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ABSTRACT 

The current study focuses on the punching shear resistance of reinforced concrete flat slabs with steel 

collars, examining it both experimentally and numerically. Six square flat slab specimens were casted and 

tested under static load, axial load, and eccentric load. The effects of the steel collars and eccentricity on 

the load-displacement behavior, ultimate load capacity, cracking load, failure mode, stiffness, failure angle, 

and ductility, were investigated. The results demonstrated that using steel collars in slab-column 

connection greatly increases the shear capacity of the slab under eccentric loads and moments. The 

strengthened slabs' ultimate capacity increased by 34% and 61%, respectively, compared to that of the 
slabs without collars. ABAQUS simulation results were in good accordance with the experiments. The 

findings underline the efficiency of the steel collars in increasing the efficiency of slab-column connections 

with punching shear, which is a cost-effective strengthening technique. This research provides knowledge 

about slab-column connections and offers relevant indications for the design and strengthening of the 
construction. 
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I. INTRODUCTION  

Reinforced concrete flat slab systems, characterized by their 
uniform slab thickness directly supported by columns, offer 
numerous advantages, such as reduced construction time, cost-
effective formwork, increased building height efficiency, and 
enhanced architectural design flexibility [1-3]. However, one 
critical challenge associated with flat slab systems is the danger 
of punching shear collapse at the slab-column connection due 
to the transfer of shear forces and unbalanced moments. This 
failure occurs when the column and a fraction of the slab are 
pushed together by the slab's vertical loads and transmitted 
moments, particularly at the edge and corner regions of the 
connection [4-6]. Various strengthening techniques, including 
steel plates, steel bolts, and Fiber-Reinforced Polymers (FRP) 
[7-10], have been proposed and experimentally studied to 
mitigate this problem and enhance the structural performance 
of the flat slab systems. These methods aim to improve the 
slab-column connections' bearing stress and punching shear 
capacity. Experimental studies have investigated the 
effectiveness of these strengthening techniques, particularly of 
the steel collars, and highlighted their positive impact on 
punching shear capacity [11-13]. Researchers have recently 
explored the application of steel collars as an alternative 
strengthening method for slab-column connections. Steel 
collars offer unique advantages in terms of both ease of 

implementation and cost-effectiveness. They have shown 
significant potential in increasing the shear strength and load 
resistance of slabs subjected to eccentric loads and unbalanced 
moments [14, 15]. However, the available literature primarily 
focuses on concentrated load effects, and there is limited 
knowledge about the behavior of steel collar strengthening 
under eccentric loading conditions [16-20].  

This study aims to investigate the effect of steel collars and 
eccentric load on the punching shear strength of flat slabs. The 
experimental program involves testing six solid slab specimens, 
considering various eccentric load configurations and the 
presence of steel collars. The ultimate load capacity, load-
displacement behavior, failure mode, stiffness, and failure 
angle of the slab-column connection will be evaluated and 
compared. A finite element analysis using the ABAQUS 
software will be conducted to validate the experimental 
findings and provide further insights into the behavior of the 
strengthened slab-column connections. The remainder of this 
study provides the study methodology, including the 
dimensions of the test specimens and the details of the steel 
collar strengthening technique and presents the experimental 
and numerical test results as well as a discussion and 
conclusions, entailing key insights, recommendations for future 
research, and practical implications. 
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II. MATERIALS AND METHODS 

A. The Model Scale of the Studied Flat Slab 

The prototype structure employed in this study, as depicted 
in Figure 1, was a flat plate floor system supported by columns 
with a 7.0 m span in both directions and a 200 mm total slab 
thickness. To represent a simply supported isolated flat plate 
specimen, an apportion of the interior slab around the slab-
column connection, enveloped by lines of contra-flexure or 
inflection point (zero moments), can be taken where the 
distance between the contra-flexure points represents the 
dimensions of the specimens. Figure 2 illustrates a moment 
diagram exhibiting contra-flexure points. The (x) value equals 
to 0.211 L and was determined by finding the zero moment 
point of the one span fixed end supports. 

 

 
Fig. 1.  Prototype of the flat slab. 

 
Fig. 2.  Bending moment diagram of one floor of the structure. 

The test specimens' dimensions were 2900×2900 mm, 
depending on the previous explanation. Considering the total 
cost and laboratory facilities, the half-scale was finally 
selected, making all test specimens to have dimensions of 
1400×1400 mm and 100 mm overall thickness, whereas the  
and column stubs has dimensions of 150×150 mm in the center 
of the slab with a height of 200 mm.  

B. Describtion of Flat Slab Specimens  

The experimental program includes testing six 
1400×1400×100 mm solid slabs with 1300 mm effective span 
to assess the eccentric load and steel collar effects. SC1 refers 
to the flat slab with load at the center of the column, SC2 and 
SC3 with e1 = 100 mm and e2 = 150 mm load applied from the 
center, with s referring to the steel collar used. Table I portrays 
the details of the slabs. The slab steel reinforcement layout is 
the same for all testing specimens. The tension side of the test 
specimens was reinforced with ϕ10 mm bars at 75 mm in both 
directions, which corresponds to (1.45%) reinforcement ratio. 
The compression side was reinforced with ϕ8 mm bars at 150 
mm in both directions, which corresponds to 0.43% 
reinforcement ratio as observed in Figure 3. The reinforcement 
in the stub column consists of four 16 mm bars enclosed by two 
ϕ8 mm ties. 

 

 

 
Fig. 3.  Steel reinforcement of flat slabs. 

Slab-column connections were strengthened with a 6 mm 
thickness steel collar of four angles, a part of the column cut 
with 90º and slab cutting with 135º. The yielding stress of the 
steel was 445 MPa. The concrete area where the steel angle 
would be installed underwent roughening and cleaning 
procedures. Subsequently, the steel angles were attached to the 
concrete using epoxy resin and were securely tightened on all 
four sides of the column. The four steel plates (steel angles) 
were welded together to form a collar at the corners around the 
slab-column connection. The critical section for a two-way 
member without shear reinforcement formed a rectangular 
perimeter bo around the column located at d/2 from the face of 
the column following ACI Code 318 [21], as noticed in Figure 
4. 
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Fig. 4.  Critical slab section without shear reinforcement for punching 

shear. 

The concrete mix was obtained from the trial mixes 
utilizing Portland cement type I. Coarse aggregate with 
maximum size of 12 mm was deployed, along with fine sand, 
0.42% super-plasticizer, 0.47water/cement ratio, and C:S:G of 
1:1.75:2.47. For the experiments, according to ASTM 
C39/C39M21 and ASTM C496/C496M-17, three 150×300 mm 
concrete cylinders were cast and tested to measure the splitting 
tensile strength (ft), and compressive strength (fc՝), respectively 
[22, 23], and three prisms (400×100×100 mm) were tested 
according to ASTM C78/C78M-21 [24] to find the concrete 
modulus of rupture (fr). 

All specimens were cast and cured the same way. After 28 
days, the hardened concrete was tested for modulus of rupture, 
compressive strength, and splitting tensile strength. The 
modulus of elasticity was calculated by the ACI 318-19 
equation: (Ec = 4700 √f՝c). Table II shows the results of the 
average strength of the set three specimens for all tests. 

III. TEST SETUP 

All simply supported specimens were tested until failure 
under static load (eccentric and concentrated). The load applied 
was transferred from the column to the slabs [25-28]. At the 
beginning of the test, all slabs were prepared and set at a 
suitable place, and the supports were located on the four sides 
by a steel frame. The load was applied on the slab on the 
column face and instrumented according the load cells, strain 
gauges, and Linear Variable Displacement Transducer 
(LVDT). After setting the studied slab specimen on the testing 
frame, all LVDTs, load cell readings, and strain gauges were 
calibrated to zero. Throughout the loading process, the crack 
appearance and development were observed first on the high-
tension surfaces and later on the compression surfaces of the 
specimens. Punched zone perimeter, area, and punching angle 
were measured when the specimen slab collapsed. Figure 5 
showcases the testing instrument.  

TABLE I.  DETAILS OF FLAT SLABS 

Specimen 

group 

Specimen 

designation 
Parameter studied 

Steel collar 

length 

Steel collar 

thickness 

Eccentricity 

from the center 
Moment 

I 

SC1 
Values of applied 

moment 
- - 

At the center - 

SC2 e1 Pe1 

SC3 e2 Pe2 

II 

SC1s1 
Values of applied 

moment 
L1 t1 

At the center - 

SC2s1 e1 Pe1 

SC3s1 e2 Pe2 

III 
SC2 Geometry of steel 

collar 

- - 
e1 

Pe1 

SC2s1 L1 t1 Pe1 

IV 
SC3 Geometry of steel 

collar 

- - 
e2 

Pe2 

SC3s1 L1 t1 Pe2 

*I,II:- group number,  S:- flat slab C:- column ,s-steel collar, P:- ultimate load, e:-eccentricity, M:- moment 

TABLE II.  CONCRETE STRENGTH RESULTS 

Slab ID 
Cylinder strength 

fc', MPa 

Splitting tensile 

strength ft, MPa 

Modulus of 

rupture fr, MPa 

Modulus of elasticity 

Ec, MPa 

SC1, SC2, SC3, SC1s1, SC2s1, SC3s1 33.4 3.22 3.12 25254 

 

 
(a) 

 
(b) 

Fig. 5.  Testing slabs. 



Engineering, Technology & Applied Science Research Vol. 14, No. 3, 2024, 14677-14684 14680  
 

www.etasr.com Ali & Al-Sherrawi: Steel Collar Strengthening of a Slab-Column Connection under Eccentric Load 

 

IV. RESULTS AND DISCUSION 

A. Failure Modes of Slabs 

Most unstrengthened specimens tested in this study failed 
suddenly to punch shear in the slabs, whereas the strengthened 
specimens with steel collars failed gradually under the effect of 
either concentrated or eccentric load. The flat slabs reached 
failure step by step with increased cracks that expand from the 
critical area towards the edges and the center, forming an X-
shape with the increment of load. The first cracks on the slab 
bottom surfaces at most slabs appeared at the same load level, 
whereas the cracks on the top slab surfaces occurred when the 
columns punched the slabs at maximum load. The cracks took 
place in a circular shape when the steel collar was not used. For 
the plates strengthened with steel collars, the crack patterns 
occur in a rectangular form and increase the ductility of failure. 
The eccentric load applied on the column led to the punching 
failure occurring on three sides, directly at the compression 
side. However, the crack patterns were smaller on the tension 
side, so the failure mode became less brittle. Figure 6 illustrates 
the failure modes of the tested slabs. 

 

 

 

 

 

 

 
Fig. 6.  Failure modes of the slabs. 

B. Load-Deflection  

Figure 7 portrays the load-deflection relationship of the 
construction member at the limit state of the slab. The behavior 
of the tested slabs with e = 100 mm and 150 mm (SC2 and SC3 
group I) displayed a decrease in load compared to the reference 
specimen SC1, whereas group II manifested effective 
strengthening (by the steel collar) of the region of slab-column 
connection. Specimens SC1s1, SC2s1, and SC3S1 exhibited an 
increased maximum load level compared to group I by 26%, 
34%, and 61%, respectively. Groups III and IV gave 34% and 
65% improvement in the ultimate load, when it was applied 
with the same eccentricity, but by using steel collars in SC2s1 
and SC3s1. The crack load slightly differs from one specimen 
to another. Table III provides the experimental results.  

V. FINITE ELEMENT ANALYSIS AND MODELING 
OF THE FLAT SLABS 

ABAQUS/ CAE 6.14 was employed to analyze all tested 
slabs and model concrete, steel reinforcements, and steel 
collars. The Finite Element Method (FEM) elucidates the 
application of reinforced concrete elements, the modeling of 
concrete under tension, and the analysis of the axial 
compression of the state stresses. The performance of the crack 
pattern model was also depicted. 

SC1 

SC1s1 

SC3 

SC2 

SC2s1 

SC3s1 



Engineering, Technology & Applied Science Research Vol. 14, No. 3, 2024, 14677-14684 14681  
 

www.etasr.com Ali & Al-Sherrawi: Steel Collar Strengthening of a Slab-Column Connection under Eccentric Load 

 

  

  

Fig. 7.  Testing slab results. 

TABLE III.  RESULT SUMMARY 

Specimen ID Pcr (kN) ∆cr Pu  (kN) ∆u (mm) Perimeter of failure area (mm) Angle of failure Enhancement ratio of Pu (%) 

SC1 32 1.25 155 12.5 2650 13.5 Reference 

SC2 30 2.2 123 10 1540 11.5 Reference 

SC3 24 2.1 95 9 1210 10 Reference 

SC1s1 35 1.8 196 12 2850 17.5 26 

SC2s1 31 2.4 165 13 2630 15.2 34 

SC3s1 32 2.1 153 12.5 2115 13.2 61 

 

To model the material, three-dimensional elements with 
three degrees of freedom in the directions x, y, and z for each 
node, were utilized. Figures 8, 9, and 10 show the concrete 
mesh, the steel mesh, and the steel collars, respectively. Eight 
nodes (13120 linear hexahedral elements of type C3D8R) were 
put into service for the brick element, two (1634 linear element 
of type T3D2) nodes were engaged for the truss element, and 
four (256 linear quadrilaterals of type S4R) nodes were used 
for the shell element. The concentrated load was simulated with 
13542 linear hexahedral elements of type C3D8R, 1652 linear 
elements of type T3D2, and the eccentric load with 454 linear 
quadrilateral of type S4R. Specimens with dimensions of 
1400×1400×100 mm were considered throughout the 
simulation analysis of all tested samples. The boundary 
conditions for model displacement were subjected to simple 
supports along the whole edge length of the simulated slab, just 
like the tested ones. The steel plate, which was placed on the 
column to apply load on it, was simulated in ABAQUS 
adopting the same approach as that followed in the 
experimental work. The load was evenly transversed across all 
nodes situated on the extreme surface of the column. The 
system was simulated as a load control implementing finite 
element models to achieve a state of equilibrium by balancing 
the internal forces. The value of the load increment was 10 kN. 

 

 
Fig. 8.  Concrete mesh. 
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Fig. 9.  Steel reinforced mesh. 

 

 
Fig. 10.  Steel collars. 

VI. LOAD DEFLECTION AND MODE FAILUER OF 
ANALYSIS 

This part examines the simulated finite element models. 
The load set was gradually applied at the same level as that of 
the experimental test. The acquired failure mode of the slabs 
from FEM at the final stage of loading before the solution 
diverges. To validate the created finite element models, the 
failure load and the load-deflection relationship of the 
modeling were compared with the corresponding test results. 
Figure 11 presents the comparison between the experimental 
data and the outcomes derived from the model. The first crack 
originates adjacent to the perimeter of the column on the tensile 
side in the concrete structure with a longitudinal shape. 
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Fig. 11.  Experimental and numerical ultimate load-deflection relationship 

of slabs. 

After the first crack, several longitudinal cracks emerged 
parallel to the flexural bars (Figure 12). With the increasing 

load, the concrete slab experienced the emergence of transverse 
cracks that were eventually interconnected with the 
longitudinal fissures. Furthermore, radial cracks initiated from 
the center of the slab extended towards the edges and corners. 
This pattern of cracking indicates the progressive failure and 
redistribution of stresses within the slab under the applied load. 
Shear cracks with irregular circular shapes appeared at the 
bottom of the column on the tension side when it reached its 
collapse load. In the reinforced specimens, the number of 
cracks exceeded that of the reference slab due to the load 
reaching elevated magnitudes. At SC1 and SC1s1, where the 
punching shear strength reached its maximum values, the 
failure area perimeter expanded. Table IV displays the 
analytical results.  

TABLE IV.  ANALYTICAL RESULTS. 

Specimens ID Pu (kN) Exp. ∆u (mm) Exp. Pu (kN) Num. ∆u (mm) Num. PuExp./PuNum Failure mode 

SC1 155 12.5 164 11.18 0.94 Punching shear 

SC2 123 10 120 8.23 1.03 Punching shear 

SC3 95 9 92 10.16 1.03 Punching shear 

SC1s1 196 12 200 10.19 0.98 Punching shear 

SC2s1 165 13 166 10.65 0.99 Punching shear 

SC3s1 153 12.5 145 10.06 1.05 Punching shear 
 

 
 

 

 

  

Fig. 12.  Failure modes from molding slabs. 

VII. CONCLUSION  

This work experimented with flat slabs under eccentric 
load. The proposed economical solution to maintain and 
rehabilitate buildings against punching shear is the use of steel 
collars. Other studies examine strengthening punching shear 
under concentric load but this work simulates other loads and 
the unbalance moment effect on the building. The observations 
of this study provide evidence of the deleterious effects of the 
eccentric loading and unbalanced moments on the ultimate load 
of a slab with the absence of steel collars. The ultimate load 
capacity dropped by 26% to 60% (a value that fully illustrates 
their relevance to adopting steel collaring strengthening 

methods), providing compelling arguments for using such 
methods to attenuate these effects. Furthermore, the numerical 
approach validation involving finite element analysis proved 
that the analytical approach is useful and reliable in estimating 
the punching shear strength of the slabs. Several key 
conclusions regarding the strengthening of slab-column 
connections and the effect of eccentricity load were derived:  

 The stiff behavior of the load deflection relationship at a 
slab-column strengthening was compared with specimens 
of the unstrengthening cross section. 

 The steel collar strengthening method was efficient in 
extending the perimeter of the critical shear so that the 
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failure mechanism did not change, but just shifted away 
from the column’s face. 

 When strengthening the slab-column using steel collar, the 
collapse did not happen directly, but gradually by 
increasing cracks width. The perimeter of the failure zone 
increases when steel collar is used, therefore, the shear 
strength increases. 

 The specimens that were tested with eccentric load have a 
lower ultimate load capacity on the account of the influence 
of unbalanced moments. 

 Most cracks of the punching shear occur at one side more 
than at the other side in specimens with eccentricity. 

Recommendation: More parameters should be studied 
under eccentric load, such as compressive strength of concrete, 
thickness of slab, and the addition of carbon fiber sheets.  
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