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Abstract—Angle steel columns with connection joints are 

prevalent in tower structures, and their stability bearing 

capacity directly determines the safety of the towers. The 

bearing capacity and structural performances of Q355 

equal-leg angle steel columns with Single-Clad End 

Connection joints (SCEC) were analyzed based on axially 

loaded experiments and numerical simulations. 

Experimental setup and procedures have been described in 

detail. Typical test results of 30 columns were reported and 

analyzed, including failure modes, load-axial deformation 

curves, load-lateral displacement curves, and load-strain 

curves. Combined with the results of the test and the finite 

element analysis, it was found that the local buckling mode 

dominates in the angle columns with SCEC when λ < 120 

(herein λ is the slenderness ratio), while the flexural 

buckling mode dominates when λ ≥ 120. The overlap area 

ratio is recommended to be not less than 1.1. The length of 

connection joints has a positive correlation to the bearing 

capacity of the short columns with SCEC. The bearing 

capacity of stockier columns with SCEC is lower than that 

of the single angle columns to varying degrees, the slenderer 

ones is slightly higher than that of the single angle columns. 

With the slenderness ratio continuing to increase, the 

bearing capacity of angle columns with SCEC is getting 

closer to that of single angle columns. The predictions of 

relevant design codes are excessively conservative in the 

moderate-to-high λ range, while the result was the opposite 

for the specimens with a smaller λ.   

 

Keywords—Tower structures, equal-leg angle steel columns, 

connection joints, axially loaded experiments, bearing 

capacity 

 

I. INTRODUCTION  

The economic development and citizens’ daily life are 

inseparable from the stable supply of electric powers, 

angle steel towers are the common supporting structures 

in the process of power transmission, and the study of its 

structural performance is always of great significance.  

The connection joints of angle columns are inevitable 

in angle steel towers due to the limitations of 

 
Manuscript received February 8, 2023; revised April 17, 2023; accepted 

July 30, 2023.  

manufacturing, transportation and hoisting efficiency. 

The angle columns and cross-bracings in transmission 

towers are usually composed of several equal-leg angle 

steel connected by connection joints [1]. The full-scale 

tower test [2] shows that the failure of the transmission 

towers is related to the connection joints of angle 

columns, and local buckling of the angle columns with 

connection joints may occur before the design load is 

reached. Owing to the particular characteristic of the 

angle columns with end connection joints in transmission 

towers, there is an urgent need for the exploration of its 

compression resistance. 

Angle steel has been widely employed in transmission 

towers because of its simple production process, easy 

connection and lower cost of materials. Several scholars 

conducted in-depth studies on the stability bearing 

capacity and failure modes of angle steel columns under 

compression. The failure modes of equal-leg angle steel 

columns always exhibit local, flexural, and flexural–

torsional buckling modes or their combination [3–6]. 

Chen et al. [7–8] studied the test data of single angle steel 

columns and provided the recommended calculation 

formula for the bearing capacity of angle steel in 

combination with the American design codes. Li et al. 

[9–11] conducted a series of tests on Q460 high-strength 

angle columns. It was shown that the bearing capacity of 

angle columns under the axially compressed test was 

much greater than the predictions of relevant design 

codes when the slenderness ratio exceeded 60. Huang et 

al. [12] experimentally investigated the structural 

behaviors and resistances of single equal-leg angle 

columns under three typical end constraints and evaluated 

the applicability of several design codes. Jiang et al. [13] 

studied the bearing capacity of angle columns with 

connection joints through finite element analysis. It was 

found that the bearing capacity of angle columns with end 

connection joints was 35% lower than that of the single 

angle columns without connection joints, and the smaller 

the slenderness ratio, the larger the bearing capacity 

decreases. 

To the best of the authors knowledge, many 

compression tests for the single angle columns in 

published literature have not sufficiently consider the 
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spatial boundary conditions of the angle columns in 

transmission towers. Few test studies on angle columns 

with end connection joints have been conducted. 

Regarding the design of angle steel towers, the provisions 

for predicting the bearing capacity of single angle 

columns in international codes also does not 

appropriately consider the influence of connection joints. 

In this study, Experiments and numerical simulations 

were conducted to investigate the structural behaviors and 

compression resistances of angle columns with single-

clad end connection joints. The compression test includes 

30 columns, and simultaneously refined Finite Element 

Models (FEMs) were established and validated against 

the test results. Consequently, an extensive parametric 

analysis was conducted by considering a wide range of 

influential parameters, including overlap area ratios, 

length of connection joints, slenderness ratios. Finally, 

some suggestions for the design of angle columns with 

single-clad end connection joints was proposed by the 

test observation and numerical simulations. 

II. EXPERIMENTAL STUDY 

A. Test Specimens  

Angle columns with connection joints are prevalent in 

tower structures, as shown in Fig. 1, the position of the 

connection joints of angle columns is also almost at the 

end of the internode in transmission towers. According to 

DL/T5154–2012 [14], the dimensions of equal-leg angles 

should not be less than 40 × 40 × 3. The double-clad 

connection joints is recommended to jointing angle 

columns. The leg width of the connection angle steel 

should be wider than that of angle columns while the 

single-clad connection joints is used. When the 

dimensions of angle steels columns are small, it is more 

convenient to use the single-clad end connection joints 

(SCEC) due to its simplicity and economy. Large-

dimension angle columns are more commonly connected 

by the double-clad end connection joints (DCEC) owing 

to the larger bear capacity. Therefore, a type of Q355 

high-strength steel equal-leg-angle sections (90 × 90 × 7) 

selected from the design database of the Chinese State 

Grid were included in the test specimens. The test 

specimens included single angle columns and angle 

columns with SCEC (see Fig. 2). 

The overlap area ratio (A) is defined as the ratio of the 

cross-sectional area of the connection angle steel to that 

of the angle columns. S is the slenderness ratio. b is the 

distance of bolts, which determines the length of the 

SCEC. N for the number of single-leg bolts (a quarter of 

the total number of bolts at the connection joints). Table I 

lists the specimen groups (each group contains three same 

specimens) with their section size, slenderness ratio and 

the overlap area ratio. Three column specimens with the 

same nominal section size, length and overlap area ratio 

were set in each group and each specimen was designated 

a label containing its main testing parameters. Take 

S80D400A1.1 as an example, 80 is the slenderness 

ratio(S); 400 is the length of the connection joints (D) and 

the unit is millimeters; 1.1 is the overlap area ratio (A). 

S120 indicate the single angle columns. The labels of 

these column specimens are listed in Table I. 

B. Experimental Setup and Procedures 

To simulate appropriately the boundary conditions of 

angle columns in transmission tower, four angle steels 

(63 × 63 × 5, Q355, of length 1000 mm) perpendicular to 

the angle column were selected in this study as the 

support angle steel. One end of the support angle steel is 

connected to the angle column using high-strength bolts 

of diameter 16 mm, and the other to the static frame with 

a strip-shaped hole using high-strength bolts of diameter 

20 mm. It should be noted that the strip-shaped hole was 

set to release the movement along the loading direction.  

High-strength bolts of diameter 20 mm are used for 

end connection joints of the angle columns. Both ends of 

the specimen were concentrically loaded with spherical 

hinges. Extensions of 2/3 length of the internode segment 

are made at the ends, in order to eliminate the effect of 

stress concentration at end constraints and to better 

simulate the realistic spatial boundary conditions in 

transmission towers. The slenderness ratio of specimens 

which is defined as the length of the internode segment 

divided by the radius of gyration about the minor 

principal axis. The relative experimental studies in 

published literature have rarely focused on authentic end 

constraints of angle columns in practical engineering. The 

difference in this study is that the end constraint of 

internode segment can be regarded as elastic constraints 

since the specimens are connected with support angle 

steel by bolts. The experimental setup is shown in Fig. 3. 

In the loading process, the specimen was subjected to a 

monotonically increasing load in steps after a pre-load 

process. A pressure transducer with an appropriate range 

was fixed between the specimen and the jack for 

measurement of the bearing capacity. Several locations, 

such as the mid span and 3/4 span of internode segment, 

etc., were selected as measuring points for measuring the 

deformation and strain distribution. 

Before the loading tests, tensile tests were conducted to 

measure the material properties, including the yield stress, 

ultimate stress and elastic modulus. The actual cross-

sectional area of each specimen was also measured using 

the weighing method. The tensile test and the four typical 

stress-strain curves are shown in Fig. 4. Material 

parameters of specimens are taken from the average 

values of test results. 

TABLE I.  TEST SPECIMENS AND THEIR PROPERTIES 

Specimens S A b (mm) N 
Type of 

specimens 

S80 D400A1.1 80 1.1 90 2 

Angle columns 

with SCEC 

S80 D454A1.1 80 1.1 108 2 

S80 D535A1.1 80 1.1 135 2 

S120 D400A1.1 120 1.1 90 2 

S120 D454A1.1 120 1.1 90 2 

S120 D535A1.1 120 1.1 135 2 

S160 D400A1.1 160 1.1 90 2 

S160 D454A1.1 160 1.1 108 2 

S160 D535A1.1 160 1.1 135 2 

S120 120 - - - 
Single angle 

columns 
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C. Failure Modes 

The specimens of slenderness ratio 80 did not exhibit 

evident flexural deformation in the early loading phase. 

When the test load reached 125 kN, loud sounds were 

generated during the loading process due to the bolt 

slippage. When the load reached 215 kN, the specimens 

suddenly failed due to local buckling near the mid-span 

section and the load decreased abruptly. Irrecoverable 

residual plastic deformation was observed after unloading. 

The typical observations are shown in Fig. 5(a). 

For the specimens of slenderness ratio 160, bolts 

slippage began to occur at the connection joints when the 

test load reached 100 kN. With an increase of load, the 

flexural deformation about the minor principal axis 

slowly increased along with the slightly inclining 

spherical hinge bearing. Upon approaching the critical 

state, considerable bending deformation occurred in the 

mid-span section without any observed torsional 

deformation, henceforth the load began to decrease 

slowly. Finally, the specimen performed with a flexural 

buckling mode, as shown in Fig. 5(b). Substantial elastic 

deformation was recovered after unloading.  

For the specimens of slenderness ratio 120, the failure 

modes of the specimens were mainly flexural buckling 

with insignificant torsion. The local buckling occurred in 

mid-span section was observed only once (see Fig. 5(c)), 

it may be caused by excessive compression during the 

test. There was almost no difference in bearing capacity 

between the two failure modes. On the other hand, all the 

single angle columns of slenderness ratio 120 performed 

flexural buckling, the Fig. 5(d) shows the failure modes 

of the single angle columns.  

Typical specimens were selected for analyzing the 

relevant strain and displacement curves. As shown in Fig. 

6(a), the axial deformation of specimens S160D400A1.1 

increased faster than that of specimens S80D400A1.1 in 

the early loading phase. Displacement curves are not 

smooth enough due to the bolt slippage at the connection 

joints and the vibration of the specimens during the 

loading process. Fortunately, the bear capacity and post-

buckling results were not influenced. Fig. 6(b) shows the 

lateral displacements of specimens S80D400A1.1 

measured at the two legs of the angle column in the mid-

span section. Meanwhile, the strains measured at points 1 

and 4, as shown in Fig. 6(c), exhibited the absolutely 

opposite trend after approaching the critical state, which 

means, the angle columns of specimens of slenderness 

ratio 80 failed in a local buckling mode. During the 

unloading phase, the lateral displacement and strain 

decreased slightly but cannot recover to the initial stress-

free state. On the other hand, the specimens of 

slenderness ratio 160 failed in a flexural buckling mode. 

D. Stability Bearing Capacity 

The failure modes and stability bearing capacity 

obtained from the test were sorted, and the average value 

of them and typical failure modes are taken for analysis. 

As shown in Table II, ZL denotes the local buckling in 

the mid-span section, FB denotes the flexural buckling. 

Note that the specimens S120 D454A1.1 only failed in a 

local buckling once. 

1

11

The end connection joints

1

1
 

Figure 1.  The internode in the transmission towers.  
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Figure 2.  The single-clad end connection joints (SCEC).   

                                                               

Figure 3.  The experimental setup.  

 

Figure 4.  Tensile test and typical stress-strain curves. 

 

 

 

141

International Journal of Structural and Civil Engineering Research Vol. 12, No. 4, November 2023



                                                           
(a) The specimens with a slenderness ratio of 80        (b) The specimens with a slenderness ratio of 160  

                                                             

(c) The  specimens with a slenderness ratio of 120          (d) The  single angle columns (S120) 

Figure 5.  Typical failure modes of  specimens  
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(a) The load-axial deformation curve (b) The load-lateral displacement curve 

of the mid-span section 

      

-15000 -12000 -9000 -6000 -3000 0 3000

50

100

150

200

250

Strain（）

 S80D400A1.1(1)
 S80D400A1.1(2)
 S80D400A1.1(3)
 S80D400A1.1(4)

Compression load（kN）

            

-5000 -4000 -3000 -2000 -1000 0 1000 2000 3000
0

50

100

150

Strain（） 

 S160D400A1.1（1）
 S160D400A1.1（2）
 S160D400A1.1（3）
 S160D400A1.1（4）

Compression load(kN)

 
(c) The load-strain curve of mid-span 

section (S80D400A1.1) 

  (d) The load-strain curve of mid-span 

section (S160D400A1.1) 

Figure 6.  Load-displacement and load-strain curves of specimens 
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TABLE II.  COMPARISON OF BEARING CAPACITY OF THE TEST AND 

THE PREDICTION OF DESIGN CODES 

Specimens Failure modes E
P (kN) (

E
P -Pcode )/ E

P  

S80 D400A1.1 ZL 213.9 -17.95  

S80 D454A1.1 ZL 214.8 -17.45  

S80 D535A1.1 ZL 236.1 -6.86  

S120 D400A1.1 FB 200.9 30.95  

S120 D454A1.1 FB, ZL 211.2 34.32  

S120 D535A1.1 FB 226.9 38.86  

S160 D400A1.1 FB 154.4 45.80  

S160 D454A1.1 FB 153.5 45.48  

S160 D535A1.1 FB 143.4 41.64  

S120 FB 192.7 28.01  

 

To better illustrate, the relative error rate defined as 

(
EP -Pcode )/ E

P , where 
EP  is the average value of bearing 

capacity of specimens, Pcode is the predictions based on 
DL/T5154-2012. 

It was found that the bearing capacity of the stockier 

columns with SCEC was less than the predictions of 

codes and that of slenderer columns with SCEC was 

much greater than the predictions of codes. The bearing 

capacity of angle columns with SCEC was greater than 

that of single angle columns (S120). The length of 

connection joints has certain influence on the stability 

bearing capacity of the angle columns with SCEC. The 

length of the connection joints is positively related to the 

stability bearing capacity of the specimens with 

slenderness ratio of 80 and 120. This law was not 

detected at the slenderness ratio of 160 due to the 

existence of experimental errors during the test. It is 

necessary to reveal the effect laws of length of the 

connection joints through finite element analysis. 

III. FINITE ELEMENT ANALYSIS 

A. Establishment and Validation of Models 

In parallel with the test, a careful numerical simulation 

was followed using the finite element software ANSYS. 

Solid element Solid185 was employed to simulate the 

angle columns and connection joints. The Bilinear 

Kinematic Hardening Model (BKIN) with tangential 

modulus of Et=0.02E was adopted as constitutive relation 

of steel. The average values of elastic modulus E, yield 

strength fy, Poisson ratio v, and ultimate strength fu from 

the tensile test of material properties were used for the 

finite element model. The nodes of bolts were coupled 

with screw hole with the in-plane rotation freed, in order 

to achieve more efficient analysis.  

The typical failure modes of FEM are the same as 

those obtained from the tests, as shown in Fig. 7. Table 

III lists the comparison between the bearing capacities 

obtained from the FEM (Pa) and experiments (PE). A 

mean value for the ratio Pa/PE of 1.066 indicates that the 

bearing capacity of the tested specimens could be 

accurately predicted by the FEM. Therefore, the capacity 

of such finite element models to perform parametric 

studies covering a wide range of data can be confirmed. 

B.   Parametric Studies  

For the specimens (90 × 90 × 7) with a slenderness 

ratio of 80, different overlap area ratios were set for 

parametric analysis to study the influence of it on the 

failure modes and their bearing capacity. Fig. 8 shows the 

relationship between the bearing capacity and overlap 

area ratio. The bearing capacity of specimens gradually 

increases and then flattens with the increase of the 

overlap area ratio. The specimens with an overlap area 

ratio of 0.9 performed strength failure of connection 

joints (see Fig. 9), while the specimens with an overlap 

area ratio of 1.0 and above exhibited local buckling in 

mid-span section. However, the increasing trend of the 

bearing capacity of the specimens is no longer significant 

when the overlap area ratio exceeds 1.1. It is suggested 

that the overlap area ratio of the connection joints should 

not be less than 1.1, and the subsequent parametric 

analysis will be based on the specimens with overlap area 

ratio of 1.1. 

The results of bearing capacity obtained by Finite 

element simulation are compared with that of two 

domestic design codes [14–15]. As shown in Fig. 10, The 

abscissa is the regularized slenderness ratio 
n

 , the 

ordinate is the stability coefficient φ. 

Ef
y
//

n
 = .                                 (1) 

y
AfN /= .                                 (2) 

where   is the slenderness ratio of specimens, which is 

determined by S in label of specimens. 
y

f , E is the yield 

stress and elastic modulus obtained by tensile test 

respectively. N in (2) is the bearing capacity of finite 

element models. A is the actual cross-sectional area of 

each specimen measured by the weighing method, A in (2) 

is not the overlap area ratio, so it should be distinguished. 

The angle columns with SCEC with the slenderness 

ratio less than 120 exhibited the local buckling, while the 

other specimens performed flexural buckling. The 

bearing capacity of the angle columns with SCEC 

increases gradually and then flattens with the decrease of 

the slenderness ratio. The longer the length of connection 

joint (D), the greater the bearing capacity of short 

columns with SCEC. However, the influence of length of 

SECE on bearing capacity is no longer obvious when the 

slenderness ratio is large. Therefore, it is recommended to 

use longer connection joints on short columns. 

TABLE III.  VALIDATION OF THE FINITE ELEMENT RESULTS 

Specimens 
Failure 

modes E
P (kN) Pa (kN) Pa / E

P  

S80 D400A1.1 ZL 213.9 232.5 1.09 

S80 D454A1.1 ZL 214.8 243.2 1.13 

S80 D535A1.1 ZL 236.1 254.1 1.08 

S120 D400A1.1 FB 200.9 213.2 1.06 

S120 D454A1.1 FB 211.2 220.1 1.04 

S120 D535A1.1 FB 226.9 230.9 1.02 

S160 D400A1.1 FB 154.4 155.5 1.00 

S160 D454A1.1 FB 153.5 158.3 1.03 

S160 D535A1.1 FB 143.4 160.1 1.11 

S120 FB 192.7 212.0 1.10 

143

International Journal of Structural and Civil Engineering Research Vol. 12, No. 4, November 2023



   

Figure 7.  The typical failure modes of finite element models. 
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Figure 8.  The bearing capacity-overlap area ratio relations. 

 

Figure 9.  The strength failure of connection joints. 
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Figure 10.  Effect of slenderness ratio on the stability coefficient φ. 

As shown in Fig. 10, the stability bearing capacity of 

angle columns with SCEC (λn ≤ 1.2) is lower than that of 

the single angle columns to varying degrees. However, 

the bearing capacity of angle columns with SCEC (λn ≥ 

1.6) is slightly higher than that of the single angle 

columns.  With the slenderness ratio continues to increase 

beyond λn ≥ 2.0, the bearing capacity of angle columns 

with SCEC was almost the same as that of single angle 

columns. 

For the angle columns with SCEC, the bearing 

capacity of the specimens with a small slenderness ratio 

is lower than the value predicted by codes to varying 

degrees, which is mainly caused by the local buckling. 

While the bearing capacity values of those specimens 

with a larger slenderness ratio are almost all above the 

two code- based prediction curves, indicating that the two 

design codes provide conservative predictions. The 

results are similar with the experimental conclusion of the 

Ref. [3] and Ref. [10].  

IV. CONCLUSIONS 

The stability bearing capacity and failure modes of 

Q355 equal-leg angle steel columns with Single-Clad End 

Connection joints (SCEC) were analyzed based on axially 

loaded experiments and effective finite element models. 

Based on all the research results, the following 

conclusions were drawn: 

(1)  The single angle columns performed flexural 

buckling in this test. Combined with the test and the finite 

element results, the local buckling mode dominates in the 

angle columns with SCEC when λ < 120, while the 

flexural buckling mode dominates when λ ≥ 120. The 

predictions of relevant design codes are excessively 

conservative in the moderate-to-high λ range, while the 

result was the opposite for the specimens with a smaller λ. 

(2)  The parametric analysis indicates that the bearing 

capacity of specimens gradually increases and then 

flattens with the increase of the overlap area ratio. The 

overlap area ratio is too small to ensure the stiffness of 

the connection joints, it is recommended to be not less 

than 1.1.  
(3)  The length of connection joints has a positive 

correlation to the bearing capacity of the short columns 

with SCEC. The bearing capacity of stockier columns 

with SCEC is lower than that of the single angle columns 

to varying degrees, the slenderer ones is slightly higher 

than that of the single angle columns. With the 

slenderness ratio continuing to increase, the bearing 

capacity of angle columns with SCEC is getting closer to 

that of single angle columns. 
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