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Punching shear behavior of flat slabs composed of normal concrete and ECC under
the unbalanced moment

M. Amiri, M. R. Esfahani”

Faculty of Engineering, Ferdowsi University of Mashhad, Khorasan, Iran

ABSTRACT: Load capacity and ductility are the two main characteristics of flat slab-column
connections in highly seismic areas. To date, different methods have been employed to strengthen the
connection against shear punching, including column capital, drop panel, high strength concrete, and
shear reinforcement. In the current experimental study, the effect of using Engineered Cementitious
Composite (ECC) on upgrading the punching shear strength of flat slabs under an unbalanced moment
was investigated. ECC can provide the composite with features such as the ability to spread multiple
cracks under load, strain hardening, shear force, scabbing strength, and high deformation. To this end,
seven reinforced concrete flat slab specimens with the dimensions of 1000mm*1000mm*100 mm under
the load with the eccentricity of 150mm were examined. The slabs were made from two layers of normal
concrete and ECC in their thicknesses. The variable parameters included the unbalanced moment effect,
improved interaction of the two materials, and ECC thickness. It was observed that improving the
contact surface of normal concrete and ECC increased the shear capacity. In addition, the replacement of
slab concrete with ECC increases the punching capacity and post-punching strength of the slab without a
large and sudden drop in load. The change in failure mechanism was observed from a sudden and abrupt
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failure to a formable failure with high-energy absorption when using more ECC layer thicknesses.

1. INTRODUCTION

Due to the presence of unbalanced moment in the slab-
column connection, it is necessary to increase the strength
and ductility at the connection. Although the use of column
capital and drop panel increase the shear capacity of the slab-
column connection, the ductility at the joint does not change.
The application of high-strength concrete at the connection
enhances the shear strength and flexural capacity of the joint;
however, it demonstrates a strong brittle failure in severe
earthquakes [1, 2]. Adding shear reinforcement around the
column in the slab-column connection would improve the
connection behavior; yet, the presence of severe cracks in the
flat slab under cyclic loading is unavoidable [3]. Despite the
fact that there are various methods of strengthening the slab-
column connection, a method that can simultaneously meet
the strength and ductility of the connection by considering
the implementation and economic aspects is of interest to
researchers.

Using engineered cementitious composites (ECC) with
features such as the ability to spread multiple cracks under
load, strain hardening, shear force and scabbing strength, and
high deformation which was previously used for reinforcing
the beams [4], columns [5], beam-column connection [6]
and masonry wall [7], the present study sought to investigate
the effect of such composites on enhancing punching shear
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resistance of flat slabs under an unbalanced moment. To do
so, first, a suitable design for ECC mixing was prepared based
on the previous studies, and then, the effect of using ECC on
upgrading the punching shear strength of flat slabs under an
unbalanced moment was examined.

2. EXPERIMENTAL PROGRAM

In order to enhance the efficacy of using ECC on the
punching shear behavior of the flat slabs under the unbalanced
moment, the ECC was initially formed with mechanical
and flexural properties indicated in Table 1 and Figure 1,
respectively. Then, a total of seven half-scaled reinforced
concrete flat slab specimens with dimensions of 1000 mm x
1000mm x100 mm were designed and made according to ACI-
318-14 code. Slabs were made of two layers of normal concrete
(NC) and ECC in their thicknesses. The slabs were examined
under load with an eccentricity of 150 mm and according to
the configuration presented in Figure 2. The variable features
included the unbalanced moment effect, improved interaction
of the two materials, and ECC thickness.

Table 1. The mechanical properties of composite material (ECC)

density Flexural Strength Compression strength
(kg/m?) (MPa) (MPa)
1748 8 31
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Fig. 1. Bending stress — Mid-span displacement curve for the
four-point bending test

3. RESULT AND DISCUSSION

According to Figure 3, the final load capacity of the
specimen with unbalanced moment (C2) was reduced by 21
percent compared to the specimen with net shear (C1). The
application of U-shaped rebars in the connection of the NC
and the ECC (EC3 compared to EC2 specimen) improved the
interaction of the two materials; hence, it increased the shear
capacity and changed the brittle failure mechanism to soft
failure in the composite slab.

Also, the ECC replacement height (he) to slab thickness
(H) ratio was investigated at the ratios of zero (C2), 0.15
(EC1), 0.3 (EC3), 0.5 (EC4) and 1 (ECS5). According to
Figure 3, as the force and unbalanced moment increased, the
fine cracks were gradually formed and the stiffness decreased.
Put differently, the increase in ECC layer thickness leads to a
noticeable decrease in stiffness. Despite the fact that the rise
in the amount of ECC replacement in EC3, EC4, and EC5
specimens expanded the multiple micro-cracks and the tensile
hardening of ECC, leading to noticeable deformation of the
slab-column connection, the sheer capacity drop is, however,
much less and it is about 11, 15, and 15%, respectively.

Due to the presence of integral reinforcement in the
compression aspect (compression reinforcement that passes
through the connection), the slab after punching failure is
still able to withstand the load to prevent the progressive
damage (post-punching behavior). The results showed that
the replacement of conventional slab concrete (C2 specimen)
with ECC has increased the post-punching capacity of
EC3, EC4, and ECS specimens by 44, 45, and 54 percent,
respectively. Energy absorption of EC1, EC3, EC4, and ECS
specimens were 14, 50, 52, and 63 percent, respectively,
which is higher than the amount of energy absorbed in the C2
specimen, which was completely made of normal concrete.
The presence of ECC in the tensile zone of the slab, not only
increases the shearing capacity of the slab, but also prevents
failure with crushing and separation of crushed pieces from
the surface of the slab. Therefore, the features of a flat slab
change from a brittle shear failure to ductile bending fracture
with hardening property.
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4. CONCLUSIONS

In the current study, first, a suitable design for ECC mixing
was suggested based on previous studies. Then, the effect
of using ECC on the punching shear behavior of flat slabs
under an unbalanced moment was investigated. Besides, the
effect of the unbalanced moment, concrete and ECC contact
surface improvement, and the replacement of slab concrete
with ECC were investigated in the specimens. Based on the
experiments, the following results are obtained:

1- The use of ECC at the slab-column connection
maintains the shear capacity, yet the behavior after the failure
of the connection is significantly improved. The whole
replacement of slab concrete with ECC results in an increase
in the energy absorption capacity by 63 percent.

2- By increasing the replacement of slab concrete with
ECC, the behavior of the flat slab is shifted from a sudden
brittle failure with crushing and separation of concrete pieces
to a ductile failure without crushing and separation of the
concrete cover on the rebars.
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3- As the replacement of slab concrete with ECC
increases, the post-punching behavior, which is effective
in preventing progressive failure, increases significantly.
Complete replacement of slab concrete with ECC increases
the post-punching strength by 53 percent.
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Fig. 1. Four-point bending test
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Table 5. The properties of steel reinforcement
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Table 7. Summary of results
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Fig. 5. Load - displacement relationship for connections with and without unbalanced moment

SLSs o 55 o (e 6 35 5,5 15 o5 33,5 o oanli

I e Sl S i, LSAS 5 9 GRIBIL 5 ool
S s p gl fols e 3 s 4y o Lol g oals auls
AWl b cudib jo SLSL il g 3sd oo sl S Cust
sl e o Jolails S5 b 905 ol b b il e
o, VY w,ls (C1) alls oy oS (sliges b auwslio ;o (C2)
s 0 S gloysile)]l sgzy Lo 4l widl tals
o JIs (oS o0 y3ee Jlail domo 5l a8 (5La8 45300 o L
Szl o 58, b L Jood 4 06 jlizen (ol aiSie cuSs

O bl Ll plo og <ol b Joleel S cow ECC
PR ART A f%{ ol o Sy a5 s

03,51 V Jgaz )0 laioloj] mlis aodls- .85 13 )y 050

9 i Ll o b s bawg obuly - g5 jloges 8 JS2 50
Joe jo Joleial K (900 9 b diged 98 10 sl GG 254SS

Sl 00 ed)5—| JL.a)‘

gov1



FOYY U FOVA daxiw MY Jl.w N Q)Lo.w QY 0)9d ‘)MS)M‘ LJ‘)""C L;\»._\.\.Q(a 4.:).;“_»

simply supported

C2 5 C1 JIs gl o6y pobasi bohas 5 JSi
Fig. 6. Assumed yield line for slabs C1 and C2

d g d s oo ansin cuaglis £ 15 slos Koo gl 25
sl 15 Vb s B I oYU 5 0pely sloo Koo 55 50 alols
JIs sies ad )b (V) o (V) adasly jo bs ol )l olie opols J1 3L
et b bboasx S1C2 5 CL s yo owl caws 4 (5guisks
SACT Gb ool anle iy Codyls 5 S aops A 5 YO
L o) 0105 &) oo Ko 10 (6L 5 pudens  Jg <ol 14-318
Gl ol afie caSs 5 (C1 Jls olale — 5,0 logas Glo
Coglie 395 YA Jguu S imoi slhae yol ol Jdo .ol
ool (phed 05l oS85 sl 5ls 090 pd SA g it
14-318-ACI sladsl T Lals, b ol s a5 s aslis
ool ¥ S 50 aubes bghas 5JUT 5y, 5 urocode2004 E
& sl &8ly o551 Eurocode2004 45 55 5 o ssalice .ol

a2 oo &l eiwcss s Jlasl cus b

3 SHe sl Thg bosle 50 uled mhaw (o) p jskate &

u.«JLQ_VCJG.uJL’JL) 99 ¥ Jj..\} d.an.A ujLL.A OMQL}.&MA‘)}‘
4n L EC3 @505 50 9 0 ploxl 150y 5 eolial g0 Jlo
5o Sl 15 alolh 5 e o A b 4 JS5 U slas 5L
U5 i 39 ot s s S F K5 s 5 o 3

1 Criswell

goyy

s 9 wdlion el Fge 0digy ey <0 5 5l 6T sl sl &S
S e jelaie 4 calites gladsl ST ool soel V' Jgo yo )]
5 o (6] xSt S b sy Joleils S 1 38,5
slp 14-318-ACT Ly, s, ailesls &l o oaes L,
o gy sl aSie St oyl Cl wiged alie s s
5585 09dse 05l VOV 5 ) (i 4y Jolewal S0 (e s L
el 00 3,591 5 yieS Ao, VY g T LiolejT g0 diges b dulie
Sl gl asis ey eud b Jlaie Eurocode2004 Ly, b
Sgir o0 3,9 WO g WWF 55 Jolaals 5 g0 9 b >
300,18 WS a0 ¥ g V0 Liolesl 0,50 diged b auslis jo a5
sanlice o Xl 10 ki (5,000 C1 Jls Sluls = 5,5 g3
5 CL gladls csis g5 5 Jlogal (o slp sl a0
3 ol Lkt U1 s, e 2 (V) ot il C2
TXVD STl 5 it Gy il # S (523 el Lgha

A Ao (V) alal, 5l

v, =4m a ")
frex a—r+2e

9 <25 e 3l @ey> € ogiw 2o T oJls Job @ alaly ol o
los Cows & (V) el b oS Cel Jsb aly Stadly S m

m =(p—p’)fyd2{1—0.59j},(p—p’)J+p'fyd2 [1—‘3} )

c

Sy Jls @b 5 ol 0, 8he sy Py p oY) akl, o



FOYY b ¥V axbw Moo JL» N O)LM OY 0y9d E).A.AS):AI u‘)a.c L;»A...Q(c 4.:).“;

e T
§ 7
:30 § %
a0 \

Jolaxol 550 (g g b cdlo 50 gl A b Cad b duag Lo .V S
Fig. 7. Comparison of punching shear capacities of specimens with and without unbalanced moment
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