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ABSTRACT 

Slab-Column (SC) connections refer to concrete reinforcing slabs that have consistent thickness and 

directly transfer loads to the support column. The absence of beams makes these connections distinct and 

economical compared to other systems. The most common type of failure in flat slab systems is punching 

shear, therefore, strengthening the SC region is necessary. The current study introduces a practical 

methodology that aims to enhance the punching shear strength of concrete flat slabs using steel collars. 

Nine 9-square reinforced concrete slab specimens with dimensions of 1400×1400×100 mm were cast and 

investigated under static load. Three specimens were tested using the axial load procedure, while six slabs 

were tested deploying an eccentric procedure. This article has studied two parameters to characterize the 

shear strength resistance for this type of slab: the steel collar model and the eccentricity loading effect. The 

study outlines the load-deflection relationship, failure mode, ultimate capacity, stiffness, cracking load, and 

the value of the failure angle. The test results illustrate a reduction in ultimate load by 26% and 60% due 

to the influence of eccentric load and unbalanced moment in group I, while the ultimate load increased by 

34% and 61% in specimens strengthened with steel collars under the same eccentric load applied, proving 

the efficiency of the steel collar in the connected area of the slab column on enhancing the shear strength of 

the slab exposed to eccentric load and moments. 
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I. INTRODUCTION  

Unequal spans, loading on the sides of a column, the 
presence of lateral loads, changes in material temperature, and 
differing shrinkage often lead to unbalanced moments and 
eccentric loads in buildings with flat plates. The unbalanced 
moment decreases the punching shear resistance of the flat 
slab. The design of the connected zone in the SC is typically 
the most crucial aspect in the concrete flat plate system. 
Punching shear failure may take place in this area due to high 
concentrations of loads and moments [1-6]. The critical zones 
of flat slab column members are the edges and corners which 
are usually exposed to eccentric loads and unbalanced 
moments, leading to shear failure. Briefly, these influences 
have been less experimentally investigated in comparison with 
flat slabs subjected to concentric loads. Most previous 
experiments were mostly applied to SC regions subjected to 
concentric loadings [7-12]. Decreasing the slab thickness leads 
to flat slab failure represented by punching due to significant 
stress near the column. This type of collapse is a complicated 

occurrence that depends on various factors, including the ratio 
of longitudinal reinforcement, compressive strength, 
slenderness of slab, and column dimensions. The complexity of 
this phenomenon increases when vertical and horizontal loads 
are combined [13-15]. Nowadays, the adoption of fiber-
reinforced polymers to enhance the strength of structures is 
widely utilized. This serves as a second option for common 
methods of reinforcement, like external metal plates, concrete 
jacketing, or external prestressing [16-19]. The principal goal 
of the current study is to experimentally study the influence of 
the eccentric load and steel collar strengthening on the slab-
column connection. 

II. DESCRIPTION OF SLAB-COLUMN CONNECTION 

The deployed practical methodology includes nine flat 
slabs, with overall dimensions of 1400 × 1400 × 100 mm and 
1300 mm effective slab length, which were cast and prepared. 
The principal objective of this article is to describe the effect of 
eccentric load and steel collar on the structural behavior of flat 
slabs. Table I provides details of the slabs, with load applied 
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with different eccentricities: SC1 with load applied at the 
center, SC2 with an eccentricity of 100 mm, SC3 with an 
eccentricity of 150 mm, and s1 and s2 referring to the steel 
collar with thickness of 6 mm and 10 mm, respectively. The 
steel reinforcement distribution for all slabs is the same. The 
top fiber of each slab was reinforced with ϕ 10 mm rebars at 75 
mm in both directions, adopting a reinforcement ratio of 
1.45%. The bottom fiber was reinforced with ϕ 8 mm rebars, 
spaced at 150 mm in both directions with a reinforcement ratio 
of 0.43%. This design is intended for specimens without 
punching shear reinforcement. The cantilever column was 
reinforced longitudinally with four rebars of 16 mm and two 
ties of ϕ 8 mm. Figure 1 illustrates the reinforcement details. 

TABLE I.  MAIN CHARACTERISTICS OF THE SLABS 

Group 

No. 

Slab 

ID 

Eccentricity from 

the center 

Steel collar 

length 

Steel collar 

thickness 

I 

SC 1 - - - 

SC 2 100 100mm - 

SC 3 150 100mm - 

II 

SC1 s1 - 100mm 6mm 

SC2 s1 100 100mm 6mm 

SC3 s1 150 100mm 6mm 

III 

SC1 s2 - 100mm 10mm 

SC2 s2 100 100mm 10mm 

SC3 s2 150 100mm 10mm 

*I, II:-Group number, S:-Flat slab, C:- Column, s:- Steel collar 

 

 

 
Fig. 1.  Steel reinforcement of flat slab. 

The slab connection region was reinforced using steel angle 
plates with two thicknesses, 6 mm and 10 mm, called steel 
collars. The total bonding consists of four angle plate pieces 
being cut at two angles, the top part in the column was cut at 
90º and the bottom part in the slab was cut at 135º. The steel 
stress at the yield stage was 445 MPa and 485 MPa for plates 
with thicknesses of 6 mm and 10 mm, respectively. The 
concrete surface was roughened and cleaned to prepare the 
slab-column connection area for the attachment of the steel 

angles. The four steel angles were also attached to the four 
sides of the column using epoxy resin and were then welded 
longitudinally to form a complete collar around the slab-
column connection region, as shown in Figure 2. 

 

The critical region for this type of slab, which is free of 
shear reinforcement, is located at a distance of d/2 from the 
column plate [20]. C1 and C2 are the column dimensions and 
the standard [20] considers a rectangular failure perimeter bo 
around the column. All these details are depicted in Figure 3. 

 

 
Fig. 3.  Critical selection in slab without shear reinforcement according to 

ACI code for punching shear [20]. 

The concrete composition for the current work was 
obtained from a trail mix, using Portland type I cement, with a 
maximum coarse aggregate size of 12 mm, fine sand, an SP 
admixture ratio of 0.42%, and a water-to-cement ratio of 0.47. 
This is summarized as C:S:G (1:1.75:2.47). Based on ASTM 
C39/C39M21 and ASTM C496/C496M-17, three cylinders of 
concrete having dimensions of 150 × 300 mm, were cast and 
tested to measure the compressive strength, fc՝, and the splitting 
strength, ft, respectively [21, 22]. To determine the modulus of 
concrete rupture, fr, three concrete prisms with dimensions of 
400 × 100 × 100 mm were prepared and cast following ASTM 
C78/C78M-21 [23]. To estimate the modulus of elasticity for 
the concrete, the equation provided by [20] was used, �� �
 4700√fc՝, based on the measured compressive strength, fc՝. 
Table II portrays the mean outcomes for three samples. 

  

  

Fig. 2.  Installation of steel collar on specimens. 
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TABLE II.  STRENGTH OF CONCRETE 

Group No. 

Cylinder 

strength �
՝ 
(MPa) 

Splitting 

tensile 

strength ��, 
(MPa) 

Modulus 

of rupture 

��, (MPa) 

Modulus of 

elasticity Ec, 

(MPa) 

I 

33.4 3.22 3.12 25254 II 

III 

 

III. TEST SETUP 

A total of nine specimens were tested according to a static 
procedure. The applied load (concentric and eccentric) was 
transferred from the column to the slab. The methodology for 
applying the eccentric load using load cells is similar to the 
approach followed in [24, 25]. Figure 4 displays the 
experimental column slabs, while Figure 5 shows the data 
logger and the Linear Variable Displacement Transducer 
(LVDT). Initially, all specimens were prepared, and located at 
the exact position, and the steel frame was placed on four sides 
and used as support. The data extraction strategy consisted of 
utilizing strain gauges and a LVDT. Thus, at the initial stages 
of loading, cracks were initiated, and as the loading increased, 
the cracks grew and developed in the tensile zone, and 
subsequently on the compression surfaces of the specimen. The 
punching angle and the punched zone perimeter or area were 
measured when the slab specimen collapsed. 

 

(a) (b) 

Fig. 4.  (a) Concentric load, (b) eccentric load. 

(a) (b) 

Fig. 5.  (a) Data logger, (b) LVDT. 

IV. RESULTS AND DISCUSSION 

A. Mode Failure of Slab 

Most practical specimens, and particularly slabs without 
augmentation, underwent sudden punching shear failure. 
However, specimens with steel collar bolstering subjected to 
various types of load, either concentric or eccentric, collapsed 
gradually. The flat slabs reached failure gradually with growing 
cracks that extended from the crucial zone towards the center 
and the edges having been formed, resulting in an X-shape with 

decreasing load. The first cracks were equivalently initiated 
when the load ranged from 30 to 40 kN for all specimens. The 
former appeared on the slab extremes close to the column 
position when the specimens were subjected to concentric load, 
while they were located in the opposite direction of the load 
when the latter was eccentric. The cracks had the form of a 
circular region in the specimen without strengthening, while 
they formed a rectangular section when the specimens had 
collars. The applied eccentric load on the column led to the 
punching model creation that was obviously evident in three 
directions at the compression zone, whereas the crack pattern 
occurred less in the tension zone. Therefore, the mode of 
failure was considered as slightly brittle. Figure 6 illustrates 
these failure modes. 

 

  

  

  

  

 

Fig. 6.  Modes of failure of slab-column connection. 
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B. Load-Deflection Relationship 

The load-deflection responses of the structural members are 
highly significant at all loading stages for both the slab and the 
strengthened slab. Figure 7 outlines these relationships. 

 

(a) 

 

(b) 

 

(c) 

 

Fig. 7.  (a) Class I, (b) class II, (c) class III. 

The behavior of the tested slabs with eccentricities of 100 
mm and 150 mm, respectively, (SC2, SC3, group I) 
demonstrated a decrease in the applied load compared to the 
reference slab SC1. The second group displayed an 
augmentation by using a steel collar compacted on the 
connected zone of the slab column for the slabs SC1s1, SC2s1, 
and SC3S1. The improvement compared to group I was about 
26%, 34%, and 61%, respectively. Group III showed high load 
capacity due to the increase in the thickness of the steel collar 
by 10 mm, with improvements of about 46%, 60%, and 90% 
compared to group I. The crack load was slightly different 
across all specimens. 

C. Load Strain of Steel Reinforcement 

The strain was measured at the center of the column-slab 
connection when the reinforcement reached its yielding limit. 
Figure 8 depicts the load-strain relationship in the longitudinal 
reinforcements of all specimens. The failure mode of most 
slabs were very similar. When the specimens fail before the 
steel reinforcement reached its yielding limit, the failure is 
called punching shear failure, and when a failure occurs after 
longitudinal steel yielding, it is known as flexural failure. It 
was obvious that the slabs SC3, SC2, and SC3s2 failed in pure 
punching shear mode, SC1, SC3s1, and SC2s2 failed in 
flexural shear mode, and SC1s1, SC2s1, and SC1s2 failed in 
flexural mode. The strain value is within the normal range, 
whereas the strain values in slabs decrease with increasing steel 
collar thickness. 

 

(a) 

 

(b) 

 

(c) 

 

Fig. 8.  (a) Class I, (b) class II, (c) class III. 

D. Load-Strain of Concrete  

The strains of concrete in the compression and tension 
zones were measured using two strain gauges placed on the 
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extreme outer faces of the slab (top and bottom), at a distance 
of 4d from the face of the column. The compressive values at 
the top were slightly greater than the tensile strain at the bottom 
surface in most of the specimens, because concrete is weak in 
the tension zone, which causes the neutral axis to rise toward 
the compression zone of the concrete. 

E. Strain in Steel Collars  

Four pieces of steel with a length of 10 mm and thickness 
values of 6 mm and 10 mm were placed on the connected 
sector of the slab-column, which was bonded by epoxy 
adhesive. During the failure of the specimens, no deformation 
and no separation occurred in the steel collars due to the high 
stiffness of the steel angles. Especially in specimens with a 
thickness of 10 mm, except SC1s2 where simple deformation 
occurred due to the high ultimate load, small values of steel 
collar strain were noticed in all specimens.  

F. Stiffness  

The stiffness is calculated from the load and deflection 
values at the uncracked and ultimate stages [26-27]. Table III 
exhibits the estimation of a flat slab by dividing the difference 
in loads by the difference in deflection. The initial stiffness was 
estimated from the load and deflection values at the uncracked 
stage. Generally, a similar behavior can be observed in stiffness 
and initial stiffness, being considerably affected by the use of a 
steel collar of 6 mm and 10 mm thickness. This significantly 
increased the stiffness of the slabs in group II by (21%-31%), 
and in group III by (40%-34%) compared to group I, even 
when the eccentricity affected the good agreement of the 
strengthening of the steel collar at both stages, the initial and 
the ultimate. The reduction in stiffness values in slabs SC2, 
SC3, SC2s1, SC3s1, SC2s2, and SC3s2 was less than in 
specimens SC1, SC1s1, and SC3s2 due to the eccentricity 
effect. 

TABLE III.  RESULTS OF THE TESTED SLABS 

Slab 

ID 

Load 

crack Pcr 

(kN) 

Displacement 

at load crack 

∆cr 

Ultimate 

load Pu 

(kN) 

Displacement 

at ultimate 

load ∆u (mm) 

Perimeter of 

failure area 

(mm) 

Angle of 

failure 

Enhancement 

ratio of Pu (%) 

Initial 

stiffness 
���

∆��
  

Ultimate 

stiffness 
������

∆��∆��
  

SC 1 32 1.75 155 12.50 2650 13.50 Reference 18.29 11.44 

SC 2 30 2.12 123 10.00 1540 11.50 Reference 14.15 11.80 

SC 3 24 2.10 95 9.00 1210 10.00 Reference 11.43 10.29 

SC1 s1 35 1.80 196 12.00 2850 17.50 26 19.44 15.00 

SC2 s1 31 2.40 165 13.00 2630 15.20 34 12.92 12.04 

SC3 s1 30 2.65 153 12.50 2115 13.20 61 11.32 12.40 

SC1 s2 39 1.98 220 14.20 3580 12.50 41 19.70 15.21 

SC2 s2 35 1.89 198 13.56 3120 15.20 60 18.52 13.97 

SC3s2 35 2.25 187 13.21 2602 13.30 96 15.56 13.36 

V. CONCLUSIONS 

This work investigated the strengthening of the punching 
shear region under concentric load, in contrast to most 
researches which deal with flat plates subjected to concentrated 
load. It also explored the effectiveness of maintaining and 
rehabilitating construction by using steel collars. This solution 
is considered useful and economical, especially for high-rise 
buildings, where it may enhance the punching shear resistance 
on the performance of concrete flat-plates. Many remarks 
concerning the augmentation of the flat plate bonding and the 
eccentric load influence can be made: 

 The most useful way to strengthen the slabs, in both load 
types, was by utilizing a steel collar, especially when the 
latter’s thickness increased, having led to efficiently 
extending the perimeter of the failure area so that the failure 
mechanism (punching shear) shifted away from the critical 
region. 

 The failure of specimens using steel collar strengthening 
did not occur suddenly, it gave gradual warnings by 
increasing the crack width, thereby, increasing the 
perimeter of the failure zone, because the presence of the 
collar leads to increased shear strength. 

 The tested specimens with eccentric load exhibited 
decreased ultimate load capacity due to the unbalanced 
moments. 

 The cracks were positioned more to one side of the slabs 
due to the effect of eccentricity. 

 The slabs are stiffer when steel collars are used, the value of 
stiffness in flat slabs with eccentricity is less than in 
specimens with concentric load. 
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