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Abstract—This paper focuses on steel columns with flange 

joints in prefabricated steel frame structures. To investigate the 

compressive performance of such steel columns, fifteen 

specimens were tested. The experimental results indicate that, 

compared to non-joint columns, the bearing capacity and 

bending stiffness of high-strength bolt joint columns and bolt 

tapping columns are less, but they can transfer the compressive 

load better. The failure mode of the steel columns was ductile 

failure. This study aims to promote the adoption of 

prefabricated steel frame structures and the improvement of 

standards. 

 
Index Terms—Compressive behavior, prefabricated steel 

frame structure, high-strength bolt joint, bolt tapping joint. 

 

I.  INTRODUCTION 

Currently, prefabricated steel frame structures, which have 

proven high quality, can reduce costs and improve housing 

environmental performance, have received much attention 

[1]-[6]. Many analytical, numerical and experimental studies 

concerning such structures are underway.   
X.C. Liu et al. proposed a type of bolted-welded 

beam-column joint for modularized prefabricated multi-rise 

and high-rise steel structures which maintained relatively 

good seismic performance [7]. Lárus H. Lárusson et al. 

conducted a study on prefabricated composite and modular 

floor deck panels composed of relatively thin-fiber 

reinforced concrete slabs connected to steel substructures. 

The system indicates that the composite construction concept 

offers flexibility in the assembly process, the ability to adapt 

to various load and boundary requirements, and efficient 

utilization of material properties [8]. Wei Jian Zhao et al. 

studied the properties of a column-to-wall connection in the 

prefabricated frame-shear wall structure. The results showed 

that the mechanical properties of the four prefabricated 

structures are similar to the cast-in-situ structure [9]. 

Nevertheless, due to the lack of standards in modular 

high-rise steel structures, prefabricated structures are not 

extensively used in China. Furthermore, there are few studies 

on the compressive behavior of steel columns with flange 

joints in prefabricated steel frame structures, as shown in Fig. 

1. Also, it is the joint that is the weak link of the structure, and 

the connection of the tapping nodes lacks experimental study. 
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Therefore, it is necessary to investigate the steel joint to 

promote its application. 

 

 
Fig. 1. Beam-column joint.  

 

II.  EXPERIMENTAL PROGRAM  

A. Experiment Design 

To examine the compressive performance of steel column 

joints, this study performed a series of eccentric and axial 

loading tests for fifteen specimens (nine specimens for 

eccentric loading tests and six specimens for axial loading 

tests), as shown in Fig. 2 Table I summarizes all the design 

parameters of the steel column in the test specimens. The nine 

columns were divided into three groups (-1D, -2D, -3D), with 

different thicknesses of 10, 20, and 30mm, respectively, so 

were the six columns.  The thicknesses of the pillar support, 

the thickness of the column segment, the offset value and the 

node type were used as variables to investigate the effect on 

the steel columns. The node types were high-strength bolt 

connection (HSBC), bolt tapping connection (BTC), and 

node free connection (NFC). 

 

 
(a) Eccentric compression                      (b) Axial compression 

Fig. 2. Specimen (Unit: mm).
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                                 (a) BTC                                                                      (b) HSBC                                                                    (c) NFC 

Fig. 3. Node type. 

 

TABLE I: SPECIFICATION FOR STEEL COLUMN SPECIMENS  

Specimen The thickness of pillar support (mm) The thickness of column segment (mm) Offset value (mm) Node type (mm) 

PY-1D 10 20 300 HSBC 

PW-1D 10 20 300 NFC 

PYGS-1D 10 20 300 BTC 

PY-2D 20 20 300 HSBC 

PW-2D 20 20 300 NFC 

PYGS-2D 20 20 300 BTC 

PY-3D 30 30 300 HSBC 

PW-3D 30 30 300 NFC 

PYGS-3D 30 30 300 BTC 

ZY-1D 10 20 0 HSBC 

ZW-1D 10 20 0 NFC 

ZY-2D 20 20 0 HSBC 

ZW-2D 20 20 0 NFC 

ZY-3D 30 30 0 HSBC 

ZW-3D 30 30 0 NFC 

 

                 
                                                     (a) Actual test set-up                                                                                            (b) Design test set-up 

Fig. 4. Installation of specimens. 

B. Experimental Setup and Instrumentation 

Fig. 4 shows the test set-up and a specimen ready for the 

loading application. The eccentric compression test was 

conducted indoors under monotonic static loading using a 

universal testing machine with a capacity of 5000kN. The 

roller, which could rotate around the free ends of the column 

without horizontal displacement (perpendicular to steel 

column), was installed at the upper and lower ends of the 

specimens. The axial compression test was conducted with a 

test system with a capacity of 20000kN. Four steel plates were 

welded to the loading plate of the press machine to limit the 

horizontal displacement at both ends of the specimen. 

Therefore, the test set-up could simulate the constraints under 

eccentric and axial compression. 

 

Fig. 5 shows the strain gauge and displacement meter 

location. The strain gauges were arranged at the column‟s 

mid-span, and 500mm above and below the column‟s 

mid-span. In addition, the strain was recorded using the 

DH3815N static data acquisition system. Two strain gauges 

were arranged respectively on the compression and tensile 

side of the specimen under eccentric compression. Also, five 

strain gauges were arranged on the side of the column. These 

are numbered ①-⑨. Two strain gauges were arranged on all 

sides of the specimen under axial compression. These are 

numbered ①-⑧. To detect the deformation of the specimen, 

the displacement meter was placed at the middle of the 

column and at 750mm and 1500mm above and below the 

middle of the column. 
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Fig. 5. Layout of strain gauge and displacement meter. 

 

 
Fig. 6. Schematic diagram of flange (Unit: mm). 

 
TABLE II: FLANGE PARAMETERS 

The thicknesses of 

pillar support 

Pillar support (mm) Pillar support (mm) Column segment (mm) Column segment (mm) 

t A B t A B t A B t A B 

10mm  (-1D) 16 28 24 16 30 26 20 28 24 20 24 20 

20mm  (-2D) 20 28 28 20 30 26 20 28 24 20 24 20 

30mm  (-3D) 24 31 28 24 36 30 24 31 28 24 30 24 

 
TABLE III: SPECIFICATIONS, GRADES AND LAYOUT OF BOLTS  

Specimen 

Bore diameter (mm) Edge distance of holes (mm) 
hole spacing 

(mm) 

Bolt diameter  

(mm) 

Bolt grade 

(mm) 
FLa of pillar 

support 
FL of column segment 

FL of pillar 

support 

FL of column 

segment 

PY-1D Φ28 Φ24 30 25 65 24/20 M10.9 

PW-1D - -b - - - - - 

PYGS-1D Φ30 Φ26 30 25 65 24/20 M8.8 

PY-2D Φ28 Φ24 30 25 65 24/20 M10.9 

PW-2D - - - - - - - 

PYGS-2D Φ30 Φ26 30 25 65 24/20 M8.8 

PY-3D Φ31 Φ28 30 25 65 27/24 M10.9 

PW-3D - - - - - - - 

PYGS-3D Φ36 Φ30 30 25 65 30/24 M8.8 

ZY-1D Φ28 Φ24 30 25 65 24/20 M10.9 

ZW-1D - - - - - - - 

ZY-2D Φ28 Φ24 30 25 65 24/20 M10.9 

ZW-2D - - - - - - - 

ZY-3D Φ31 Φ28 30 25 65 27/24 M10.9 

ZW-3D - - - - - - - 

-a  FL: Flange plate 

-b  Not available 
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(a) Eccentric compression 

 
(b) Axial compression 

Fig. 7. Specimen failure. 

 

C. Experimental Parameters 

Q345B Steel was used in this study. The actual mechanical 

properties of the steel were determined by the Chinese 

Standard (GB/T 228-2002)[10]. The obtained average 

elongation, yield and ultimate strength of the columns were 

0.31, 375Mpa and 529 Mpa, respectively. 

 Table III and Table IV show the schematic diagram and 

the parameters of the flange plate. 

 

III.  EXPERIMENTAL RESU LTS AND ANALYSIS 

A. Failure Model    

    Fig. 7 shows the typical steel column at failure under 

eccentric and axial compression. During the test, the 

macroscopic failure phenomena of the 12 specimens were 

similar, with the main results as follows: At the initial stage of 

loading, the lateral displacement of the specimen increased 

linearly with the increase of load. The specimen was in the 

elastic stage. As the load increased to yield load Py, the 

specimen began to yield. Note that the load continued to 

increase, the stiffness of the specimen began to decrease, and 

the lateral deformation increased rapidly and entered the 

elastic-plastic stage. Continuing to load until the load began to 

drop, the failure modes of the three specimens were column 

yielding but no flange plate bolt slippage was observed. The 

experimental results of the 15 column specimens, in terms of 

the yield load Py ultimate load Pu and ratio of Py/Pu are 

provided in Table V.  
 

TABLE VI: TEST RESULTS (LOAD VALUE OBTAINS BYTESTING MACHINE) 

Specimen Yield load Py (kN) Ultimate load Pu (kN) Ratio Py/ Pu 

PY-1D 400 524 0.76 

PW-1D 440 520 0.85 

PYGS-1D 400 546 0.73 

PY-2D 660 777 0.85 

PW-2D 720 840 0.86 

PYGS-2D 660 720 0.92 

PY-3D 800 1078 0.74 

PW-3D 880 1189 0.74 

PYGS-3D 800 987 0.81 

ZY-1D 2828 3227 0.88 

ZW-1D 2970 3190 0.93 

ZY-2D 4553 4953 0.92 

ZW-2D 4863 5260 0.92 

ZY-3D 6187 8160 0.76 

ZW-3D 6188 7779 0.80  

 

B. Load-Displacement Response Results  

0 20 40 60 80 100

0

100

200

300

400

500

600

700

800

900

1000

1100

1200

L
o

a
d

 (
k
N

)

Horizontal displacement (mm)

 PY-1D  PYGS-1D  PW-1D

 PY-2D  PYGS-2D  PW-2D

 PY-3D  PYGS-3D  PW-3D

 
Fig. 8. Load displacement curve under eccentric compression test. 
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Fig. 9. Load displacement curve under axial compression test. 

(B1 and B2 represent the two adjacent sides of the test column) 

 

Fig. 8 shows the load displacement curve at the 1/2 height 

of the specimen. The specimen PW-3D had the maximum 

ultimate bearing capacity, 1189kN. The 10mm (-1D) 

thickness columns with the high-strength bolt joint, tapping 

joint and non-joint exhibited little difference in bearing 

capacity. Fig. 7 clearly indicates that as the column thickness 

increases, the bearing capacity of the non-nodal column 

(PW-2D and PW-3D) is the highest, the high-strength bolt 

joint column (PY-2D and PY-3D) is next, and the bolt tapping 

connection  (PYGS-2D and PYGS-3D ) is least. The bending 

stiffness of the non-nodal column was greater than that of the 
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joint column, which shows that the joint connection reduced 

the bearing capacity and stiffness of the column. But the 

curve‟s tendency indicates that the steel columns have better 

anti-deformation ability and strength. 

Fig. 9 demonstrates the load displacement curve under the 

axial compression test. Specimen ZW-1D-B2 had the maximum 

displacement of 65mm. The initial horizontal slip curves of the 

columns with nodes are similar to those without nodes. With the 

increase of load, the initial horizontal slip of non-nodal columns 

clearly increases. 

C. Load-Strain Response Results  
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Fig. 10. Strain profiles of specimen PW-3D, PYGS-3D and PY-3D. 

 

All specimens have a similar strain distribution along the 

height (distance from bottom surface of column) under 

eccentric compression. Here we take PW-3D, PYGS-3D and 

PY-3D as an example to investigate the strain profiles of 

specimens. As shown in Fig. 10, from  load  to failure, the 

strain of the specimens basically agreed with the plane section 

assumption. Also, the specimens were in a compression 

bending state. The failure form of the specimen was the yield 

of the column with no slip observed at the joint of the 

high-strength bolt, the tapping bolt or the flange plate. 

Accordingly, the shear force at the cross section of the column 

was small and the bolt was basically in a state of tension. 

 

IV.  CONCLUSION 

This research team conducted an experimental investigation 

into the compressive behavior of fifteen steel columns. Based 

upon the test results obtained, the following significant 

conclusions were drawn:  

1) The thickness of a steel column has significant influence 

on the compressive behavior of the composite beam. 

Specimens PW-3D, ZW-3D achieved the maximum 

ultimate bearing capacity, 1189kN, 8160kN, 

respectively. 

2) Under the eccentric compression load, the bearing 

capacity of the high-strength bolt column and the bolt 

tapping rod column were slightly lower than those of the 

non-nodal column, but the eccentric compression load 

can be better transmitted. The failure mode of the 

columns was ductile failure. 

3) Under the axial compression load, the bearing capacity of 

the high-strength bolt joint decreases slightly.  

4) The failure mode of the columns under axial compression 

was steel column yield, but no failure of the high-strength 

bolt or the flange was observed. Therefore, such a 

modular assembly type of steel structure node can 

achieve the requirements of strong node and weak 

component. 

5) Future experimental dynamic studies should be 

conducted to investigate the compressive behavior of 

steel columns with flange joints in the prefabricated steel 

frame structure. 
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