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Abstract The overall supporting capacity of ordinary

concrete-filled steel tube support (CFSTS) can be

decreased due to the self-shrinkage of concrete and the

cracks of hardened concrete. The micro-expansive

CFSTS is put forward in this paper. Firstly, the optimum

proportionofmicro-expansion concretewas determined

by concrete strength testing. Then, the deformation of

micro-expansionCFSTS and ordinaryCFSTSunder the

same load w studied by numerical simulation. Finally,

the micro-expansion CFSTS and ordinary CFSTS were

applied to the roadway respectively. The results show:

The expansive agent content and water reducer content

is 11 and 0.5% in the optimum proportion of micro-

expansive concrete, respectively. Under the same load,

the deformation of the ordinaryCFSTSwasmuch larger

than that of the micro-expansion CFSTS. The deforma-

tions of roof–floor and two sides of roadway supported

by the micro-expansion CFSTS were obviously smaller

than that of roadway supported by the ordinary CFSTS.

The micro-expansion CFSTS has stronger supporting

capacity than ordinary CFSTS.

Keywords Micro-expansion CFSTS � Ordinary
CFSTS � Optimum proportion � Supporting capacity

1 Introduction

Concrete-filled steel tube has been widely used in

engineering.When the concrete is poured into the steel

tube and reaches a certain strength, the concrete

ensures the local stability of the thin-walled steel tube.

In turn, the steel tube constrains the radial deformation

of the concrete, which makes it in three direction stress

state and delays the pressure longitudinal cracking,

thereby enhancing the bearing capacity of concrete-

filled steel tube (Wu et al. 2014; Wei et al. 2014;

Mahgub et al. 2017). As a composite structure, CFST

has the unique working characteristics: elastic work-

ing and plastic failure, high bearing capacity and large

limit compression deformation (Chen et al.

2017a, b, c; Dong et al. 2017; Liu et al. 2017).

With the advantages of high bearing capacity,

corrosion resistance, ease of construction and so on,

CFST is widely used in civil engineering (Nie et al.

2014; Guo et al. 2012). In addition, some scholars

study the composite structure of CFST and steel bar.

Moon et al. (2013) studied on the variation of the

strength of CFST with or without reinforcement under

the mixed load. Fong et al. (2011) designed truss

structure composed by steel tube filled with steel bar

and concrete and studied its the mechanical properties.

According to the application of CFST in civil

engineering, CFST is extended to the roadway support

field. So, CFSTS is developed. CFSTS has been

proposed as a new passive support form for controlling

the stability of surrounding rock in underground
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structures, especially for the case of high ground

stress. CFSTS can provide higher supporting force

than U-shaped steel supports and better control the

deformation of surrounding rock mass. Gao et al.

(2010), Wang (2009) and Gao et al. (2009) had put

forward the CFSTS for controlling the stability of

surrounding rock in underground structures and car-

ried on experiments and applications. Xu et al.

(2014a, b) presented a numerical study on the

mechanical performance of CFSTS.

After the ordinary concrete is poured into the steel

tube and hardened, the overall supporting capacity of

CFSTS is decreased due to the self-shrinkage of

concrete and the cracks of hardened concrete. So, only

the concrete to enrich the steel tube, can the bearing

capacity of CFSTS be fully played. To ensure the

hardened concrete enriched the steel tube support, the

micro-expansive CFSTS is put forward in this paper.

Micro-expansion concrete can offset the self-shrink-

age of concrete by volume expansion and improve the

overall supporting capacity of CFSTS.

2 Proportioning Test of Micro-expansive Concrete

In order to ensure that the hardened concrete enriched

the steel tube support to prevent the self-shrinkage of

concrete and the cracks of hardened concrete, the

expansive agent is added into the concrete. According

to \Specification for Design of Mix Proportion of

Ordinary Concrete[, the multi-group concrete pro-

portion is designed. The optimum ratio of concrete is

selected by the test analysis of the strength of concrete.

2.1 Raw Material Selection

1. Cement. The 42.5# ordinary portland cement is

selected in this experiment.

2. Expansive agent. The calcium aluminate expan-

sive agent is used and its content is between 10

and 12%.

3. Water reducer. The amount of water requirement

to make up shrink-compensated concrete is rela-

tively large. Increasing the amount of water

requirement can increase the water–cement ratio,

reduce the expansion rate and increase the dry

shrinkage. Therefore, water reducer should be

added. MF superplasticizer was selected.

4. Aggregate. According to ‘‘Building Gravel’’ (GB/

T14685-2001), the high quality river sand was

selected as fine aggregate and the crushed stone

with particle size of 5–10 mm was chosen as

coarse aggregate.

2.2 Preliminary Calculation of Mixing Ratio

The uniaxial compressive strength of compensating

shrinkage concrete for 28 days needs to be 40 MPa.

According to the performance of raw materials and

technical requirement of concrete, calculate the gen-

eral scope of raw materials. Then, the optimum

proportion of concrete for meeting the requirements

of workability and strength is determined by the

laboratory test.

1. Concrete strength

According to the rules of JGJ55-2000, the strength of

concrete is as follow:

fcu;0 ¼ fcu;k þ t � r ð1Þ

where fcu;0 represents the strength of concrete (MPa);

fcu;k represents strength grade of concrete (MPa); t

represents the r guarantee rate of strength, generally

take 1.645; represents the standard deviation of

concrete strength (MPa), when the strength of concrete

is greater than C35, r ¼ 6:0.

Therefore,

fcu;0 ¼ 40þ 1:645� 6:0 ¼ 49:87MPa

2. Water–cement ratio of concrete

According to the formula:

W

C
¼ Afce

fcu;0 þ ABfce
ð2Þ

where W represents the amount of water per cubic

concrete (kg); C represents the amount of cement per

cubic concrete (kg); fce ¼ 1:13fc, fc is the strength

grade of cement; A and B represent the empirical

coefficients, A = 0.46, B = 0.07.

Therefore, water–cement ratio is as follow:

W

C
¼ 0:46� 1:13� 40

49:87þ 0:46� 0:07� 1:13� 40
¼ 0:405
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3. The amount of cement and water

The amount of cement is no less than 300 kg/m3.

According to the empirical formula, the amount of

cement takes 350 kg/m3, so the amount of water

W = 0.405 9 350 = 141.75 kg/m3. According to the

principle of unified slump, the amount of water

reduced after using water reducer.

4. The content of coarse and fine aggregate (S0, G0)

It is assumed that the volume of the concrete mixture is

equal to the sum of the volume of each constituent

material and the volume of air contained in the

mixture. The content of each material in concrete of

1 m3 can be calculated by formula (3). The sand rate

can be calculated by formula (4). The content of sand

and stone in concrete of 1 m3 can be calculated by

formula (3) and (4).

C0

q0
þ S0

q0S
þ G0

q0g
þW0

qw
þ 10a ¼ 1000L ð3Þ

SP ¼ S0

S0 þ G0

� 100% ð4Þ

where C0 and W0 represent the amount of cement and

water in 1 m3 concrete (kg); S0 and G0 represent the

content of sand and gravel, kg; qc and qw represent the

density of cement and water (g/cm3), usually

qc = 3.1, qw = 1.0; q0s and q0 represent the density

of sand and stone in concrete (g/cm3), the sand density

is 1.47 g/cm3, the stone density is 1.45 g/cm3; a
represents the percentage of gas in concrete, when the

gas forming admixture is not used, a = 1; Sp repre-

sents the ratio of sand in concrete (%).

Take Sp = 33%, calculated by simultaneous

Eqs. (3) and (4): S0 = 353.5 kg, G0 = 707.7 kg.

2.3 Strength Test of Concrete

The expansive agent is added in the form of replacing

cement. The water reducer is added in the form of

additional addition. According to the apparent char-

acteristics of concrete, the content of sand, stone and

so on should be adjusted. CSS44100 electronic

universal testing machine is Fig. 1.

Through the above calculation, the proportion of

cement, sand and stone is 1:1.31:2.65. According to

the different content of water reducer, three groups of

experimental scheme were designed. The content of

water reducer in the experiment were 0.3, 0.5 and

0.7%, respectively. In each group of experiments, the

content of expansive agent was 10 and 11%, respec-

tively. Under the premise of ensuring workability and

slump of concrete, the standard concrete block was

made. The compressive strength of the specimens was

measured every 4 days until the 28 day. The com-

pressive strength of the stone body at 4, 8, 12, 16, 20,

24 and 28 days were measured by employing a

300-kN CSS44100 electronic universal testing

machine, respectively. The test results are shown in

Fig. 2.

Figure 2 shows that: in the first group of tests, the

compressive strengths of the concrete specimens with

expansive agent content of 10 and 11% are 49.3 and

52.6 MPa, respectively. In the second group of tests,

the compressive strengths of the concrete specimens

with expansive agent content of 10 and 11% are 52.5

and 55.4 MPa, respectively. In the third group of tests,

the compressive strengths of the concrete specimens

with expansive agent content of 10 and 11% are 50.8

and 52.6 MPa, respectively.

Under the same content of water reducer, the

compressive strength of the concrete specimens

increases when the content of expansive agent

increases from 10 to 11%. The comparative analysis

of the three groups of tests shows that under the same

content of expansive agent, the compressive strength

Fig. 1 CSS44100 electronic universal testing machine

Geotech Geol Eng (2018) 36:2343–2350 2345

123



of the concrete specimens increases significantly when

the content of the water reducer is increased from 0.3

to 0.5%. When the content of the water reducer is

increased from 0.5 to 0.8%, the growth range of the

compressive strength of the concrete specimens is

small or decreased. Through comprehensive analysis

of the compressive strength (test results in Fig. 2),

slump, fluidity, workability and other relevant param-

eters of the concrete specimens, finally determined:

the ratio of cement, sand, gravel = l:1.31:2.65, water–

cement ratio of 0.41, the content of expansive agent

and water reducer is 11 and 0.5%, respectively.

3 Bearing Capacity of Micro-expansive Concrete

Filled Steel Tube Support

The micro-expansion concrete with above optimum

proportion and ordinary concrete filled the steel tube

support, respectively. Then, set as scheme 1 (micro-

expansion CFSTS) and scheme 2 (ordinary CFSTS).

Under the same load, the deformations of the

scheme 1 and scheme 2 were analyzed by numerical

simulation. No expansive agent is added to the

concrete in scheme 1 and 11% of expansive agent is

added to the concrete in scheme 2, and the rest of the

raw material are the same. The model is set to plane

strain model and free grid division. The model is

divided into quadrilateral element and simulated by

plane 42 element. The material parameters of steel

tube and concrete are shown in Tables 1 and 2.

The boundary conditions of CFSTS. The bottom of

support is fixed and the top of that is subjected to stress

analysis. Taking into account the impact of horizontal

stress on the supports, applying pressure to the side

arch is the same as the top pressure. According to the

geological conditions, the estimated pressure is 15MP.

So, the top and side arch of the CFSTS at the same time

are added the surface force of 15MP. In order to

facilitate the calculation of horseshoe-shaped support,

the horseshoe-shaped support’s structure is simplified

as the following figure of the semi-circular arch

supports. The simplified model is shown in Fig. 3.

This model is mainly composed of the top arch section

and two side arch sections of the horseshoe-shaped

support. The three arch sections are the same and the

corresponding center angle of each arch section is 70�.
Then, the same load is applied to the top arch section

and two side arch sections of the model, and the

displacement constraints are applied to two ends of

arch support.
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Fig. 2 The compressive strength of concrete specimens varies

with time. a Water reducer content of 0.3%, b water reducer

content of 0.5%, c water reducer content of 0.7%
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The displacement of the micro-expansion CFSTS is

shown in Fig. 4.

The displacement of the ordinary CFSTS is shown

in Fig. 5.

The displacement diagram shows: when the uni-

form load is applied to the CFSTS, the displacement at

the top of the CFSTS is the largest and the

displacement at the bottom of it is close to 0. The

displacement from the bottom to the top of the CFSTS

is gradually increased. It shows that the simulation

results are in accordance with the theory and the

experimental data is of reference value.

As can be seen from the comparative analysis of

Figs. 4 and 5, the displacement of the micro-expan-

sion CFSTS is 0.004596 mm and the displacement of

the ordinary CFSTS is 0.94863 mm. When the same

load is applied to CFSTS, the deformation of the

ordinary CFSTS is much larger than that of the micro-

expansion CFSTS. The bearing capacity of the micro-

expansion CFSTS is higher than that of the ordinary

CFSTS.

4 Engineering Application

4.1 General Situation of Engineering

Pingdingshan ten mines is located in the hilly country

of the Ruhe south and the Shahe north. The terrain of

Table 1 The steel tube unit material parameter

Material Poisson ratio Elastic modulus (N/mm2) Plastic modulus (N/mm2) Yield stress (N/mm2) Density (g/cm3)

Q235 steel tube 0.280 2.06 9 105 0.15 9 105 300 7.85

Table 2 The concrete unit material parameter

Material Poisson ratio Elastic modulus (N/mm2) Cohesion (N/mm2) Friction angle Expansion angle

C60 concrete 0.2 3.65 9 104 5.5654 55.6� 30�

Fig. 3 Simplified model of CFSTS

Fig. 4 Displacement diagram of X, Y and Z of micro-expansion CFSTS
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mine field in the northwest is higher than that in the

southeast. The strike length of the mine field from the

east to west is 5.6 km and the inclination length of that

from the north to the south is 7.0 km. The gross

thickness of coal measures is about 900 m. The gross

thickness of the main mineable coal is 13.74 m. The

inclination angle of coal seam is 0–35�. Because of the
occurrence condition of coal seam and the mountain in

ground surface, the buried depth of coal seam is about

450–1100 m. The immediate roof and the immediate

floor of coal seam are mainly sandy mudstone. The

basic roof and the basic bottom of coal seam are

mainly sandstone.

In order to compare and analyze the supporting

effect of micro-expansion CFSTS and ordinary

CFSTS in coal mine roadway, it is decided to set up

two 100 m test roadways in Pingdingshan ten mines.

The above-mentioned micro-expansion CFSTS and

ordinary CFSTS are applied to the roadway respec-

tively. According to the size and geological conditions

of the roadway, design the size of steel support.

According to the roadway size and geological condi-

tions, the design of CFSTS size shown in Fig. 6. After

the roadway was supported, the observation points

were arranged in the roadway and multiple groups of

observations were performed on the roof–floor of the

roadway and two sides of roadway. Select the

representative observations point to analyse. The

roadway deformation evolution curve was shown in

Fig. 7.

4.2 Structure Design of CFSTS

The CFSTS is designed as a horseshoe-shaped fully

enclosed structure, which is composed of five steel

tubes assembled through the sleeve. Figure 6 shows

the shape and size of the CFSTS. The steel tube of

Scenario 1 is filled with micro-expansion C60 con-

crete and the steel tube of Scenario 2 is filled with C60

ordinary concrete.

The components parameters of CFSTS: Select the

steel tube (Q235 steel) of A150 9 5 mm. The cir-

cumference, width, height and spacing of the support

are 11,530, 4680, 4050 and 650 mm, respectively. The

size of the casing is A160 9 6.5 mm and the length of

that is 400 mm.

4.3 Roadway Deformation Observation

Figure 7 is the deformation observation result of the

representative observation points in the test roadway.

As shown in Fig. 7, before 25 days, the deformation of

roof–floor and the two sides of roadway gradually

increase with the passage of time. After 25 days, the

roadway deformation gradually tends to be stable. The

final deformations of roof–floor and two sides of

roadway supported by the micro-expansion CFSTS

Fig. 5 Displacement diagram of X, Y and Z of ordinary CFSTS

Fig. 6 Shape and size of the CFSTS
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were 110 and 56 mm, respectively. The final defor-

mations of roof–floor and two sides of roadway

supported by the ordinary CFSTS were 205 and

105 mm, respectively. The final deformations of roof–

floor and two sides of roadway supported by the

micro-expansion CFSTS were obviously smaller than

that of roadway supported by the ordinary CFSTS. It

shows that the support effect of micro-expansion

CFSTS is better than that of ordinary CFSTS, the

micro-expansion CFSTS has stronger supporting

capacity than ordinary CFSTS. In the working process

of CFSTS, the concrete in micro-expansion CFSTS

was always filled with steel tube. However, due to the

self-shrinkage of concrete in ordinary CFSTS, the gap

between concrete and steel tube occured, resulting in

the deformation characteristics of the non-syn-

chronous deformation of the concrete and steel tube,

so that the bearing capacity of CFSTS significantly

reduced.

5 Conclusion

1. Through the proportioning test of micro-expan-

sive concrete, the optimum proportion was

obtained: the ratio of cement, sand and gravel is

l:1.31:2.65, water cement ratio is 0.41, the

expansive agent content is 11%, water reducer

content is 0.5%.

2. In the numerical model, the displacements of the

micro-expansion CFSTS and the ordinary CFSTS

are 0.004596 and 0.94863 mm, respectively.

When the same load is applied to CFSTS, the

deformation of the ordinary CFSTS is much larger

than that of the micro-expansion CFSTS. The

bearing capacity of the micro-expansion CFSTS is

higher than that of the ordinary CFSTS.

3. The final deformations of roof–floor and two sides

of roadway supported by the micro-expansion

CFSTS were 110 and 56 mm, respectively. The

final deformations of roof–floor and two sides of

roadway supported by the ordinary CFSTS were

205 and 105 mm, respectively. It shows that the

support effect of micro-expansion CFSTS is better

than that of ordinary CFSTS, the micro-expansion

CFSTS has stronger supporting capacity than

ordinary CFSTS.
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