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Abstract. Alkali-activated concrete, a low-carbon material derived from indus-

trial by-products, offers a promising alternative to traditional cement. When ap-

plied in concrete-filled steel tube (CFST) structures, it can reduce environmental 

impact and expand the selection of structural materials. However, its high 

shrinkage may compromise the bond strength and composite action between the 

steel tube and concrete. To improve its mechanical performance, this study in-

vestigates the effect of different dosages of UEA expansive agent on the behavior 

of eccentrically loaded CFST columns using alkali-activated concrete. The re-

sults indicate that a proper amount of expansive agent can effectively reduce 

shrinkage, enhance the bond at the steel–concrete interface, and improve both 

early and long-term strength. The mixture with 5% UEA demonstrated the best 

overall mechanical performance. 
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1 Introduction 

With increasing demands on structural load capacity due to the rise of high-rise and 

long-span buildings, concrete-filled steel tubes (CFSTs) have gained popularity for 

their enhanced strength from steel-concrete interaction. The steel tube provides con-

finement, improving performance through a triaxial stress state, and acts as permanent 

formwork to simplify construction [1, 2]. However, their high cost limits widespread use 

[3-5]. To address this, researchers have used alkali-activated concrete (AAC), made from 

slag and fly ash, as a sustainable infill. Yet, AAC’s high shrinkage weakens interface 

bonding and structural synergy, potentially causing cracks under restraint. Studies 

show that adding expansive agents improves shrinkage behavior and bond performance 

in conventional CFSTs [6, 7]. This study extends that approach to AAC by incorporating 

varying UEA contents and examining their effects on the mechanical behavior of 

eccentrically loaded AAC-filled steel tube columns [8]. 
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2 Experimental Design 

2.1 Test Plan 

In this experiment, circular Q235 steel tubes were used, with an outer diameter (D) of 
133 mm, a height (H) of 400 mm, and a wall thickness of 2 mm. A steel plate was 
welded to the bottom end of each tube to prevent concrete leakage during casting. 

The alkali-activated concrete (AAC) inside the steel tubes had a water-to-binder 
ratio of 0.45, using slag (BS) and fly ash (FA) as the sole cementitious materials. The 
activators consisted of NaOH and Na₂O·nSiO₂, while the expansion agent dosage was 
varied at 0%, 5%, and 10%, forming three different concrete mix designs. All eccen-
trically loaded CFST columns had an eccentricity of 20 mm. The specific concrete mix 
proportions are detailed in Table 1. 

Table 1. Mix proportions of alkali activated concrete 

Unit: kg/m3

FA BS Water Superplasticizer Aggregate Sand NaOH Na2O·nSiO₂ 

160 240 180 1 983 628 17.7 44.1 

160 240 180 1 983 628 17.7 44.1 

160 240 180 1 983 628 17.7 44.1 

The fly ash used in this experiment was sourced from a power plant in Yanji City, 
with a density of 2200 kg/m³. The slag was obtained from a new materials company in 
Henan Province, with a density of 2890 kg/m³. The fine aggregate was river sand from 
Yanji, Jilin Province (density: 2.53 g/cm³), and the coarse aggregate was natural gravel 
(density: 2.78 g/cm³). The UEA expansion agent had a density of 2.7 g/cm³, while the 
mixing water was ordinary tap water. The activators used were NaOH (purity: 99.0%) 
and Na₂O·nSiO₂ (purity: 82.0%). The chemical compositions of the cementitious 
materials were determined using X-ray fluorescence (XRF) analysis, as shown in Table 
2. 

Table 2. Chemical Composition of Cementitious Materials 

Compositions SiO2 Al2O3 Fe2O3 CaO MgO SO3 Loss
BS 53.92 31.16 4.21 4.02 1.02 0.72 2.32
FA 34.5 17.8 1.02 33 6.02 1.63 0.86

2.2 Experimental Method 

The mechanical property tests in this study were conducted with reference to GB/T 
50081-2019 Standard for Test Methods of Physical and Mechanical Properties of 
Concrete [9], while the shrinkage tests were carried out with reference to GB/T 
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50082-2024 Standard for Test Methods of Long-term Performance and Durability of 
Ordinary Concrete [10].  

The experiment was conducted using a pressure-controlled testing machine with a 
maximum capacity of 5000 kN, as shown in Figure 1. The test setup and procedure 
were similar to those used in the author's previous research [11]. To verify the func-
tionality of the instruments and data recording system, a 20 kN preload was applied 
before the test to eliminate the effects of uneven force distribution and poor contact, 
ensuring proper equipment operation. Subsequently, an eccentric load was applied to 
the top of the column using displacement control at a rate of 0.5 mm/min until the load 
dropped below 70% of the peak value or the displacement reached 30 mm, at which 
point the test was terminated. To ensure uniform eccentric loading, the specimen was 
precisely positioned on the V-shaped loading plate. Four sets of strain gauges were 
attached to the outer surface at the mid-height of the steel tube. Axial deformation was 
measured using two LVDTs, while three LVDTs positioned at quarter-height intervals 
monitored lateral deflection. 

 
Figure 1. Testing Equipment and Strain Gauge Arrangement. 

3 Experimental Results and Analysis 

3.1 Compressive Strength of Alkali-Activated Concrete 

Figure 2. illustrates the compressive strength of alkali-activated concrete with different 
expansion agent dosages at 3, 7, and 28 days. At 3 days, the compressive strengths were 
24.75 MPa, 28.49 MPa, and 27.36 MPa, while at 7 days, they were 39.1 MPa, 37.8 
MPa, and 37.1 MPa. The high early hydration rate of the alkali-activated system, 
especially under high alkalinity and temperature conditions, facilitated the rapid for-
mation of C-A-S-H and N-A-S-H gels, which filled voids and enhanced material den-
sity and strength. However, after 7 days, the reaction of active silica and alumina 
approached saturation, leading to a slowdown in strength development, with some 
unreacted particles being encapsulated by hydration products, further reducing reaction 
rates. 
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Figure 2. Compressive Strength of Alkali-Activated Concrete with Different Expansion Agent 

Dosages. 

At 28 days, the compressive strengths were 72.3 MPa, 75.1 MPa, and 69.3 MPa, 
with the 5% expansion agent group exhibiting the most significant strength improve-
ment. This was attributed to the expansion agent compensating for shrinkage, reducing 
microcracks, and enhancing compactness. However, a 10% dosage resulted in an 8.3% 
strength reduction due to excessive expansion agent introducing additional pores, 
which decreased concrete density. 

3.2 Alkali Activated Concrete Shrinkage Value 

Figure 3. presents the drying shrinkage values of alkali-activated concrete (AAC) with 
different expansion agent dosages. At 28 days, the drying shrinkage values for AAC 
with 0%, 5%, and 10% expansion agent dosages were 1174.7×10⁻⁶, 1014.14×10⁻⁶, and 
1100×10⁻⁶, respectively. By 45 days, these values increased to 1300.9×10⁻⁶, 
1092.2×10⁻⁶, and 1199.1×10⁻⁶, after which the shrinkage values stabilized.  

 
Figure 3. Dry Shrinkage of Alkali-Activated Concrete with Different Expansion Agent Dosages. 



occurring in the midsection of the steel tube. 
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3.3 Failure Modes of Eccentrically Loaded Alkali-Activated Concrete-Filled 
Steel Tubes 

Figure 4. illustrates the failure modes of eccentrically loaded alkali-activated con-
crete-filled steel tubes (AACFSTs) with different expansion agent dosages. As ob-
served in the figure, the failure patterns remain generally consistent across specimens 
with varying expansion agent contents. After failure, the specimens exhibit noticeable 
bending deformation. The AACFST columns experienced local buckling of the steel 
tube accompanied by significant bending deformation, with the buckling primarily 

 
c) 10% Expansion Agent a) 0% Expansion Agent b) 5% Expansion Agent 

Figure 4. Failure Modes of Eccentrically Loaded Alkali-Activated Concrete-Filled Steel Tubes 
with Different Expansion Agent Dosages. 

3.4 Load-Displacement Curves of Eccentrically Loaded Alkali-Activated 
Concrete-Filled Steel Tubes 

Figure 5. presents the load-displacement curves of eccentrically loaded alkali-activated 
concrete-filled steel tube (AACFSTs) columns with different expansive agent dosages. 
As the dosage increased, the ultimate bearing capacities were 795 kN, 817 kN, and 813 
kN, respectively. Compared to the specimen without an expansive agent, the capacities 
of the 5% and 10% dosage groups increased by 2.8% and 2.2%, respectively. 

 
Figure 5. Load-Deflection Curves of Alkali-Activated Concrete-Filled Steel Tubes with Dif-

ferent Expansion Agent Dosages. 
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In the initial loading stage, the load-displacement relationship was linear, with weak 
interaction between the steel tube and the core concrete. Entering the elastoplastic 
stage, the core concrete underwent plastic deformation, and the outer steel tube exerted 
a confinement effect, significantly enhancing the load-bearing capacity. At a 5% dos-
age, the peak bearing capacity reached 817 kN. With a 10% dosage, the bonding per-
formance improved, but excessive porosity led to a slight reduction in capacity. In the 
post-peak stage, local buckling occurred in the steel tube, and the core concrete grad-
ually crushed. However, the lateral confinement effect helped mitigate a sudden drop in 
bearing capacity, resulting in a gradual decline in the curve. 

4 Conclusions 

This study explores the impact of UEA expansive agent on the mechanical properties of 
eccentrically loaded alkali-activated concrete-filled steel tubes.The key findings are as 
follows: 

(1) Alkali-activated concrete exhibited high early strength, reaching over 50% of the 
design strength at 7 days, indicating good early-age performance. Strength develop-
ment slowed at later ages. At a 5% UEA dosage, the 28-day compressive strength 
reached 75.1 MPa, showing significant improvement. 

(2) Due to moisture loss in air, the concrete showed shrinkage; however, the addition 
of UEA effectively reduced shrinkage. The minimum shrinkage rate was observed at a 
5% dosage. 

(3) The load-displacement and stress–strain behaviors of specimens with different 
UEA contents were consistent with those of conventional CFSTs, meeting design 
requirements. Among them, the specimen with 5% UEA exhibited the best 
load-bearing capacity. 

The present study was conducted based on a single binder system, without an 
in-depth investigation into the effects of different mineral admixtures and mix propor-
tions. Future work may incorporate industrial by-products such as silica fume and red 
mud to broaden the engineering application basis of alkali-activated concrete-filled 
steel tubes. 
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