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Abstract	
Two	column	specimens	of	the	same	sectional	size	and	height	were	constructed;	one	was	
filled	with	plain	concrete,	while	the	other	had	transverse	links	added	before	being	filled	
with	concrete.	Axial	pressure	testing	revealed	that	both	columns	experienced	localized	
flange	buckling	and	concrete	crushing,	but	the	installation	of	transverse	links	increasing	
the	 column's	 bearing	 capacity,	 delaying	 the	 development	 of	 concrete	 cracks,	 and	
resulting	in	a	more	gradual	loss	of	column	strength	after	the	limit	bearing	capacity.	The	
test	 findings	 show	 that	 transverse	 links	 are	 crucial	 for	 improving	 the	 mechanical	
properties	 of	 the	T‐shaped	 PEC	 column.	The	 confinement	 process	 for	 steel	 confined	
concrete	in	T‐shaped	PEC	columns	was	then	proposed	to	be	studied	using	an	analytical	
model	based	on	Mander's	model.	By	contrasting	experimental	and	numerical	simulation	
data,	this	model	was	shown	to	be	reasonable	and	accurate.	
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1. Introduction 

Partially encased composite column (PEC column) is a new type of steel-concrete composite structure, 
which can be used in high-rise buildings or prefabricated buildings. Typically, PEC column is 
constructed from an H-shaped plate with concrete filling the space between the web and flange. Steel 
plates of the same thickness that are continually welded along the web-flange junction form the H-
shape. To improve buckling strength and limit the outward deformation, transverse links are welded 
to the ends of the flange tip. The PEC structures were firstly present in 2000 In Canada in order to 
improve the bearing capacity and stability of the pure steel column. Design methods of such columns 
under compressive and bending loads were included in Canadian codes CSA S16-01 (2001) and CSA 
S16-09 (2009), respectively. Several researchers (Chen et al., 2010; Elnashai and Broderick, 1994) 
tested a group of PEC columns under eccentric and cyclic loads in their study. Plumier et al. (1995) 
and Muise (2000) addressed the behavior of connection of PEC beams and steel beams with PEC 
column respectively. The experimental study of thin-walled PEC column with larger link spacing 
suggested a faster degradation of post-peak strength than columns with smaller link spacing 
(Tremblay et al., 1998). Chicoine et al. (2002) analyzed the effect of concrete confinement, residual 
stresses of welding, and geometry imperfections on general column behavior. Prickett and Driver 
(2006) conducted a series of tests to study the effect of various parameters such as link distance, 
concrete compressive strength, and load eccentricity on the behavior of these columns, the force–
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moment interaction diagram was presented and was further compared with the test results. Pereira et 
al. (2016) evaluated the influence of replacing the conventional longitudinal and transverse steel bars 
on the structural behavior of PEC columns under concentric loads. However, there has been little 
research on special shaped PEC columns, such as T-shaped and L-shaped, which severely restricts 
the growth of  special shaped PEC columns. Experiments were carried out in this paper to investigate 
the mechanical behavior of T-shaped PEC columns with and without transverse links under axial 
loading. An analytical model was then proposed to study the confinement mechanism for steel 
confined concrete in T-shaped PEC columns. 

2. Experiment  

2.1 Geometric Properties of Specimens 

Table 1. Properties of Test Specimens 

Specimen 

label 

Length 

(mm) 

b  

(mm) 

Plate 

Thickness

(mm) 

Yield Stress of 

Plates  

(Mpa) 

Comp. strength of 

concrete  

(Mpa) 

Exp. ultimate load  

(kN) 

 

PEC-T1 900 
330

270 
6 248 28.2 1976.43 

PEC-T2 900 
330

270 
6 248 28.2 2427.62 

Two PEC column specimens are both T-shaped, have 900mm heights, and web and flange thicknesses 
of 6mm. Table.1 lists the characteristics of the specimens. Figure 1 depicts cross sections of two 
specimens.  

2.2 Material Mechanical Properties 

The nominal material properties were the same as for all two columns: concrete with a nominal 
strength of 25 MPa and steel plates with a nominal yield strength of 235 MPa. The measured 
properties of the concrete were: a strength of 28.2 MPa, a peak strain of 2300	 ,an elastic modulus 
of 29,600 MPa and a Poisson’s ratio of 0.175. The actual static yield strength was 248 MPa. The 
transverse links had an actual yield strength of 356 Mpa. 

 
Fig 1. Cross section of PEC-T1 and PEC-T2 
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2.3 Test Setup and Instrumentation 

All tests were carried out with a 1,000 tons pressure test machine (Fig.2). A thin layer of a high-
strength levelling grout was used between the loading board and the specimen end plates to provide 
a uniform load upon the column section. Two linear variable displacement transducers (LVDTs) were 
placed on either side of the specimen to accurately measure the shortening of the columns. Flange 
strains were measured using strain gauges located in the mid-height region of columns. Prior to testing, 
the column's alignment was checked using longitudinal strain gauges and LVDTs up to 20% of the 
predicted ultimate load. If the increment in strain measurements did not deviate by more than one 
drop, the specimen was considered properly aligned. Following the alignment, the load was reset to 
zero, and the test was started. Near and after failure, the column was gradually loaded at a rate of 
0.2mm/min, and, the load was manually controlled to allow visual observations and capture post-
peak behavior. The test was terminated when the deformation of columns reached 12 mm. 

 
Fig 2. Testing Machine and Specimen 

2.4 Experimental Observations and Results 

As shown in Fig.3, two columns experienced similar failure modes with both local buckling of the 
flanges occurred as the concrete crushed. However, the degree of damage to the two specimens was 
varied as a result of various internal structural measures. Cracks appeared in both columns when the 
load reached about 900kN, as shown in Fig.4, but extended further in PEC-T1. PEC-T1 concrete 
crushed earlier than PEC-T2, and spalled off during the post-buckling stage, which did not occur in 
PEC-T2. The experimental results show that a lack of transverse links, particularly at the back of T-
shaped PEC columns, can lead to earlier failure and more severe damage.  

The ultimate load of PEC-T2 with transverse links was also higher than that of PEC-T1, and the axial 
response after the peak became much more progressive and ductile, as shown in Fig.4. The 
confinement of transverse links applied to the core concrete benefits the mechanical properties. The 
mechanism will be described in detail further down.  
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(a) Damage of PEC-T1           (b) Damage of PEC-T2 

Fig 3. Failure modes of PEC-T1 and PEC-T2 

 

 
Fig 4. Displacement versus Axial Load Curve 
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Table.2 shows the peak-load and initial stiffness of PEC-T1 and PEC-T2, both specimens were made 
of the same material and had similar initial stiffness.  

 

Table 2. Peak load and initial stiffness of Test Specimens 

Specimen Peak-Load (kN) Initial Stiffness (kN/mm) 

PEC-T1 1928.43 713.43 

PEC-T2 2423.62 725.38 

3. Analytical Modeling 

As was already indicated, despite the fact that rectangular PEC columns' mechanical properties have 
been extensively analyzed, there has been no research on how T-shaped PEC columns respond to 
axial loads. Thus, a novel model explaining the development of strength would be developed using 
the test results presented in this paper. The strength of T-shaped PEC columns will be separated into 
three categories in the discussion that follows: core concrete, concrete cover, and steel. The integrated 
model would be validated by comparing its predictions with the experimental results obtained in this 
study once each component's constitutive relationship was established.   

3.1 Constitutive Relationship of Core Concrete and Concrete Cover 

The concrete that confined by webs, flanges and transverse links is referred as core concrete. The 
concrete that is not confined is referred as concrete cover.   

Previously, many studies on confined concrete models had been published, with the majority of them 
focusing on the effect caused by effective lateral confining pressure,	A confinement effectiveness 
coefficient, , was found to be directly related to the value of the effective confining pressure in 
this study.  

                                     (1) 

Where  and  are the area of the effectively confined concrete core and the total concrete core 
respectively. Based on Zhao’s research [16] the core concrete area in PEC-T1 can be divided as shown 
in Fig.5. But, the core concrete area in PEC-T2 with transverse links is much more complicated than 
PEC-T1. In this paper, the division of core concrete area in PEC-T2 would be built based on FEM 
calculation results and Zhao’s research. 

 
Fig 5. Division of Concrete in PEC-T1 
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As shown in Fig.6(a), the damage factor in the FEM model of PEC-T2 before failure is distributed 
regularly along the column length because the transverse links are set at uniform intervals along the 
length of the column. To study the most unfavorable part of the column, the analytical model is built 
based on the section with the minimum area where the damage factor is lower than 0.29(concrete area 
where damage factor is higher than 0.29 would be considered wrecked). As shown in Fig 6(b), the 
area where damage factor is lower than 0.29 could be considered the confined concrete area. For 
simplicity, the area is simplified as shown in the Fig.6(c). The limb length of the confined area is one 
third of the limb length of the section, and the area is enclosed by steel plates and transverse links.  

Since the effective lateral confining pressure is crucial for quantifying the extent of confinement. It 
is necessary to calculate the lateral confining pressure applied on core concrete. Here taking a section 
in PEC-T2 as sample to calculate the lateral confining pressure as shown in Fig.7. With this simplified 
mechanism, the effective confining pressure provided by the links and the steel board can be 
calculated as: 

 
(a) The damage factor along column length 

 

(b) The most unfavorable section 

 

 

(c) The division of concrete in PEC-T2 

Fig 6. Confined area of PEC-T2 based on FEM model 
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, 2 /                                 (2) 

 

,
, /                        (3) 

 

where ,  and ,  are, respectively, the effective confining pressure on the flange side and 
link side of a PEC column.  is the diameter of links.  and ,  are, respectively, the yield 
strengths of steel board and link.  

 

Fig 7. Computing Model of ,  and ,  

 

It is noteworthy that since the links and flanges usually do not yield simultaneously, the final effective 
lateral confining pressure  can be reasonably taken as the lessor of ,  and ,  .  

= min ( , , ,  )                             (4) 

 

With  defined, the peak strength and the corresponding strain of the core concrete, ,  and 

,  , can be readily obtained by fitting the test results. 

, 0.70 0.68 .                            (5) 

, 0.007                                (6) 

Where  and  are the peak strength and the corresponding strain of the concrete used.  

According to Mander’s model, the stress-strain curve of confined concrete can be calculated by the 
following formula: 

,                                    (7) 

,
                                    (8) 

                                   (9) 

,

,
                                  (10) 
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Where 	is the module of concrete used in tests, Fig.8 summarizes the calculation steps for the 
complete stress-strain curve of the core concrete.  

As for the constitutive relation of concrete cover, the constitutive relationship of concrete under 
standard test was used in this study. 

3.2 Constitutive Relationship of Steel Board  

 
Fig 8. Flow chart for determining the core’s stress–strain curve 

 

Normally, as the stress conditions of flanges and webs are different, the constitutive relationship of 
flanges and webs should be calculated in different ways. In this study, the material of flanges and 
webs is the same, and the buckling of flanges is not obvious, so the stress-strain curves of flanges and 
webs are standard curves.  

3.3 Calibration, Validation, and Discussion 

 
(a) Predicted and test responses of specimen PEC-T1 
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(b) Predicted and test responses of specimen PEC-T2 

Fig 9. Predicted and test responses of specimen PEC-T1 and PEC-T2 

 

Fig.9 shows the comparison between the curve of load-displacement of tests and predicted responses. 
It can be seen in the figure, as the flange buckling is ignored, the post buckling stage of the prediction 
curve is not quite consistent with the test data. Also, because of the use of leveling material, there is 
an error between the initial stiffness of the prediction curve and the test curve. In general, the 
prediction curve is roughly consistent with the experimental data, and the analytical model can be 
considered to be correct.  

4. Conclusion 

Experiments and analytical modeling for T-shaped PEC columns subjected to axial loading are 
carried out in this paper. According to the experimental results, the concrete had minor oblique cracks 
before loading to the maximum carrying capacity of the column, and as the load continues, the 
column's flange locally buckling and separates from the concrete. The following conclusions can be 
drawn from experimentation and analysis:  

(1) T-shaped PEC columns without any construction measures have a significant bearing capacity, 
but with links, the columns would have much better mechanical property. Links can not only prevent 
the buckling of flanges, but also enhance the capacity of core concrete. 

(2) The capacity of T-shaped PEC columns benefits a lot from core concrete, so the reinforcement of 
core concrete has a crucial impact on the bearing capacity of PEC columns.  

(3) The confined concrete area of T-shaped PEC columns with links is different from which in T-
shaped SRC columns. The confined concrete area is roughly T-shaped, with a size of one-third of the 
column cross-sectional dimension, 
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