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Abstract—This study aims to determine the efficiency of 

using Fiber Reinforced Polymers (FRP) systems to strengthen 
the slab–column connections subjected to punching shear. The 
used strengthening systems consisted of external FRP stirrups 
made from glass and carbon fibers. The stirrups were installed 
around the column. Also, external steel links were used as a 
conventional strengthening method for comparison. Over the 
last few years, the use of FRP for strengthening of concrete 
structures has been investigated by many researchers, 
whichconcerning with the strengthening of reinforced concrete 
slabs, beams and columns. The use of FRP in strengthening 
concrete slabs in flexure is done by bonding it to the tension face 
of the slabs. The use of FRP for strengthening the flat slabs 
against punching shear can be considered as a new application. 
This research shows the results obtained from an experimental 
investigation of 4 half-scale two-way slab-column interior 
connections, which were constructed and tested under punching 
shear caused by centric vertical load. The research included one 
unstrengthened specimen, which considered as control 
specimen, one specimen strengthened with steel links, one 
specimen strengthened with external stirrups made from Glass 
Fiber Reinforced Polymer (GFRP), and one specimen 
strengthened with external stirrups made from Carbon Fiber 
Reinforced Polymer (CFRP). So, the type of strengthening 
material is the basic parameter in this study. The experimental 
results showed a noticeable increase in punching shear 
resistance and flexural stiffness for the strengthened specimens 
compared to control specimen. Also, the strengthened tested 
slabs showed a relative ductility enhancement.  Finally, 
equations for punching shear strength prediction of 
slab-column connections strengthened using different materials 
(Steel, GFRP & CFRP) were applied and compared with the 
experimental results. 

 
Index Terms—Fiber reinforced polymer, punching shear, 

reinforced concrete slab-column connection, Strengthening and 
repair.  

 

I. INTRODUCTION 
Punching shear failures are usually sudden and 

catastrophic. Such failure is undesirable as they do not allow 
an overall yield mechanism to develop before punching [1]. 
Many failures of flat slab structures were reported during 
construction [2], and in many cases punching shear failures 
initiated and led to progressive collapse, specially, when 
lower floors have failed to support the impact of the above 
ones. This brittle failure occurs without much warning.  

There are mainly two ways to increase the punching shear 
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strength of concrete slabs: 1- increasing the slab thickness in 
the vicinity of the column by providing a drop panel or a 
column head; 2- Providing shear reinforcement. Sometimes, 
after the construction of some building, the increase of 
punching shear resistance for reinforced concrete 
slab-column connection may be needed. The strengthening of 
slab-column connection against punching shear resistance by 
using traditional methods (steel plates, steel stirrups, steel 
studs, or increasing concrete dimensions) was studied [3-5].  
Few studies concerned with using the FRP strengthening 
systems for flat slabs [6]. The present study aims to evaluate 
the using of FRP materials to increase the punching shear 
resistance of concrete slab-column. The values of punching 
shear strength were predicted taking into account the 
contribution of the applied strengthening systems. The 
calculated values were compared with the corresponding 
experimental results in order to evaluate the used equations. 

 

II. EXPERIMENTAL PROGRAM 
All specimens were tested under punching shear caused by 

centric vertical load till failure. The experimental results 
included the maximum load which presents the punching 
shear strength of the tested specimens, the load deflection 
curves, and the crack patterns of each tested specimen. 
 

III. TESTED SPECIMENS 
The tested specimens were chosen as rectangular slabs of 

110×110×10 cm dimensions with an average effective depth 
of 8 cm. Stub column having 15×15 cm cross section. The 
column with 80cm total height was cast monolithically at the 
center of the slab and extended outside both sides of the slab 
as shown in Fig. 1.  

 
 

Fig. 1. Details of tested RC specimen 
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The tested specimens were designed to be simply 
supported along the four edges with clear spans of 100 cm in 
both directions, and the corners were free to rise. This test 
arrangement is convenient to simulate the actual boundary 
conditions in the prototype.  

High tensile steel bars of 10 mm diameters were used as 
top and bottom reinforcement. The tension reinforcement 
was 11 Φ 10 mm and the compression reinforcement was 
7 Φ 10 mm in both directions. The concrete columns were 
reinforced with 4 Φ 12 longitudinal high tensile steel bars 
and with normal mild steel 6 mm every 10 cm as stirrups. 
Full details of the slab-column connection, are shown in Fig. 
1. The properties of the four tested specimens are shown in 
Table I, the strengthened specimens were divided into three 
specimens in addition to the control specimen. 

TABLE I: THE PROPERTIES OF TESTED SPECIMENS 
Notation Specimen state Strengthening type 

SPH Control none 

SPS Strengthened Steel Links 

SPG Strengthened GFRP stirrups 

SPC Strengthened CFRP stirrups 

 

 

 
Fig. 2. The shape and dimensions of different strengthening systems 

IV. MATERIALS PROPERTIES 
The specimens were cast using normal strength concrete of 

30 MPacharacteristic strength. The concrete mix was 
prepared in the concrete Lab of Benha faculty of Engineering 
using Ordinary Portland cement, clean siliceous sand, 
crushed lime stone, and potable water. Tests were carried out 
according to ECP-203-07 and Egyptian standards to define 
the properties for concrete constituents, concrete mix and 
reinforcement steel. Table II gives the properties of the GFRP 
WR and CFRP wraps used in this work, given by the 
manufacturer.  

TABLE II: MECHANICAL PROPERTIES OF GFRP AND CFRP WRAPS [7] 

 

V. TEST SET-UP 
The slab specimens were mounted in a horizontal position 

inside the steel frame, and the load was applied to the 
stub-column in a vertical direction using a hydraulic jack of 
50 ton capacity, as shown in Fig. 3. 

The development of cracks was observed during loading 
on both faces of the slab. Dial gauges of 0.01 mm accuracy 
and 50 mm total range were used to measure the deflection at 
the bottom face of the slab (tension side). The dial gauges 
were fixed at the center of the slab to record the maximum 
deflection, and at the supports which considered a datum 
level to get the net deflection values of the slab. Load was 
applied on successive increments. Slab deflection, and 
cracking conditions were recorded after each increment till 
slab failure.  

 

 
Fig. 3. Test setup and instrumentations 

 

VI. STRENGTHENING SYSTEMS 

A. Using Steel Links 
The proposed conventional strengthening system consisted 

of steel links which were locally fabricated using normal 
tensile steel bars of 6 mm diameter fixed at both ends by two 
steel plates of 5 mm thickness and 25 mm width. Steel links 

Property Glass Fiber Woven Roving 
Wraps (WR) 

CFRP 
(Sika Wrap 
Hex-230C)

Fabric thickness, mm 0.17 0.12 

Tensile strength, MPa 284 4020 

Modulus of elasticity, MPa 74000 225000 

Elongation at failure , % 2.0 1.7 
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were installed through the holes which penetrated the total 
slab thickness. The clearance between steel links and holes 
was filled by polyester to ensure good bond between concrete 
and steel links. 

B. Using FRP Stirrups 
Specimens were strengthened by using intertwined FRP 

rods which were manually manufactured from fiber wraps of 
6 mm diameter stirrups which prepared from 4 cm. Vertical 
holes with 10 mm diameter were drilled in the slabs. The FRP 
wraps were saturated with polyester for GFRP and epoxy 
resin (Sikadur-330) for CFRP, and then the intertwined rods 
were formed and stitched through holes along the thickness 
of the slab. 24 hours later, the clearance between GFRP or 
CFRP stirrups and holes was filled by polyester or 
Sikadur-330, respectively, to ensure good bond between FRP 
stirrups and concrete. 

 

VII. EXPERIMENTAL RESULTS AND DISCUSSION 
For each tested specimen, the complete load deflection 

curve was plotted and the cracks propagation was recorded. 
The obtained results were analyzed and discussed in order to 
study the effect of strengthening material type on the 
mechanical behavior of the slab-column connections under 
punching shear. 

A. Cracking Behavior and Failure Mode 
All the tested specimens were loaded under centric vertical 

load and failed due to shear punching. The cracks appeared 
firstly at the tension side of the slab. For each tested specimen, 
the load value corresponding to cracking initiation (Vcr) is 
shown in Table III. The strengthening of the specimen caused 
a significant increase of the first crack load. Using steel links, 
GFRP and CFRP stirrups led to improve its value by 29%, 35% 
and 47%, respectively, in comparison with control specimen. 

As the applied load increased, the cracks propagated and 
became wider and new cracks appeared as well. The radial 
cracks propagated in several directions towards the slab 
edges forming a van shape. The failure surface intersected 
with the slab bottom surface forming a circumferential crack 
of nearly square shape. The distance between the column face 
and the surrounding failure crack was larger in case of 
strengthened specimens. Also, a higher number of radial 
cracks were observed for strengthened specimens in 
comparison with control specimen, as shown in Fig. 4. The 
number of radial cracks was 11 for control specimen; 
however, it increased to 20 & 23 when steel links and FRP 
stirrups were applied, respectively. 

B. Load-Deflection Plots 
For all tested specimens, the deflection value, measured at 

the central point, was recorded at each load increment, and 
the load-deflection relationship was plotted. Fig. 5 shows a 
comparison between the different strengthened specimens, 
also the load-deflection plot of the control specimen was 
presented in the same figure for comparison. Although the 
ultimate load of the strengthened specimens was different, 
the load-deflection relationships of these specimens were 
moderately similar. All the strengthening materials led to a 
significant increase of the rigidity and the resistance of the 
tested specimens against the shear punching. At the same 

loading level, lower deflection values were recorded for 
strengthened specimens, either with steel links, GFRP or 
CFRP stirrups, in comparison with the control specimen, as 
shown in Fig. 5. 

 
Cracking pattern of reference specimen SPH 

 

 
Cracking pattern of specimen SPS 

 
Cracking pattern of specimen SPG 

 

 

Cracking pattern of specimen SPC  

Fig. 4. Cracking patterns 
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Fig. 5. Comparison between load-deflection plots of the tested specimens 

C. Ultimatepunching Shear Strength 

Table III shows the ultimate load (Vu) recorded 
experimentally for the tested specimens. The use of steel 
links gave an increase of ultimate load by 60% of that 
recorded for control specimen. The use of GFRP and CFRP 
stirrups with the same number of rows and the same diameter 
as the steel links increased of the ultimate load by 60% and 
73%, respectively. Fig. 6 shows a comparison between the 
tested specimens with respect to cracking and ultimate loads. 

 
TABLE III: EXPERIMENTAL RESULTS 

Slab Code Vu,exp(ton) Vu,cal(ton) Vu,exp. / Vu,cal. 
SPH 15 12.15 1.23 
SPS 24 18.49 1.29 
SPG 24 21.30 1.12 
SPC 26 22.60 1.15 

  
Fig. 6. Effect of strengthening types on cracking and ultimate Load 

 

VIII. ANALYTICAL MODELING 
All the tested specimens failed as a result of concrete 

exhaustion under punching shear stress at the critical section 
located at a distance d/2 from the outermost row of punching 
shear reinforcement. For the prediction of the ultimate test 
loads, the following equation can be used to calculate the 
values of concrete nominal punching shear strength (Vc) [8]; 

MPafv cc ')
6

11(33.0 −−= α
    (1) 

For the specimens reinforced with shear reinforcement or 
strengthened with steel links the nominal punching shear strength 
may be expressed as: 

scn VVV +=             (2) 
where; 

Vc :  shear resisted by the concrete; 
Vs :   shear resisted by reinforcement; 

 
SdfAV yvcs /)( ⋅⋅=       (3) 

where; 
Av : area of the vertical legs forming the shear 
reinforcement units in one row; 
fyv : yield stress of the used steel for shear reinforcement 

units; 
S: spacing between rows; 
The shear force resisted by the concrete at any critical 

section can be calculated from the following equation; 

dbvV cc ⋅⋅=                     (4) 

where; 
vc : given by (1); 
b : perimeter of the critical section (at a distance d/2 from 
the outermost row of punching shear reinforcement); 
In specimens strengthened with FRP, the nominal 

punching shear strength may be expressed as: 

fcn VVV +=          (5) 

where; 
Vf: is the shear resisted by fiber reinforcement; 
The shear strength provided by the fiber reinforcement (Vf) 

can be determined by calculating the force resulting from the 
effective tensile stress in the fiber (ffe) which depends on its 
effective strain (Єfe). 

fffefvf SdfAV /)( ⋅⋅=        (6) 

ffvsfv wtnnA ⋅⋅⋅=                  (7) 

ffefe Ef ⋅= ε        (8) 

where; 
Єfe = 0.004 (for completely wrapping all 4 sides) [9]; 
Sf : spacing between fiber rows;  
tf:fiber reinforcement thickness; 
wf : width of the fiber strip;  
nv: number of side row stirrups; 
ns: number of vertical legs in one side of row; 
Afv : area of fiber in one row; 
df : depth of fiber stirrups. 
The above equations were applied to predict the ultimate 

punching shear load of the tested specimens. Table IV shows 
a comparison between the calculated values of the ultimate 
load      (Vu, cal.) and the corresponding experimental values 
(Vu, exp.). The equations used to predict the ultimate loads are 
moderately conservative, where the experimental values are 
higher than the calculated ones by 12% to 29%. 

TABLE IV: COMPARISON OF BETWEEN THE CALCULATED AND 
EXPERIMENTAL ULTIMATE LOADS 
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where; 
α : ratio of the critical section distance from the column 

face to the slab effective depth 4 ≥α≥ 1;  
fc': concrete cylinder compressive strength;



re
1)
2)

3)

4)

5)

6)

7)

[1

[2

[3

[4

[5

[6

[7

Based on the
ecommendatio
) All the spe
) All the ma

slab-colum
significantl
flexural rig
carrying ca
stirrups of 
load by 2
ultimate ca

) The CFR
strengtheni
improveme
tested spec

) The streng
FRP stirrup

) The surfac
square shap

) The dista
surroundin
strengthene

) The equatio
tested spec
where the
calculated 

] F. I. Ehab, 
resistance in 
university, Fa
1992. 

] A. M. T. Sai
Resist Punch
University, 19

] A. Sherif, “Be
University of 

] A. Moussa, 
reinforcemen
flat slabs,” in
structural& G

] A. Moussa, “
shear capacit
Proc. of  2nd 
structural des

] G. Ismail, A. 
and Repair 
Subjected to P
Proc. of  Fou
Dynamics, In

] A. M. M. R
Connections 
Minoufiya Un

 

IX. CO

e research wor
on can be sum
ecimens failed
aterials used in
mn connection

ly the shear 
gidity, initial 
apacity. Using

f the same are
29%, 35% an
apacity by 60%
RP intertwin
ing materia
ent in the rigid
cimens. 
gthened specim
ps, increased t
ce failure of t
pe with tensio

ance between
ng failure cr
ed specimens.
ons used to pr
cimens gave 

e experimenta
ones by 12% 

REFE

“Effect of well
R.C. slab –col

aculty of enginee

id, “Strengthenin
ing Shear,” Ph.D
998. 
ehavior of Reinfo

f Calgary, Canada
G. Ghanem, an
ts on the punchin
n Proc. of 5th A

Geotechnical Eng
“Some additional
ty of reinforced 
Intr. Specialty co

sign, Milan, Italy
A. Karem, A. Deb
of Reinforceme

Punching Shear u
urth International
dia, 2012. 

Ramadan, “Repa
with openings,” 

niversity, 2007. 

ONCLUSION 
rk, the followin

mmarized: 
d due to punch
n this research
n were effect
punching beh
cracking load
g steel links, 
ea increased t
nd 47%, resp
%, 60% and 73
ned stirrups 
al, which 
dity and ultim

mens, either w
the number of
ested specime

on slab side. 
n the colum
rack was la
.  
redict the ultim

moderate co
al values are
to 29%.    

ERENCES 
-anchored stirrup
umn connection
ering, Departmen

ng of R.C Slab-C
D. thesis, Faculty

orced Concrete F
a, 1996.  
nd A. Tarkhan, 
ng shear capacity
Alexandria Inter
g., AICSCES, Egy
l arrangements to
concrete slab-co

onference on the c
, vol. 2, July, 200
beiky, and M. Ma

ent Concrete Sla
using (CFRP - GF
l Conference on S

air and Strengthe
Ph.D. thesis, F

ng conclusion

hing shear.  
h to strengthe
tive and impr
havior in term
d and the ulti
GFRP and C

the initial crac
pectively, and
3%, respectiv

was the 
led to hi

mate capacity o

with steel lin
f radial cracks
ens forms a n

mn face and
arger in cas

mate capacity o
onservative va
e higher than

ps on punching
,” M.Sc. thesis, 
nt of civil engin

Column Connect
y of Engineering,

lat Slabs,” Ph.D. 

“Influence of fl
y of reinforced co
national confere
ypt, Dec.2003.
o increase the pun
olumn connection
conceptual appro
03. 
akhlouf, “Strengh
ab-column Conn

FRP - Steel) Stirru
Structural Stabili

ening of Slab-C
Faculty of Engine

 

ns and 

en the 
roved 
ms of 
imate 
CFRP 
cking 
d the 

vely. 
best 

ighest 
of the 

nks or 
s. 
nearly 

d the 
se of 

of the 
alues, 
n the 

g shear 
Cairo 

eering, 

tion to 
, Cairo 

thesis, 

flexural 
oncrete 
ence in 

nching 
ns,” in 
oach to 

htening 
nection 
ups,” in 
ity and 

Column 
eering, 

[8]

[9]

 
 

and re
RC st

D
 

Minis
H

streng
Dr

Socie
and S
 

inBen
are co
streng
mater
 Dr
Socie
 

the fie
differ

En

 

Authorization, “s
of slabs with 
kopfbolzen-dube
punktforming ge
1980. 
ACI Committee,
bonded FRP sys
2000. 

Ga
Feb
axi
Dep
Eng

Fac
Ben

esearch interests 
tructures using di
r. Khaleel is a me

I
o
o
U

F
E
M

stry of Higher Edu
is publications an

gthening of RC st
r. Shaabanis a m
ty of Engineers an
tones in Building

Kh
De
adv
Dep
Can
Spa

Eng
nha, Benha Unive
oncerning with t
gthening/retrofitti
rials. 
r. Elsayed is a me
ty of Engineers.

Mo
5 o
fro
Eng
201

Fac
Egy
His

eld of the strength
rent materials and
ng. Makhlouf is a 

stud rails as shea
point supports 

elleisten als sc
stutzter platten),”

 “Guide for the d
stems for strength

amal Ismail Kha
bruary of 1958, P
ial forces on the 
partment of 
gineering, Cairo U
He is Professor 

culty of Engineer
nha University, E
concern with the
fferent technique
ember of Egypt S

Ibrahim Galal I
on 1960, PhD in 
of Civil Enginee
U.K., 1990. 

He is Professo
Faculty of Engine
Egypt,and the E
Management Uni
ucation. 
nd research intere
tructures using H

member of Egyp
nd Member of So

gs. 

haled M. Elsay
cember of 1966, 
vanced materials
partment of Esc
nales y Puertos, 
ain, 1999.   
He is Associate 
gineering Departm
ersity, Egypt. Hi
the fields of frac
ing of RC struct

ember of Egypt S

ohamed Hussein
of November of 
m Department 
gineering inBenh
11.   
He is Assistant 

culty of Enginee
ypt. 
s publications and
hening and repair
d technique. 

member of Egyp

ar reinforcement i
(zulassungsbesch

chubbewehrung 
” Institute fur Bau

design and constr
hening concrete 

aleel was born in
PhD in Civil En
shear strength of
Civil Engineer
University, Egyp
of Reinforced C

ring in Benha and
Egypt. His publica
e fields of the stre
es. 
Syndicate of Engi

brahim Shaaban
Civil Engineerin

ering, Dundee U

or of Reinforced C
eering at Shoubra
Executive Direc
it Development o

ests concerning w
igh Strength Con
t Syndicate of E

ociety for Promoti

yed was born in
PhD in Civil Eng
 program) from 

cuelaTécnica Sup
UniversisdadPol

 Professor and t
ment, Faculty of 
s publications an

cture mechanics 
tures using fiber 

Syndicate of Eng

n Ali Makhlouf w
f 1983, M.SC. in

of Civil Engin
ha, Benha Univer

Lecturer of Stru
ering in Benha, 

d research interes
r of RC slab-colum

pt Syndicate of En

in the support zo
heid Nr. 2-4.6-

im stuzenbere
ulechnik, Berlin, J

ruction of externa
structures,” Janu

n Damietta on 22
ngineering (effect
f RC element ) fr
ring, Faculty 

pt, 1992.   
Concrete Structur
d the Vice Preside
ations 
engthening/repair

ineers. 

n was born in Ca
ng from Departm
University, Dund

Concrete Structur
a, Benha Univers
tor of the proj
f Higher Educatio

with the fields of 
ncrete. 
Engineers, Egypt
ing the use of Bri

n Cairo on 15 
gineering (structu
Materials Scien

perior de Camin
litécnica de Mad

the HEAD of C
Engineering 

nd research intere
of concrete and 
reinforced polym

gineers and Egypt

was born in Cairo
n Civil Engineer
neering, Faculty 
rsity, Benha, Egy

uctural Engineeri
Benha Univers

sts concernwith
mn connection us

ngineers.  

nes 
-70, 
eich 
July 

ally 
uary 

2 of 
t of 
rom 

of 

res, 
ent, 

r of 

airo 
ment 
dee, 

res, 
sity, 
ject 
on, 

the 

tian 
cks 

of 
ural 
nces 
nos, 
rid, 

ivil 

ests 
the 

mer 

tian 

o on 
ring  

of 
ypt, 

ing, 
sity, 

sing 

IACSIT International Journal of Engineering and Technology, Vol. 5, No. 6, December 2013

661


