied under eccentric compression. Despite these advancements, research on UHPCFST subjected to 43 
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repeated eccentric compression is still lacking, which is important to evaluate its seismic performance. Recent studies have 44 
shown promising results in the axial[28,29] and flexural[30] performance of UHPCFST, particularly in enhancing load-45 
bearing capacity and ductility. However, the understanding of its behavior under repeated eccentric loading conditions 46 
remains limited. It’s urgent to conduct studies to address this knowledge gap. 47 

  
 a). GuangZhou West Tower  b). Cooling tower of power plant  

 Engineering applications of diagrid structure  
In section 2, thirty UHPCFSTs are subjected to both monotonic and repeated eccentric compression tests to examine 48 

their mechanical properties. the experimental program, including specimens design, materials tests, test set-up and loading 49 
pattern, is introduced. In section 3, the failure modes, force-axial shortening curve, section strain distribution, lateral 50 
deflection distribution and presented, based on those test results, bearing capacity, loading stiffness and stiffness 51 
degradation are systematically analyzed. In section 4, an empirical model is proposed to describe the relationship between 52 
force and axial shortening of UHPCFST under repeated eccentric compression. In the empirical model, eccentric bearing 53 
capacity and stiffness are discussed in detail. Existed formulas for predicting eccentric compressive bearing capacity of 54 
CFST are assessed. A formula to estimate the initial stiffness under eccentric compression is developed, and a formula for 55 
stiffness degradation is proposed, which enables the calculation of unloading and reloading stiffness.  56 
 57 

2. Experimental program 58 

2.1. Specimen design 59 
Thirty UHPCFST specimens are tested to investigate the mechanical behavior of UHPCFST under repeated eccentric 60 

compression. Three types of UHPC, each with a different volume fraction of coarse aggregate, are used along with three 61 
different steel tubes to fabricate the specimens. The specimens are divided into two groups of fifteen: one for monotonic 62 
eccentric compression tests and the other for repeated eccentric compression tests. The monotonic loading specimens are 63 
designed for comparative analysis in terms of mechanical responses such as the skeleton curve and damage evolution with 64 
repeated loading specimens. The design details of all the thirty specimens are provided in Table.1. The steel tubes have a 65 
diameter of 168 mm, and the height of each specimen is three times its diameter to ensure stability. Steel thicknesses of 6 66 
mm, 8 mm, and 10 mm are used to assess the impact of steel confinement. The volume fractions of coarse aggregate are 67 
0%, 15%, and 30%, respectively. Additionally, eccentricities of 10 mm, 30 mm, and 50 mm are chosen to study the effect 68 
of the eccentricity of the imposed compression load. 69 

Table.1 Specimen design. 70 
Label 𝑡𝑡 𝑒𝑒 𝑓𝑓𝑦𝑦 𝐸𝐸𝑦𝑦 𝑉𝑉𝑐𝑐𝑐𝑐 𝑓𝑓𝑐𝑐𝑐𝑐 𝑓𝑓𝑐𝑐𝑐𝑐 𝛼𝛼 𝜉𝜉 Loading 
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(mm) (mm) (MPa) (GPa) (%) (MPa) (MPa) Type 
D168T6CA15E10-M 6 10 450 209 15 134 114 0.160 0.631 Monotonic 
D168T6CA15E30-M 6 30 450 209 15 134 114 0.160 0.631 Monotonic 
D168T6CA15E50-M 6 50 450 209 15 134 114 0.160 0.631 Monotonic 
D168T8CA15E10-M 8 10 374 210 15 134 114 0.222 0.727 Monotonic 
D168T8CA15E30-M 8 30 374 210 15 134 114 0.222 0.727 Monotonic 
D168T8CA15E50-M 8 50 374 210 15 134 114 0.222 0.727 Monotonic 
D168T10CA15E10-M 10 10 401 208 15 134 114 0.289 1.015 Monotonic 
D168T10CA15E30-M 10 30 401 208 15 134 114 0.289 1.015 Monotonic 
D168T10CA15E50-M 10 50 401 208 15 134 114 0.289 1.015 Monotonic 
D168T6CA00E10-M 6 10 450 209 0 125 101 0.160 0.712 Monotonic 
D168T6CA00E30-M 6 30 450 209 0 125 101 0.160 0.712 Monotonic 
D168T6CA00E50-M 6 50 450 209 0 125 101 0.160 0.712 Monotonic 
D168T6CA30E10-M 6 10 450 209 30 142 129 0.160 0.557 Monotonic 
D168T6CA30E30-M 6 30 450 209 30 142 129 0.160 0.557 Monotonic 
D168T6CA30E50-M 6 50 450 209 30 142 129 0.160 0.557 Monotonic 
D168T6CA15E10-R 6 10 450 209 15 134 114 0.160 0.631 Repeated 
D168T6CA15E30-R 6 30 450 209 15 134 114 0.160 0.631 Repeated 
D168T6CA15E50-R 6 50 450 209 15 134 114 0.160 0.631 Repeated 
D168T8CA15E10-R 8 10 374 210 15 134 114 0.222 0.727 Repeated 
D168T8CA15E30-R 8 30 374 210 15 134 114 0.222 0.727 Repeated 
D168T8CA15E50-R 8 50 374 210 15 134 114 0.222 0.727 Repeated 
D168T10CA15E10-R 10 10 401 208 15 134 114 0.289 1.015 Repeated 
D168T10CA15E30-R 10 30 401 208 15 134 114 0.289 1.015 Repeated 
D168T10CA15E50-R 10 50 401 208 15 134 114 0.289 1.015 Repeated 
D168T6CA00E10-R 6 10 450 209 0 125 101 0.160 0.712 Repeated 
D168T6CA00E30-R 6 30 450 209 0 125 101 0.160 0.712 Repeated 
D168T6CA00E50-R 6 50 450 209 0 125 101 0.160 0.712 Repeated 
D168T6CA30E10-R 6 10 450 209 30 142 129 0.160 0.557 Repeated 
D168T6CA30E30-R 6 30 450 209 30 142 129 0.160 0.557 Repeated 
D168T6CA30E50-R 6 50 450 209 30 142 129 0.160 0.557 Repeated 

In Table.1, t and e denote, respectively, thickness and load eccentricity; 𝑉𝑉𝑐𝑐𝑐𝑐 is coarse aggregate volume fraction of concrete; 71 
𝑓𝑓𝑐𝑐𝑐𝑐 is cubic compressive strength of UHPC; 𝑓𝑓𝑐𝑐𝑐𝑐 is cylinder compressive strength of UHPC;  𝑓𝑓𝑦𝑦 is yield strength of steel; α is 72 
steel ratio, for circle section, α=4t/d; ξ is confinement factor[7]. The specimens to be tested are labeled with DiTiCAjkEpq-L, 73 
where Di denotes diameters of imm, Ti denotes thickness of imm, CAjk denotes coarse aggregate volume fraction of jk% , Epq 74 
denotes impost load eccentricity of pq mm and L takes M for monotonic loading and R for repeated loading, respectively. 75 

 76 
2.2. Materials tests 77 
2.2.1. Steel tube 78 

Steel coupons were fabricated from the steel tube according to the Chinese code GB/T 228.1:2010[31]. The tensile 79 
tests were executed using a 60T tension-compression quasi-dynamic testing machine located in the Structural Engineering 80 
laboratory of Wuhan University. The force sensor of the machine is used to record the applied force, and an extensometer 81 
is mounted on the test sample to record the tensile strain. The tests are operated under displacement loading control at a 82 
speed of 0.5 mm/min. The primary failure mode is consistently characterized by fractures at the center of the specimens. 83 
Stress-strain curves show yield plateaus, as depicted in Fig.2. Table.2 presents the yield strength, ultimate strength, elastic 84 
modulus, and Poisson’s ratio of the steel coupon samples. 85 
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 Strain-stress curve of steel tube. 87 

Table.2 Properties of steel tube 88 

No 
Sample 
Label 

Seamless steel tube 
diameter(mm) 

Thickness 
(mm) 

Yield 
stress 
(MPa) 

Ultimate 
stress 
(MPa) 

Elastic 
module 
(GPa) 

Poisson’s 
ratio 

1 S1 168 6 450 636 209 0.30 
2 S2 168 8 374 564 210 0.31 
3 S3 168 10 401 661 208 0.28 

 89 
2.2.2. UHPC 90 

Three ultra-high-performance concrete (UHPC) mixtures are examined to study the impact of coarse aggregate 91 
volume fraction on the UHPCFST eccentric compressive behavior. A detailed description of these mixtures is provided in 92 
Table.3. The concrete binder comprises P.O.52.5 cement, silica fume with 95% silicon content, and fly ash. Polypropylene 93 
fibers with a diameter of 18-48 μm and straight copper-coated steel fibers measuring 13 mm in length and 0.2 mm in 94 
diameter are added to the mixture. Highly efficient polycarboxylate superplasticizer powders are utilized to augment the 95 
fluidity of the fresh mixture. The UHPC incorporates quartz sand, with a particle size of 69-178 μm as the fine aggregate, 96 
and basalt, with a size range of 5-10 mm as the coarse aggregate. Based on the recommendations from previous research 97 
[29,30], three coarse aggregate volume fractions are selected: 0%, 15%, and 30% (referred to as CA00, CA15, and CA30, 98 
respectively). These fractions are chosen to balance the strength and workability of the UHPC. 99 

Table.3 Mixture of UHPC 100 
Mixture 
(kg/m3) 

Cement 
Silica 
fume 

Fly 
ash 

Water 
Quartz 
sand 

Coarse 
Aggregate 

Super 
plasticizer 

Steel fiber 
Polypropylene 

fiber 
UHPC-CA00 857 107 107 182 1179 - 11.8 157(2%) 1.9(0.2%) 
UHPC-CA15 725 91 91 154 998 375(15%) 10 157(2%) 1.9(0.2%) 
UHPC-CA30 594 74 74 126 817 750(30%) 8.2 157(2%) 1.9(0.2%) 

 101 
According to the Chinese Code T/CCPA 35—2022[32], cubic samples (100mm x 100mm x 100mm) are fabricated 102 

to measure the cubic compressive strength. Additionally, cylinder samples measuring 100mm in diameter and 200mm in 103 
height are made to measure the cylinder compressive strength and elastic modulus. The measured mechanical properties 104 
are presented in Table.4 105 

Table.4 Mechanical Properties of UHPC 106 

UHPC 
Cubic compressive strength 

(MPa) 
Cylinder compressive strength 

(MPa) 
Elastic module 

(GPa) 
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UHPC-CA00 126 101 47 
UHPC-CA15 135 114 48 
UHPC-CA30 143 129 51 

2.3. Test set-up and load patterns 107 
Eccentric compression tests on the UHPCFST are conducted on a shear-compression testing machine with a 108 

maximum capacity of 30,000kN in the Structural Engineering laboratory at Wuhan University . To accommodate rotational 109 
degrees of freedom at both ends of the specimens, two cylinder-hinges are designed and positioned between the loading 110 
plates of the test machine and the endplates of the specimen. These hinges are aligned vertically during the test setup. The 111 
eccentricity of the load is measured from the central vertical axis of the specimen to the center of the cylindrical hinges. 112 
Axial and lateral deformations of the specimens are measured using Linear Variable Differential Transformers (LVDTs). 113 
The axial force and axial shortening of the specimen are recorded by the loading machine. Five LVDTs are strategically 114 
placed laterally at quarter-height intervals to assess the distribution of lateral deformation. In addition to displacement 115 
measurement, five pairs of gauges are attached to the surface of the steel tube of the specimen to monitor the real-time 116 
distribution of the horizontal and vertical strain along the mid-height section. The setup of the test is illustrated in Fig.3. 117 

e
LVDT-1

LVDT-2

LVDT-3

LVDT-4

LVDT-5

Strain gauges

Specimen

Specimen platen

Cylinder
 hinge

Middle plate

Loading 
direction

Upper 
platen 
fixed

  
 c). Schematic diagram  d). Photograph 

 Test set-up 
The experiment considers two different loading patterns: monotonic eccentric compression and repeated eccentric 118 

compression. Displacement-controlled loading is conducted with varying loading rates and increments, as illustrated in 119 
Fig.4. In the case of monotonic eccentric compression, a constant loading rate of 1 mm/min is applied until the 120 
displacement reaches one-tenth of the specimen height. For the repeated eccentric compression tests, a loading rate of 1 121 
mm/min and a displacement increment of 0.3% of the specimen height is applied until specimen yields. Subsequently, the 122 
loading rate is increased to 2 mm/min, and the displacement increment per loading cycle is increased to 1% of the specimen 123 
height until the displacement reached one-tenth of the specimen height. 124 



 

6 
 

0

5

10

15

20

25

30

35

40
D

is
pl

ac
em

en
t (

m
m

)

Time

Speed
1mm/min

Ending when  displacement reach 
1/10 specimen height

 
0 5 10 15 20 25 30

0

5
10

15
20

25

30
35

40

D
is

pl
ac

em
en

t (
m

m
)

Cycle

Reload 
when force is zero

2mm/min1mm/min

Ending 
when 

displacement
reach

10% specimen
height

1%
 Per round

Loading speed

Disp increment
(% of specimen hight)

0.3%
Per round

Yield

 
 a). Monotonic eccentric compression  b). Repeated eccentric compression 

 Displacement controlled Load patterns 
 125 

3. Test results and analysis 126 

3.1. Test results 127 

3.1.1. Failure modes 128 

After the eccentric compressive tests, the steel tubes are removed from the specimens. Fig.5 displays photos of 129 
specimens illustrating the respective failure modes of the UHPC infill. The typical failure mode comprises three features: 130 
bulging of the steel tube, compressive crushing and tensile cracking of the UHPC infill. The combination of these features 131 
defines the failure modes of the UHPCFST, which are dependent on the design variables. The bulging of the steel tube is 132 
more likely to occur in specimens with smaller eccentricity, thinner tube thicknesses and higher UHPC coarse aggregate 133 
volume fraction. Compressive crushing of the UHPC infill is observed in all test specimens. Horizontal tensile cracking of 134 
the UHPC infill does not occur when the eccentricity is small, such as 10 mm in this study. Specimens with a larger 135 
eccentricity, thinner steel tube thicknesses and higher UHPC coarse aggregate volume fraction tend to exhibit more severe 136 
compressive crushing and tensile cracking in the UHPC infill. 137 

 138 

   
D168T10CA15E10 D168T10CA15E30 D168T10CA15E50 

 a). Effect of eccentricity  
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D168T6CA00E10 D168T6CA15E10 D168T6CA30E10 

 b). Effect of coarse aggregate volume fraction 
 

   
D168T6CA15E50 D168T8CA15E50 D168T10CA15E50 

 c). Effect of steel tube thickness 
 Failure modes of UHPCFSTs under eccentric compression 139 

3.1.2. Force versus axial shortening curve 140 

The compressive force (N) applied to the specimens is plotted against the axial shortening (Δ) in Fig.6. The N-Δ 141 
curves of all the tested UHPCFST specimens exhibit similar characteristics. In the case of a specimen under monotonic 142 
compression, the curve initially shows an linear phase until the steel tube yields. After linear phase, an elastic-plastic phase 143 
follows, and this phase end up with the curve reaches its peak point.  Finally, a descending phase occurs where the 144 
compressive force decreases as the strain increases. In the case of a specimen under repeated compression, an additional 145 
unload and reload phase is added, the N-Δ nearly remains linear in this phase.  146 
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 e). D168T10CA15 
 Force–axial shortening curves of UHPCFSTs under monotonic and repeated eccentric compressions 

The force of the peak point in the curve is defined as the eccentric compressive bearing capacity. It is apparent that 147 
specimens with smaller eccentricity and thicker steel tube exhibit higher eccentric compressive bearing capacity. 148 
Comparing different loading patterns, the bearing capacities of the UHPCFST specimens under repeated loading are lower 149 
than those of the specimens under monotonic loading, which can be attributed to the additional damage accumulated in 150 
the repeated loading process. More specifically, the damage includes tensile crack and compressive crash of UHPC infill 151 
and the development of internal defects of steel. The eccentric compressive stiffness is defined as the slope of the force-152 
axial shortening curve. There are four different kinds of stiffness are investigated in this paper, including initial, decreasing, 153 
unloading and reloading compressive stiffness, and they are defined as the slopes of N-Δ curve for linear, decreasing, 154 
unloading and reloading phases respectively, those phases are mentioned as last paragraph. Specimens with smaller 155 
eccentricity and thicker steel tube exhibit higher initial eccentric compressive stiffness. Conversely, a smaller decreasing 156 
compressive stiffness is observed in specimens with higher eccentricity and confinement factor. In UHPCFST, concrete is 157 
in a tri-compressive state, when the confinement factor is higher, a greater compressive radial force is acted on the UHPC. 158 
Consequently, the ductility of the concrete increases significantly, resulting in a higher residual force of concrete in 159 
decreasing phase at same axial shortening, causing a smaller observed decreasing compressive stiffness.  For unloading 160 
and reloading stiffness, due to the near overlap of the unloading and reloading curves, these two stiffnesses should be 161 
similar. As the loading process progresses, the unloading and reloading stiffnesses decrease gradually. In terms of design 162 
parameter effects, specimens with a thicker steel tube exhibit higher unloading and reloading stiffnesses. This may be 163 
attributed to the reduced volume of concrete in the specimens with thicker steel. Furthermore, Fig.6 shows that the 164 
monotonic loading curves are close to the load envelopes of the respective repeated compressive loading curves. 165 
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3.1.3. Mid-height section vertical strain distribution  166 

As mentioned in Section 2.3, five pairs of strain gauges are attached to the middle-height section of the steel tube to 167 
monitor the real-time strain distribution during the tests. Fig.7 illustrates the vertical strain distribution at 0.2, 0.3, 0.4, 0.5, 168 
0.6, 0.7 and 0.8 of the eccentric compressive bearing capacity before reaching the peak. All vertical strain distributions 169 
exhibit a nearly linear relationship with the position within the section, consistent with the common assumption of a flat 170 
cross-section. 171 
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 a). Effect of tube thickness 
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 b). Effect of coarse aggregate volume fraction 
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 c). Effect of eccentricity 
 

 Strain distribution on the mid-height section of the specimens 
 172 

Fig.7a) shows the effect of tube thickness on the vertical strain distribution of the mid-height section, it can be found 173 
that a specimen with thinner tube tend to have larger tensile strain on the tensile side. Eccentricity also has a significant 174 
effect on the strain distribution. When the eccentricity is small, the vertical strains across the entire section are negative, 175 
indicating that the entire section is under compression. As the eccentricity increases, as shown in Fig.7c), the part of the 176 
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section under tension increases. As marked in Fig.7, it is evident that the neural axis shifts to the compressive side of the 177 
section as volume fraction of coarse aggregate of UHPC increases. This shift occurs because a higher aggregate content 178 
results in more Interfacial Transition Zones (ITZ) in the UHPC, which leads to reduced tensile strength. Consequently, 179 
more tensile cracks developed on the tensile side the section, causing further shift of the neural axial shift to the 180 
compressive side. For a specimen with thicker tube, on the tensile side of the section, thicker tube results in reduced stress 181 
and fewer cracks in the UHPC, and the location of neural axis shift closer to tensile side. 182 

 183 

3.1.4. Lateral deflection distribution 184 

The five LVDTs are positioned along the specimen height to measure the real-time lateral deflections during the tests. 185 
Fig.8 illustrates the lateral deflection distribution at 0.3, 0.5, 0.7 and 0.9 of the eccentric compressive bearing capacity 186 
before reaching the peak. The deflection at the middle height of the specimen consistently exhibits the greatest magnitude 187 
compared to that of other locations. The deflections at one-fourth and three-fourth of the specimen height are very similar, 188 
while the deflections at both ends remain close to zero. The deflection data are fitted both sinusoidally and parabolically 189 
in Fig.8 to show its distribution along the height of the specimen. It is evident that both the sinusoidal and the parabolical 190 
functions are sufficiently accurate to describe the deflection of the specimen, and parabolical function outperforms 191 
sinusoidal function. 192 
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 a). Effect of eccentricity 
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 b). Effect of coarse aggregate volume fraction 

 

   

D168T6CA15E30 D168T8CA15E30 D168T10CA15E30 
 c). Effect of tube thickness 

 Lateral deflection along the height direction 
3.2. Results analysis 193 

3.2.1. Eccentric compressive bearing capacity and initial eccentric compressive stiffness 194 

Eccentric compressive bearing capacity and initial eccentric compressive stiffness are two of the most important values 195 
that evaluate the mechanical properties of a component under eccentric loading. In this section, these two values are 196 
calculated, and the effects of design parameters are quantitatively analyzed. 197 
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 Eccentric compressive bearing capacity of the UHPCFST specimens 
In this paper, eccentric compressive bearing capacity (𝑁𝑁𝑐𝑐𝑢𝑢) of the UHPCFST is defined as the peak compressive force 198 

of the N-Δ curve. Fig.9 shows the eccentric compressive bearing capacity of the UHPCFST specimens with different 199 
eccentricities, steel tube diameters and coarse aggregate volume fractions. Regardless of whether they are monotonically 200 
or repeatedly loaded, the eccentric compressive bearing capacity of the UHPCFST significantly increases with the 201 
increases of thickness of the steel tube and coarse aggregate volume fraction of the UHPC. The eccentric compressive 202 
bearing capacity of the UHPCFST decreases significantly, however, as the eccentricity increases. 203 
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 Eccentric compressive stiffness of the UHPCFST specimens 
The impact of the design variables of the specimen on the initial eccentric compressive stiffness is similar to its effect 204 

on the axial compressive bearing capacity, as illustrated in Fig.9 and Fig.10. As the thickness of the steel tube and coarse 205 
aggregate volume fraction of UHPC increases, the initial stiffness also increases. As the eccentricity increases, the initial 206 
stiffness decreases. 207 

3.2.2. Unloading and reloading stiffness degradation 208 

During an earthquake, structural components undergo multiple cycles of repeated loading, leading to accumulated 209 
damage and resulting in the deterioration of their mechanical properties, including a decrease in stiffness and bearing 210 
capacity. Through repeated eccentric compressive load tests, the degradation of stiffness can be investigated by analysis 211 
unloading and reloading stiffness. Upon examining each unloading and reloading cycle, it can be found that the reloading 212 
stiffness is slightly bigger than the unloading stiffness (< 5%). In this section, the reloading stiffness is employed to evaluate 213 
the degradation of eccentric compressive stiffness in UHPCFST subjected to eccentric compression. 214 

Fig.11 shows the reloading stiffness-axial shortening curve of the UHPCFST specimens with respected to their 215 
eccentricity, steel tube thickness and coarse aggregate. With the increase of axial shortening, the reload stiffness of all 216 
specimens gradually decreases. The rate of stiffness reduction highly depends on the above design factors. Specimens with 217 
a larger eccentric loading, more coarse aggregate and thinner steel tube exhibit a higher rate stiffness degradation. 218 
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 Stiffness degradation of the UHPCFST under eccentric compression 
To quantitatively investigate stiffness degradation in the UHPCFST under eccentric compressive load, a stiffness 219 

reduction factor (𝑘𝑘𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑑𝑑 ) is introduced and can be calculated using Eq. (1), where 𝐾𝐾𝑐𝑐𝑢𝑢𝑢𝑢𝑢𝑢𝑐𝑐𝑑𝑑𝑠𝑠𝑢𝑢𝑢𝑢{𝑠𝑠} represents the reloading 220 
stiffness of the i-th unloading and reloading cycle, 𝐾𝐾𝑠𝑠𝑢𝑢𝑠𝑠𝑠𝑠𝑠𝑠𝑐𝑐𝑢𝑢𝑠𝑠𝑢𝑢𝑠𝑠𝑠𝑠𝑠𝑠𝑐𝑐𝑢𝑢 represents the initial stiffness of the specimen. 221 

 𝑘𝑘𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑑𝑑 = 𝐾𝐾𝑐𝑐𝑢𝑢𝑢𝑢𝑢𝑢𝑐𝑐𝑑𝑑𝑠𝑠𝑢𝑢𝑢𝑢{𝑠𝑠}/𝐾𝐾𝑠𝑠𝑢𝑢𝑠𝑠𝑠𝑠𝑠𝑠𝑐𝑐𝑢𝑢 (1)   
 222 
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 a). Eccentric distance  b). Steel tube thickness  c). 𝑉𝑉𝑐𝑐𝑐𝑐 

 Stiffness degradation of the specimens 
Fig.12 illustrates the relationship between the stiffness reduction factor (𝑘𝑘𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑑𝑑 ) and the unloading axial shortening 223 

for repeated eccentric compressive specimens. It can be observed that tube thickness, coarse aggregate volume fraction, 224 
and eccentricity all have an impact on 𝑘𝑘𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑑𝑑 . Specimens with thicker steel tubes show less stiffness degradation. This is 225 
because the mechanical properties of UHPC decrease more significantly than those of steel during the loading process, 226 
and the specimens with thicker steel tubes have a lower proportion of UHPC. Regarding the coarse aggregate volume 227 
fraction, the UHPC with a higher proportion of coarse aggregate is more prone to cracking, indicating more damage within 228 
the UHPC. The specimens with a lower coarse aggregate volume fraction demonstrate a less pronounced tendency of 229 
stiffness degradation. Fig.12a) displays the relationship between stiffness degradation and eccentric distance. Specimens 230 
loaded with bigger eccentric distance exhibit severe stiffness degradation. As mentioned in Section 3.1.1, specimens with 231 
a larger eccentricity tend to exhibit more severe compressive crushing and tensile cracking in the UHPC infill, which can 232 
explain the severe stiffness degradation. 233 

4. Calculation method of eccentric compressive mechanical performance of 234 

UHPCFST 235 

4.1. Empirical model of force-axial shortening curve 236 
The force-axial shortening curve serves as one of the most valuable characteristics for understanding the mechanical 237 

behavior of UHPCFST under eccentric compression. It is vital for predicting structural response, and optimizing 238 
UHPCFST designs. In this section, we construct an empirical force-axial shortening curve for UHPCFST under eccentric 239 
compression.  240 

The empirical force-axial shortening curve for UHPCFST comprises two parts: the envelope curve and the unload 241 
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and reload path, as seen in Fig.13. 242 

 243 
 Empirical model for UHPCFST under eccentric compressive loading. 244 

The envelope curve is used to describe the mechanical behavior of the structural component under monotonic loads. 245 
As discussed in Section 3.1.2, a typical experimental force-axial shortening curve for UHPCFST under monotonic 246 
compression consists of three phases, i.e., linear, nonlinear hardening, and softening phases. However, for the purpose of 247 
simplification, the nonlinear hardening and softening phase are linearized approximately, as shown in Eq. (2) 248 

 𝐹𝐹 = �
(𝐸𝐸𝐸𝐸)𝑢𝑢  Δ  Δ <  Δ𝑢𝑢

𝐹𝐹𝑢𝑢 + ( Δ −  Δ𝑢𝑢)(𝐸𝐸𝐸𝐸)𝑢𝑢ℎ  Δ𝑢𝑢 <  Δ <  Δ𝑝𝑝
𝐹𝐹𝑝𝑝 − (𝐸𝐸𝐸𝐸)𝑢𝑢𝑠𝑠(𝜀𝜀 − 𝜀𝜀ℎ)  Δ𝑝𝑝 < Δ < Δ𝑐𝑐

 (2)   

A linear model with progressively decreasing stiffness is used to characterize the unloading and reloading behavior 249 
of UHPCFST under repeated eccentric compression. In Eq. (3), Fun represents the unloading force, and Δ𝑐𝑐𝑢𝑢 denotes the 250 
last unloading axial shortening. The reduced section stiffness, (𝐸𝐸𝐸𝐸)𝑢𝑢𝑑𝑑, can be calculated using the original section stiffness, 251 
(𝐸𝐸𝐸𝐸)𝑐𝑐, and the stiffness reduction factor 𝑘𝑘𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑑𝑑  introduced. 252 

 𝐹𝐹 = 𝐹𝐹𝑐𝑐𝑢𝑢 − (𝐸𝐸𝐸𝐸)𝑢𝑢𝑑𝑑(Δ− Δ𝑐𝑐𝑢𝑢)          Δ < Δ𝑐𝑐𝑢𝑢 (3)   
To construct this empirical model, there are keys parameters needs to be determined for each phase, seen in Table.5. 253 

Eccentric compressive bearing capacity (𝐹𝐹𝑝𝑝), eccentric compressive stiffness ((𝐸𝐸𝐸𝐸)𝑐𝑐 and (𝐸𝐸𝐸𝐸)𝑢𝑢𝑑𝑑) are discussed in Section 254 
4.2, 4.3.1 and 4.3.2 respectively. 255 

Table.5 Key parameters in proposed empirical model 256 
Phase  Key parameters 

Elastic 

(𝐸𝐸𝐸𝐸)𝑢𝑢    (Discussed in section 4.3.1) 
𝐹𝐹𝑢𝑢 = 0.8𝐹𝐹𝑝𝑝 

Δ𝑢𝑢 =
𝐹𝐹𝑢𝑢

(𝐸𝐸𝐸𝐸)𝑢𝑢
 

Hardening 
𝐹𝐹𝑝𝑝    (Discussed in section 4.2) 

Δ𝑝𝑝  = Δ𝑢𝑢 +
0.2𝐹𝐹𝑝𝑝
(𝐸𝐸𝐸𝐸)𝑢𝑢

𝑒𝑒𝜉𝜉+
𝑢𝑢
𝑟𝑟    

Softening (𝐸𝐸𝐸𝐸)𝑢𝑢𝑠𝑠 =
𝐸𝐸𝑠𝑠𝐸𝐸𝑠𝑠 + 𝐸𝐸𝑐𝑐𝐸𝐸𝑐𝑐

𝐿𝐿
0.012

𝑒𝑒1.08𝜉𝜉+𝑢𝑢𝑟𝑟 − 1.3
 

Unloading and reloading (𝐸𝐸𝐸𝐸)𝑢𝑢𝑑𝑑      (Discussed in section 4.3.2) 
The remaining parameters of the empirical models are determined through regression analysis. To ensure the 257 

generality of the model, the test specimens are divided into two sets: one for formula regression (24 specimens) and another 258 
for validation (6 specimens). The formula regression set is used to determine the unknown factors in the formulas via 259 
regression analysis. The validation set is to evaluate the applicability and generalization of the proposed empirical model. 260 
Through the regression analysis, the remaining parameters in the above empirical models can be calculated using the 261 
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formulas inTable.5. 262 

4.2. Eccentric compressive bearing capacity 𝑭𝑭𝒑𝒑 263 

There are two approaches to calculate eccentric compressive bearing capacity of UHPCFST, as illustrated in Fig.14. 264 
The first approach uses an eccentric reduction factor to calculate the eccentric compressive bearing capacity from the axial 265 
compressive bearing capacity without considering eccentricity. Another approach is to find the intersection between the 266 
N-M curve and an inclined straight line. To calculate the eccentric compressive capacity of a column with eccentricity 𝑒𝑒 267 
using sectional N-M curves, the sectional moment 𝑀𝑀  should be equal to the sectional force 𝑁𝑁  multiplied by the 268 
eccentricity 𝑒𝑒. Additionally, the point (𝑁𝑁,𝑀𝑀) should lie on the N-M curve. Therefore, an inclined straight line with a 269 
slope of 𝑒𝑒  is applied to intersect the N-M curve. The 𝑁𝑁  value at the intersection point is considered the eccentric 270 
compressive capacity of the column.  271 

  

 a). Approach 1: Eccentric loading reduction factor  b). Approach 2: N-M curve intersection 
 Prediction method for eccentric compressive bearing capacity of columns 

4.2.1. Analysis and evaluation of existed formulas for traditional CFST 272 

Table 6 presents some of the existing formulas that are used frequently to predict the N-M curve of CFST. 273 
 274 

Table.6 N-M curves formulas and code provisions 275 

Source Form of N-M curve Formula 
Related Bearing 

capacity 

Yu[33] 

 

M
M𝑐𝑐

= �1 −
N

N𝑐𝑐
� �1 −

N
N𝑐𝑐𝑠𝑠

� 

𝑀𝑀𝑐𝑐 = �1 −
1
4

𝜉𝜉
𝜉𝜉 + 1

� 𝑓𝑓𝑦𝑦𝐸𝐸𝑠𝑠𝑅𝑅 

N𝑐𝑐 = 𝐸𝐸𝑠𝑠𝑓𝑓𝑦𝑦 + 𝐸𝐸𝑐𝑐𝑓𝑓𝑐𝑐 

N𝑐𝑐𝑠𝑠 = 1.1𝐸𝐸𝑠𝑠𝑓𝑓𝑦𝑦 

Han[7] 

 
⎩
⎪
⎨

⎪
⎧ N

N𝑐𝑐
+ 𝑎𝑎

M
M𝑐𝑐

=1
N

N𝑐𝑐
≥ 2𝜂𝜂0

−𝑏𝑏 �
N

N𝑐𝑐
�
2

− c
N

N𝑐𝑐
+

M
M𝑐𝑐

=1
N

N𝑐𝑐
< 2𝜂𝜂0

 

𝑁𝑁𝑐𝑐 = (𝐸𝐸𝑠𝑠 + 𝐸𝐸𝑐𝑐)𝑓𝑓𝑠𝑠𝑦𝑦 

𝑀𝑀𝑐𝑐 = 𝛾𝛾𝑚𝑚𝑊𝑊𝑠𝑠𝑐𝑐𝑚𝑚𝑓𝑓𝑠𝑠𝑐𝑐𝑦𝑦 
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AISC 360[34] 

 
⎩
⎪⎪
⎨

⎪⎪
⎧

N
N𝑐𝑐

+𝑎𝑎
M

M𝑐𝑐
=1

N
N𝑐𝑐

≥ 2𝜂𝜂0

𝑏𝑏
N

N𝑐𝑐
+𝑐𝑐

M
M𝑐𝑐

=1 2𝜂𝜂0 >
N

N𝑐𝑐
≥ 𝜂𝜂0

𝑑𝑑
N

N𝑐𝑐
+

M
M𝑐𝑐

=1
N

N𝑐𝑐
< 𝜂𝜂0

 

N𝑐𝑐 = 𝐸𝐸𝑠𝑠𝑓𝑓𝑦𝑦 + 𝐸𝐸𝑐𝑐0.85𝑓𝑓𝑐𝑐 

M𝑐𝑐 = 𝑊𝑊𝑝𝑝𝑠𝑠𝑢𝑢𝑓𝑓𝑦𝑦 + 0.5𝑊𝑊𝑝𝑝𝑐𝑐𝑢𝑢0.85𝑓𝑓𝑐𝑐 

EC4[35] 
N𝑐𝑐 = 𝐸𝐸𝑠𝑠𝑓𝑓𝑦𝑦 + 𝐸𝐸𝑐𝑐𝑓𝑓𝑐𝑐 

M𝑐𝑐 = 𝑊𝑊𝑝𝑝𝑠𝑠𝑢𝑢𝑓𝑓𝑦𝑦 + 0.5𝑊𝑊𝑝𝑝𝑐𝑐𝑢𝑢𝑓𝑓𝑐𝑐 

GB50936-2014 
[36] 

 

𝑁𝑁𝑐𝑐𝑢𝑢 = φ𝑢𝑢𝑁𝑁𝑐𝑐 

𝑁𝑁𝑐𝑐 =

⎩
⎨

⎧ 0.9𝐸𝐸𝑐𝑐𝑓𝑓𝑐𝑐(1 + 𝛼𝛼𝜉𝜉)  𝜉𝜉 ≤
1

(𝛼𝛼 − 1)2

0.9𝐸𝐸𝑐𝑐𝑓𝑓𝑐𝑐�1 + �𝜉𝜉 + 𝜉𝜉� 𝜉𝜉 >  
1

(𝛼𝛼 − 1)2

 

Approach 2 (above) is converted to approach 

1(below)[37] 

⎩
⎪
⎨

⎪
⎧
𝑁𝑁
𝑁𝑁𝑐𝑐

+ 0.555
𝑀𝑀
𝑀𝑀u

⩽ 1
𝑁𝑁
𝑁𝑁𝑐𝑐

⩾ 0.255

1− 4
3

0.255
𝑁𝑁
𝑁𝑁𝑐𝑐

+
𝑀𝑀
𝑀𝑀u

⩽ 1
𝑁𝑁
𝑁𝑁𝑐𝑐

< 0.255

 

𝑁𝑁𝑐𝑐 = 𝐸𝐸𝑠𝑠𝑐𝑐𝑓𝑓𝑠𝑠𝑐𝑐 

𝑀𝑀𝑐𝑐 = 0.3𝑟𝑟𝑐𝑐𝑁𝑁0 

In Table.6,. 𝑁𝑁𝑐𝑐  denotes eccentric compressive capacity; 𝑀𝑀𝑐𝑐  denotes ultimate flexural capacity, N𝑐𝑐𝑠𝑠  denotes tensile capacity. φ𝑢𝑢  276 
denotes bearing capacity reduction factor that considers eccentric loading; 𝑁𝑁0 denotes axial compressive capacity; ξ denotes confinement 277 
factor; 𝑒𝑒0 denotes total loading eccentricity on critical section, 𝑟𝑟0 denotes radius of steel tube; and α is a factor that related to concrete grade. 278 
𝑤𝑤𝑠𝑠𝑐𝑐𝑚𝑚 is section module of CFST section; 𝑤𝑤𝑝𝑝𝑠𝑠𝑢𝑢 is plastic section module of steel tube; 𝑤𝑤𝑝𝑝𝑐𝑐𝑢𝑢 is plastic section module of concrete 279 

 280 
Comparing the above N-M curves, the selection of different N-M curves and bearing capacity formulas leads to 281 

different prediction results. For N-M curves, AISC and EC4 adopt a three-phase straight-line model, which is the most 282 
complex one. Han and GB50936-2014 present a two-stage model. Of which GB50936 assumes both stages are linear, 283 
while the second stage of Han's model is nonlinear. Yu's model is the simplest with only one equation. 284 

  
i). N-M curve prediction  ii). Eccentric compressive bearing capacity prediction 

 a). Yu 
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i). N-M curve prediction  ii). Eccentric compressive bearing capacity prediction 

 b). Han 

  
i). N-M curve prediction  ii). Eccentric compressive bearing capacity prediction 

 c). AISC360-10 

  
i). N-M curve prediction  ii). Eccentric compressive bearing capacity prediction 

 d). EC4 
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i). N-M curve prediction  ii). Eccentric compressive bearing capacity prediction 

 e). GB50936-2014 
 Existed formulas prediction 

Both the predictions of the test specimen on N-M curve and eccentric compressive bearing capacity are presented in 285 
Fig.15. For prediction presented in N-M curve, the Yu and Han‘s N-M curves exhibit good agreement with the test results. 286 
Most of the experimental (N and M) points are located outside and close to the respective curves, indicating a safe and 287 
economical design and demonstrating the good accuracy of the N-M curves. For the predictions of EC4, AISC, and 288 
GB50936-2014, all the experimental (N and M) points are located far outside from the N-M curves, suggesting that the 289 
codes have incorporated sufficient safety provisions. Comparing the predicted eccentric compressive capacities with the 290 
experimental values, Yu’s formula shows the best performance with an average error of 3%. GB50936 ranks second with 291 
an average error of 4%, while Han’s model ranks fourth with an average error of 6%. EC4 and AISC significantly 292 
underestimate the eccentric compressive capacity of the UHPCFST tested in this study, with an error approaching 20%. 293 

4.2.2. Calibrated formulas for UHPCFST 294 

However, the previously mentioned formulas are designed for CFST rather than UHPCFST, or they cannot provide 295 
very good predictions for the N-M curve of UHPCFST. Therefore, for the sake of simplicity, Yu's N-M curve formula form, 296 
Eq (4), is adopted for calibration. 297 

 M
M𝑐𝑐

= �1−
N

N𝑐𝑐
��1 −

N
N𝑐𝑐𝑠𝑠

� (4)   

According to previous investigates on repeated axial compressive[38] and tensile[39] mechanical performance of 298 
UHPCFST. Eqs. (5) and Eq (6) are validated and can give the precise predictions on axial compressive and tensile bearing 299 
capacity of UHPCFST, which are applied in the propose N-M formulas for prediction of N𝑐𝑐 and N𝑐𝑐𝑠𝑠. 300 

 
𝑁𝑁0 = �1 + α

𝜉𝜉𝑐𝑐
1 + 𝜉𝜉𝑐𝑐

� �𝐸𝐸𝑐𝑐(𝛾𝛾𝑐𝑐𝑓𝑓𝑐𝑐𝑐𝑐) + 𝐸𝐸𝑠𝑠𝑓𝑓𝑦𝑦� 
(5)   

 
𝛾𝛾𝑐𝑐 = �

𝑑𝑑
168

�
0.11

ξ𝑐𝑐 =
𝑓𝑓𝑦𝑦𝐸𝐸𝑠𝑠

�𝛾𝛾𝑐𝑐𝑓𝑓𝑐𝑐�𝐸𝐸𝑐𝑐
 

 𝑁𝑁0𝑠𝑠 = 1.1𝑓𝑓𝑦𝑦𝐸𝐸𝑠𝑠 (6)   
Regarding the ultimate flexural capacity of UHPCFST, Wu [30] propose a formula for UHPCFST and this formula 301 

can provide precise predictions of the ultimate flexural capacity of UHPCFST. Therefore, the ultimate flexural capacity in 302 
Yu’s model, adopts Wu’s formulas, as shown in Eq. (7). 303 
 

𝑀𝑀𝑐𝑐 = �1−
1
4

𝜉𝜉
𝜉𝜉 + 1

�𝑓𝑓𝑦𝑦𝐸𝐸𝑠𝑠𝑅𝑅 (7)   
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 a). N-M curve prediction   b). Eccentric compressive bearing capacity prediction 

 Code predictions of the eccentric compressive bearing capacity 

With formulas proposed above, the N-M curve prediction and predicted eccentric compressive bearing capacity of 304 
the tested specimens are shown in Fig.16. The proposed formulas show a good predictive capability for the eccentric 305 
compressive capacity of UHPCFST and is selected for the construction of the force-axial shortening empirical model. 306 

 307 
4.3. Eccentric compressive stiffness 308 

In this section, a formula for predicting initial eccentric compressive stiffness is developed. Moreover, an exponential 309 
equation is constructed to calculate stiffness degradation mentioned in section 3.2.2 310 

4.3.1. Initial eccentric compressive stiffness (𝑬𝑬𝑬𝑬)𝒆𝒆 311 

Based on the test results of the lateral deformation in Section 3.1.4, parabolic function can effectively represent the 312 
distribution of lateral deformation. Fig.17 illustrates the schematic geometry of both unloaded and loaded components 313 
under eccentric compression, demonstrating a parabolic distribution. Previous literature[40] provides Eqs.(8) to (10) for 314 
calculating lateral deformation, mid-height lateral deformation, and axial shortening. 315 

 

Parabolic function assumption: 
Basic formulas 

𝑦𝑦 = −
4𝑢𝑢𝑚𝑚

(𝐿𝐿 − ∆)2
(𝑥𝑥 − (𝐿𝐿 − ∆))𝑥𝑥 (8)   

𝑢𝑢𝑚𝑚 = 𝜑𝜑
𝐿𝐿2

8
 (9)   

∆= 8
𝑢𝑢𝑚𝑚2

3𝐿𝐿
+ 𝜀𝜀𝐿𝐿 (10)   

 

 Deformation   
The moment on the mid-height can be calculated from the Force (F), eccentricity (e) and lateral deformation (𝑢𝑢𝑚𝑚), as 316 

shown in Eq. (11).  317 
 𝑀𝑀 = 𝐹𝐹(𝑒𝑒 + 𝑢𝑢𝑚𝑚) (11)   
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Combining Eq. (9) and Eq. (11), the curvature of the mid-height section (𝜑𝜑) can be calculated by Eq.(12).  318 

 𝜑𝜑 =
𝑀𝑀
𝐸𝐸𝐸𝐸

=
𝐹𝐹(𝑒𝑒 + 𝑢𝑢𝑚𝑚)

𝐸𝐸𝐸𝐸
=
𝐹𝐹 �𝑒𝑒 + 𝜑𝜑 𝐿𝐿

2

8 �

𝐸𝐸𝐸𝐸
 (12)   

The mid-height curvature (𝜑𝜑) can be obtained by solving Eq. (6), and is shown in Eq. (13). 319 

 𝜑𝜑 =
8𝐹𝐹𝑒𝑒

8𝐸𝐸𝐸𝐸 − 𝐹𝐹𝐿𝐿2
 (13)   

Introducing the mid-height curvature to Eq. (9), the mid-height lateral deformation can be calculated as,  320 

 𝑢𝑢𝑚𝑚 = 𝜑𝜑
𝐿𝐿2

8
=

𝐹𝐹𝐿𝐿2𝑒𝑒
8𝐸𝐸𝐸𝐸 − 𝐹𝐹𝐿𝐿2

 (14)   

As shown in Eq. (10), the axial shortening consists of two components, i.e., the deformation caused by bending and 321 
the deformation caused by axial compression. The former can be calculated based on Eq. (14) and the latter can be obtained 322 
from the imposed force and the sectional module of the component as shown in Eq. (15).  323 

 𝜀𝜀 = 𝐹𝐹
𝐸𝐸𝐸𝐸

       𝐹𝐹 = 𝐸𝐸𝐸𝐸𝜀𝜀, (15)   

Finally, Eq. (16) is constructed to calculate the axial shortening.  324 

 ∆= 8
𝑢𝑢𝑚𝑚2

3𝐿𝐿
+ 𝜀𝜀𝐿𝐿 =

8
3

𝐹𝐹2𝐿𝐿3𝑒𝑒2

(8𝐸𝐸𝐸𝐸 − 𝐹𝐹𝐿𝐿2)2 +
𝐹𝐹𝐿𝐿
𝐸𝐸𝐸𝐸

 (16)   

To calculate the stiffness, which is F
∆
, F needs to be solved from Eq. (16). However, the Eq. (16) is a quadratic 325 

polynomial of F, which is too complex to solve. Here F
∆
 is constructed. 326 

 327 

 
𝐹𝐹
∆

=
𝐹𝐹

8
3

𝐹𝐹2𝐿𝐿3𝑒𝑒2
(8𝐸𝐸𝐸𝐸 − 𝐹𝐹𝐿𝐿2)2 + 𝐹𝐹𝐿𝐿

𝐸𝐸𝐸𝐸

 (17)   

 328 
In this paper, the section of all specimens is circular. Thus, the sectional areas (A) and the sectional 2nd moment of 329 

area, can be calculated by 330 

 
𝐸𝐸 = 𝜋𝜋𝑟𝑟2 

𝐸𝐸 =
𝜋𝜋
4
𝑟𝑟4 

(18)   

 Introducing Eqs (18) and (15). to Eq.(17) yields the following.   331 

 

F
∆

=
𝐸𝐸𝐸𝐸
𝐿𝐿

1

1 + 8
3
  �𝐿𝐿𝑟𝑟�

2
�𝑒𝑒𝑟𝑟�

2
𝜀𝜀

�2 − 𝜀𝜀  �𝐿𝐿𝑟𝑟�
2
�
2

 

(19)   

 All the above equations were derived by assuming that the column is always elastic and the modules remain constant. 332 
To consider plastic and damage development in the loading process, factors α and β are applied here to replace the 333 
constant factor in Eq.(19), as shown in Eq.(20). The determination of the factor, α and β , are through calibrations from 334 
experimental results. 335 
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𝜕𝜕𝐹𝐹
𝜕𝜕∆

=
𝐸𝐸𝐸𝐸
𝐿𝐿

1

1 +
β  �𝐿𝐿𝑟𝑟�

2
�𝑒𝑒𝑟𝑟�

2

�2 − α  �𝐿𝐿𝑟𝑟�
2
�
2

 

(20)   

 336 
From Eq. (20), an increase of L/r or e/r will result in a decrease of stiffness, which is consistent with the experimental 337 

observation. 338 
In this paper, the section module can be calculated as the superposition of the section modules of concrete and steel 339 

tube. i.e., 𝐸𝐸𝐸𝐸 =  𝐸𝐸𝑠𝑠𝐸𝐸𝑠𝑠 + 𝐸𝐸𝑐𝑐𝐸𝐸𝑐𝑐 . The factors 𝛼𝛼  and β are 0.18 and 0.93, respectively, determined through numerical 340 
regression using the experimental results from the regression group in this study.  341 

To verify the wider applicability of the proposed equation, the fiber model method[41] is employed to generate a set 342 
of simulated specimens. As illustrated in Fig.18 a), the fiber model provides accurate predictions of eccentric compressive 343 
stiffness. Table 7 shows the parameters of the 225 simulated specimens. 344 

Table.7 Parameter selection of expanded simulation specimen set 345 
𝑑𝑑 𝑡𝑡/𝑑𝑑 𝑒𝑒/𝑟𝑟 𝑙𝑙/𝑑𝑑 

100, 200, 300, 400, 500 0.02, 0.04, 0.06, 0.08, 0.1 0.2, 0.4, 0.6 3, 6, 9 
In Table.7,. d is the diameter of steel tube, t is the thickness of steel tube, e is the loading eccentricity and l is the length of 346 

specimen. 347 
In Fig.18 b), a comparison between the simulated stiffness and the predicted stiffness from the formula indicates that 348 

the proposed model provides a satisfactory prediction of the eccentric compressive stiffness. The ratio between simulated 349 
stiffness and formula-calculated stiffness is used to evaluate the predictive capacity of the formulas. For the predictions of 350 
the test sets, the mean ratio is 1.03 with a standard deviation of 0.13. For the predictions of the simulated set, the mean 351 
ratio is 0.98 with a standard deviation of 0.31. The proposed formulas can be applied to the commonly used parameters 352 
range (Table 7) of UHPCFST. 353 
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 a). Validation of fiber model   b). Prediction of proposed formula 
 Evaluation of the proposed formulas for predicting eccentric compressive stiffness of UHPCFST 354 

4.3.2. Degradation of eccentric compressive stiffness (𝑬𝑬𝑬𝑬)𝒆𝒆𝒅𝒅 355 

In Section 3.2.20, stiffness degradation of UHPCFST under eccentric compression is observed and analyzed. Due to 356 
the absence of a clear theoretical approach for deriving stiffness degradation from traditional damage mechanisms or 357 
alternative methods, this article employs an empirical form for simplicity. According to the definition of the stiffness 358 
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reduction factor in Eq (1), the formula modeling this stiffness reduction factor should pass through (0,1) and exhibit a 359 
decreasing trend, with output values ranging between 0 and 1. To meet those constraints, an exponential decreasing formula 360 
has been selected here to describe this stiffness degradation, as shown in Eq. (21). 361 

 

(𝐸𝐸𝐸𝐸)𝑢𝑢𝑑𝑑 = 𝑘𝑘𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑑𝑑 (Δ)(𝐸𝐸𝐸𝐸)𝑢𝑢 

𝑘𝑘𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑑𝑑 = 𝑒𝑒−�
Δ/Δp
η �

β

 

𝐷𝐷 = 𝑒𝑒−�
Δ/Δp
η �

β

 

(21)   

By regression using the experimental results of regression set, the two factors, β and η, can be calculated by Eq. 362 
(22). As stated previously, the formulas, Eq.(22), presented are empirical and lack physical significance, which constitutes 363 
a limitation of this study. 364 

 
η = 66.38ξ − 17.48𝑉𝑉𝑐𝑐𝑐𝑐 + 0.05

𝑒𝑒
𝑟𝑟
− 4.97 

β = −1.05ξ − 0.41𝑉𝑉𝑐𝑐𝑐𝑐 − 1.12
𝑒𝑒
𝑟𝑟

+ 2.52 
(22)   

Fig.19 shows that the proposed formula can give a relatively accurate prediction on the stiffness reduction factor 365 
(𝑘𝑘𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑑𝑑 ).  366 
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 a). Eccentric distance  b). Steel tube thickness  c). 𝑉𝑉𝑐𝑐𝑐𝑐 

 Prediction of stiffness degradation  
 367 

4.4. Empirical model validation 368 

Fig.20 and Fig.21 present comparisons between the predictions of the proposed empirical force-axial shortening 369 
formulas and the experimental data obtained from tests for regression and validation sets, respectively. 370 
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 Prediction of the proposed empirical model on formulas regression set  

Compared to the experimental results used in both the regression and the validation set, the force-axial shortening 371 
model proposed in this paper accurately predicts the force-axial shortening curves under monotonic loading and the 372 
skeleton force-axial shortening curves from repeated loading tests. Additionally, it offers accurate predictions for the 373 
unloading and reloading curves observed in the repeated loading tests. 374 

   

   
 Prediction of proposed empirical model on validation set 

Future investigations could focus on the eccentric compressive mechanical behavior of UHPCFST slender columns, 375 
with a particular emphasis on the stability aspects. Additionally, exploring the eccentric compressive mechanical behavior 376 
of UHPCFST with different cross-sectional shapes, such as rectangular, could also be a valuable research direction. 377 

5. Conclusion 378 

In the present work, 30 UHPCFST specimens are tested under monotonic and repeated eccentric compression to 379 
investigate the eccentric compressive mechanical performance of the UHPCFST. Based on the results and discussions 380 
presented in this paper, the following conclusions can be drawn. 381 

1) The typical failure mode comprises three features: bulging of the steel tube, compressive crushing, and tensile 382 
cracking of the UHPC infill. The bulging of the steel tube is more likely to occur in specimens with smaller loading 383 
eccentricity, thinner tube thicknesses and higher UHPC coarse aggregate volume fraction. Specimens with larger loading 384 
eccentricity, thinner steel tube and higher UHPC coarse aggregate volume fraction tend to exhibit more severe compressive 385 
crushing and tensile cracking in the UHPC infill. 386 

2) Stiffness degradation is observed, where the stiffness decreases with the increase of axial shortening. Specimens 387 
with thinner steel tube thickness, more coarse aggregates and larger eccentricity present a more serious stiffness 388 
degradation. 389 

3) A new N-M curve for UHPCFST is proposed. The experimental results are used to evaluate the N-M curves of 390 
Yu, Han, EC4, AISC360, and proposed model, as well as their eccentric bearing capacities (also GB50936). The evaluation 391 
shows that the proposed model can provide accurate predictions on eccentric bearing capacity.  392 
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4) A formula for predicting eccentric compressive stiffness is derived with a parabolic shape function. Validated by 393 
experimental and numerical data, the propose model can give an acceptable prediction.  394 

5) An empirical model is proposed to describe the force-axial shortening curve of UHPCFST under eccentric 395 
compression. The proposed model can give accurate force-axial shortening for UHPCFST under eccentric compression. 396 
This model can be applied in practical design, analysis, and numerical calculations of UHPCFST. 397 
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