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Abstract

This paper investigates the strengthening techsigudightweight concrete (LWC) flat slabs
vulnerable to punching shear failure. Thirteen feeiced LWC flat slab specimens were
experimentally tested. The main investigated patarsenere the type of shear reinforcement
(steel bars, high strength bolts, or glass fiberfoeced polymers (GFRP) rods), spacing, shear
reinforcement configuration around the column dmel fixation method of shear reinforcement.
The test results showed that using radial sheaforgement with spacing of (d/2) resulted in the
most efficient strengthening technique. The punghghear capacities were improved by 77%,
61% and 54% by using steel bars, glass fiber rau$ lgh strength bolts, respectively,
compared to the reference specimen. Moreover, Usgigstrength steel bolts fixed to the slabs
with steel plates showed the highest ductility careg with the other strengthening techniques
Also, the failure mode converted from being brigleear failure to flexural-shear mode. Non-
linear finite element analysis (NLFEA) was carriedt for the numerical verification. The
analysis adequately reflected the trend of experateresults. Finally, the experimental test
results were evaluated with the codes equations.eValuation showed that ACI 318-2018 code
underestimated the punching shear capacity ofébed specimens. On the other hand, Euro
Code showed good prediction of the punching sheangth of the tested slabs.

Keywords: Punching shear strength; strengthening; lightwetgintcrete; flat slabs; NLFEA.



1. Introduction

In the beginning of the 21century, studies for the punching shear strendthiemforced
concrete (RC) flat slabs supported by columns wareducted by many researchers [1-2].
Decreasing the weight of RC slabs considered aeffaative way to solve the slab-column
connection problem. The punching shear strengtleripon the length of the slab, rather than
the thickness of slab [3]. Recently, concrete tetdgy has undergone rapid development,
resulting in the production of a new concept ofnfioeoncrete [4-5]. The use of foam as a type of
admixture for RC is a significant development ia Htructural construction industry. It led to the
innovation of a new type of concrete called lightywe concrete (LWC). LWC is a type of
concrete characterized by light self-weight, selfapacting and self-leveling. The mechanical
properties of LWC were established by several rebeas [6-10]. The proposed compressive
strength, elastic modulus and peak strain of LWQGewstudied by Cui et al. [6]. Also, the
thermal properties and shrinkage predictions of LMi2e investigated [7-9]. Moreover, Chung
et al. [10] evaluated the void distribution and #gigfness of LWC. The results revealed that
LWC improved thermal and sound insulation propsrtidile maintaining adequate strength. On
the other hand, comparing with normal weight cotgriigher creep, shrinkage, large deflection
and lower splitting tensile strength were obserf@dAs an alternative reinforcing material to
the steel reinforcement, fiber-reinforced polym&RP) bars are considered due to their
corrosion resistance characteristic, so the FRB bave received considerable attention. FRP
also has a high strength-to-weight ratio. Therefrtne FRP system is used to strengthen LWC

slabs subjected to punching shear some advantagkshe expected.

An investigation of LWC structures reinforced withe different reinforcement system was

studied [11-18]. Khaleel et al. [11] studied th&ogéncy of using FRP systems to strengthen the



slab-column connection subjected to punching shearexternal FRP stirrup made from glass
and carbon fibers were used as a strengtheningmsygthe test results showed that using steel
links, GFRP stirrups and CFRP stirrups enhancednitial cracking load and the load-carrying
capacity compared with the control specimens. Mageothe surface failure of the tested
specimens forms a nearly square shape with terséatnside. The sudden collapse of the slabs
due to punching failure was prevented for specingrengthened with L-CFRP laminate [12].
Wiater and Siwowski [13] showed that, the deflectmf LWC slabs was significantly larger
with comparison to the NWC slabs. Zaher et al. jhBgstigated the punching shear behavior of
nine half-scale LWC Slabs. LWC was obtained by gigialystyrene foam as a partial aggregate
replacement to reduce the weight of concrete frdmd KN/m3 to 18.5 KN/m3. The test results
showed the degradation punching shear performah¢&M& slabs when compared with RC
slabs. These degradations of LWC specimens wer¢ pnosounced in the post-cracking stage
until failure. The punching failure of slabs is hig affected by types LWA used in the slabs

[16].

The punching shear performance of steel fiber LMbsswas studied by Caratelli et al. [17].
Three full-scale slab simulating bridge decks wested. The test results showed that the use of
steel fiber LWC appeared as an effective solutionifcreasing the punching resistance of
typical bridge decks. Urban et al. [18] investighthe efficiency of double-headed studs shear
reinforcement in LWC flat slabs. The studied pareargeincluded the longitudinal reinforcement
ratio and the cross-section of punching shear assement dual headed studs. Double headed-
studs showed significant efficiency in resistingnphing shear strength. The load-carrying
capacities were improved by a range from 16 to 7&i# reference to the specimens without

transverse reinforcement.



Most of the studies focused on the LWC slabs witih Hlexural reinforcement ratio to induce
the clear punching shear failure [E®ror! Reference source not found.]. Superior
performance of LWC slabs strengthened with headezhrsbars compared to conventional
stirrups [20]. The punching shear capacities of WSand NSLW concrete slabs were tested
under eccentric load was nearly similar [21]. Agiraet al. [22] investigated the improvement
of the punching shear strength of RC slabs by FRP steel sheets. The enhancement in the
ultimate capacity of specimens strengthened witelssheets was more than specimens
strengthened with CFRP or GFRP sheets. Lapi ¢23].pointed out that the shear strength and
ductility increased for slab strengthened with postalled shear reinforcement. El-Kashif et al.
[24] investigate experimentally the punching shieahavior of flat slabs-column connections
strengthened with CFRP string having a fan shagerasny strengthening technique. The results
showed that the proposed strengthening techniqyeowed the punching shear capacity and
enhanced the ductility of the flat slabs columnremtions. Silva et al. [25] indicated that the
skewed placement of CFRP at the shear critical #seaffective than that of orthogonal
placement in the presence of end anchorage. Mare 46% of punching shear capacity can be
gained by the external strengthening of slab-coluoannections with a proper bond
arrangement. [26] Introduced an experimental progi@ overcome the risk of brittle punching
shear failure in the column region. The increaseunching capacity for slab by post-installed
shear bolts ranged from 28% to nearly 55%. Usireglsbolts as shear reinforcement in
strengthening slabs against punching failure isagiffe in preventing sudden punching shear
failure in flat slabs [27]. The experimental resulif strengthened slabs with CFRP system was
pointed out that the length of radial cracks waduced [28-29]. The brittle failure of

strengthened slab using shear bolts technique mpsoved to ductile failure [30]. Flat slab



strengthened with different types of shear reirdorent was analyzed using NLFEA [31-33].
The mentioned previous research works were focasediormal weight RC flat slabs only.
Accordingly, investigation of different techniquies strengthening of LWC flat slabs subjected

to punching shear is required.

This paper aims to introduce several strengthetechniques of LWC flat slabs subjected to
punching shear. Thirteen specimens of LWC flat slakere tested. The specimens were
perforated in the strengthening places. The maip parameters were the type of shear
reinforcement (steel or GFRP), dimensions and Hkyanfiguration of shear reinforcement
around the column and the fixation method of shegforcement (adhesion or fixation of steel
bolts using steel plates on each side of the sIE#®. cracking load, maximum load and load-
deflection curves were discussed. In addition |dlae- shear studs strain curves were presented.
Moreover, the crack pattern and failure modes wapserved. NLFEA was performed to
simulate the tested LWC flat slabs. ANSYS softwf84] was used to develop the models.
Finally, the test results were evaluated by theégdesquations as recommended by different
international codes; ACI-318-18 [35], CSA A23.3020[36], ECP-203-2017 [37], BS-8110-

1997 [38] and EC-2- EN 1992-1-1 [39].

2. Experimental Program

2.1. Test Specimen Design

The experimental program consists of thirteen spens of LWC flat slabs with constant plan
dimension of 1150 x 1150 mm, thickneg$ ¢f 150 mm and effective depth (d) of 130 mm. For
all specimens steel reinforcement bars were useeiniforcing the LWC slabs; 16 mm diameter

@ 125 mm c/c spacing were used as bottom reinfe@nemesh while, 10 mm diameter @ 150



mm c/c spacing were used as top reinforcement mEsh.specimens were perforated in the
strengthening places. The investigated parametelsded the type of shear reinforcement (steel
or GFRP) bars, dimensions and shear reinforcenagott configuration around the column and
also, the fixation method of shear reinforcemenhésion or fixation of steel bolts using steel
plates on each side of the slab). The specimens @veided into three Groups A, B and Group C
in addition to control specimen labeled as S1 fomparison. Group A consists of four
specimens (S2, S3, S4 and S5) of reinforced LWE dlabs strengthened with steel bars
adhesive with epoxy. Specimens S2 and S3 weregstrmed in orthogonal shape with spacing
65 mm (0.5 d) and 130 mm (d) respectively. Alsecamens S4 and S5 were strengthened in a
radial shape with spacing 65 mm and 130 mm resgtiThe specimens of Group B (S6, S7,
S8, and S9) were similar to Group A but GFRP rodkeaive with epoxy were used for
strengthening the reinforced LWC slabs. The stitegghg technique used for reinforced LWC
slabs of Group C (S10, S11, S12 and S13) were Istdtsl assembled by steel plate on each side
of the slab. Specimens S10 and S11 were strengthermm@thogonal shape while, specimens S12
and S13 were strengthened in a radial shape. Tdw ptate dimensions that represented the
column was set to be 150*150*60 mm co-centered thighspecimen. Table 1 demonstrated the
main parameters for the specimens. Also, the resafoent details of the control specimen S1,
Groups (A, B) and Group C are shown Figs 1, 2 amespectively. The different strengthening

techniques was used in the manuscript were appdi¢calibe used in the existing structure.
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Table 1: Test Specimens Strengthening Techniques Classification

. Strengthening . .
Group | Specimen RFT / S (mm) Shape Strengthening Techniques
S1 Control sample without shear RFT
S2 $ 12 /65
< Orthogonal RFT
N 12/130 . . .
o S3 ¢ steel reinforcement bars fixed with
2 s4 $12 /65 Epoxy
Radial RFT
S5 $12/130
S6 G 12/65
—_ Orthogonal RFT
= S7 G 12/ 130
%‘ GFRP rods fixed with Epoxy
(3 S8 G 12/65
Radial RFT
S9 G 12/130
S10 bolt$ 12 / 65
— Orthogonal RFT
e S11 bolt$ 12 / 130
g' High strength steel bolts with steel plate
& S12 bolt$ 12 / 65
RadialRFT
S13 bolt ¢ 12 / 130
2.2. Materials

The specimens were made of LWC with a density ob@&N/nt. The mix proportions for

meter cubic are given in Table 2. In order to paedbomogeneous mixtures, the materials were

mixed very well (3 min dry mixing, 2 min wet mixirend 2 min high rate mixing) producing a

uniform and flowing mixture. Average density anthtt mean strength of twelve concrete cubes



were 16.50 KN/m and 25 MPa respectively. The cubic concrete sthem@s determined by

testing 12 cubes 150 x 150 x 150 mm after 28 dagssiing.

Table 2: Mix Proportionsfor Cubic Meter of Concrete

Cement| Sand | Coarse aggregat Water WIC Additives | Silica fume| Foam
(Kg) (Kg) (Kg) (Littre) (Littre) (Kg) (Kg)
450 630 630 139 0.308 135 40 7.25

GFRP rods of diameter 12 mm were used as shedonement. The bars had a helical wire
wrapping to enhance the bond between the bars lamdsurrounding concrete. The elastic
modulus of GFRP bars was 55 GPa while the ultinsttength and strain were 800 MPa and
2.1% respectively as given by the manufacturer.adidition, deformed high tensile steel
reinforcement bars of 10 mm, 12 mm, and 16 mm diameith yield strength of 400 MPa and

ultimate strength of 580 MPa were used.

2.3. Test Setup

Fig. 4 presents the test setup for all specimehs.|ldad was applied at a stroke-controlled rate
of 0.2 mm/min. The deflection of the specimens wasnitored using three linear variable
differential transducers (LVDT); the first was satthe mid span of the slab, the second was set
at 150 mm from the first (opposite to loading plétee) and the third was set at 150 mm from

the second. The strains of the shear studs wersureghusing strain gauge as shown in Fig. 5.
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Fig.4 Test Setup of the Slab

Fig. 5 Attached Strain Gauge to the Reinfor cement Bars



3. Test Results and Discussion

The enhancement in the punching shear strengtiheofrdinforced LWC slabs using several
techniques was discussed in terms of cracking npatteacking load, load-deflection behavior

and also, the developed strain in the shear studs.

3.1. Cracking Load and Ultimate L oad

All specimens were visually observed till the appeae of the first crack with the recording of
the corresponding first crack load. Figure 6 shdmes crack pattern for all tested specimens.
Also, Table 3 summarizes the observed test restdtsthe reference specimen S1, the first crack
load Ps) appeared at 75 KN and failed at a load of 340 KNe crack pattern propagation
showed very fine tangential cracks that were fiisserved around the loading plate, and then
few fine cracks started in radial directions rumnfrom the loading plate faces toward the slab

edges.

Comparing with the control specimen S1, no sigaiiicchange in the first cracking loal.
was observed for all specimens. On the other hasihg different strengthening techniques
showed different enhancement levels in the loadsrey capacity P,). For Group A, using steel
bars as strengthening techniques improved the daaging capacity for S2, S3, S4 and S5 by
70%, 54%, 77% and 59%, respectively. Also, theusidn of GFRP shear reinforcement for
strengthening Group B enhanced the load-carryipgaty compared with the control specimen
S1. At the ultimate level, the load-carrying capaaias improved for S6, S7, S8 and S9 by 52%,
41%, 61% and 48%. The enhancement levels weretHassGroup A due to the low stiffness
and modulus of elasticity of GFRP bars comparedt¢el bars. For Group C, the use of high

strength steel bolts as shear reinforcement focisns S10, S11, S12 and S13 enhanced the



load carrying capacity by 39%, 21%, 54% and 40%peetively. Comparison of results

demonstrates that the all different strengthengotpiiques system had an insignificant effect on
the cracking loads. The largest effect on the @tencapacity for specimens strengthened with
shear steel link. Provision of shear links in radigection led to maximum enhancement in the

ultimate capacity. The perimeter of the cracking wecreased with increasing the shear links.
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Fig. 6 Cracks Pattern for the Tested Specimens

3.2. Load-Deflection Curves

The experimental load-deflection curves for Grodp®3, and Group C are plotted in Figs.7, 8

and 9, respectively. For the control specimen Bé&,gre-peak load-deflection relationship was
almost linear response up to the peak load. Thenaglesof nonlinear stage before failure was
observed hence no ductility for the specimen wasegh For Group A, the load-deflection

curves showed the same behavior at the pre-pedifdoapecimen S1. Provision of steel shear
reinforcement showed an enhancement in the pogtgiage for the tested specimens. The load-
deflection relationship for Group B had the saneadrfor Group A. Generally, using GFRP rods
as shear reinforcement had a significant effecpast-cracking behavior. The specimens of
Group C which strengthened by high strength steks lfixed to the slabs with steel plates had a
more ductile behavior compared with the other spens. A noticeable enhancement in the
maximum deflection and more ductile behavior waseobed by the long plateau developed
after the peak load. Increasing the spacing betwbenstrengthening rods from d/2 to 2d

remarkably decreased the effectiveness of the gitrening measure for all groups. Based on

the plotted load-deflection curves, the followingasurements can be evaluated as follows:



a. Ductility Factor and Energy Absorption

The ductility factor DF) can be defined as the ratio of the ultimate deétion to the
deformation at the beginning of the horizontal pdthe energy absorptiot)(can be defined as
the area under the load-deflection curve. The wahfe©OF) and () for all specimens were
recorded in Table 4. The inclusion of shear reidament, improved the ductility factor
comparing with the control specimen S1. For Groyp#ing steel bars as shear reinforcement
enhanced the ductility factor for S2, S3, S4, ahd$28%, 16%, 57% and 45% respectively. In
addition, for Group B, using GFRP rods as sheafostement improved the ductility factor for
S6, S7, S8, and S9 by 8%, 7%, 8% and 10% resplctMereover, for Group C, using high
strength steel bolts with steel plates as sheafargement showed a significant enhancement in
the ductility factor,DF for S10, S11, S12, and S13 was improved by 167P8%3 202% and

231%, respectively.

Based on the comparison between the specimengnitbe concluded that the strengthening
techniques for the specimens of Group A have mieeteve enhancement of punching shear
strength capacity Pu compared with Group B and @r& Generally, using a radial

reinforcement spaced with 0.5 d (65 mm) was thetmefficient strengthening technique to

enhance the punching shear strength of LWC fldisslaAll specimens of group A almost have
the same failure behavior due to the brittle anddsa failure (punching shear failure). On the
other hand, a noticeable ductile behavior aftekkpgead was observed in Group C. Moreover,
strengthening reinforced LWC flat slab with higinesigth bolts with steel plates at spacing d/2

change failure mode from being a sudden failurghtar failure with flexural cracks.
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Table 3: Experimental Results of the Tested Specimens

Experimental Test Results Relative Experimental Results to the Control Specimen (S1)
Group Slab Py P, Y oF I P, P, 8, DF T
(kN) (kN) (mm) (kN.mm) P51 Py g1 | 8451 | DFsy Is,
S1 75 340 6.03 1.72 2191 1.00 1.00 1.00 1.00 1.00
S2 80 576 13.2 2.2 8960 1.07 1.69 2.15 1.28 4.09
Group S3 77 523 11.75 2 6430 1.03 1.54 1.95 1.16 2.93
A A 85 603 9.95 2.7 5200 1.13 1.77 1.65 1.57 2.37
S5 81 539 10.50 25 6440 1.08 1.59 1.58 1.45 2.93
S6 77 517 11.25 1.85 6320 1.03 1.52 1.87 1.08 2.88
Group S7 76 480 10.15 1.84 4840 1.01 141 1.68 1.07 221
B 8 84 546 11.23 1.86 5650 112 1.61 1.86 1.08 2.58
9 78 504 9.18 19 4260 1.04 1.48 1.52 1.10 1.94
S10 77 473 1114 4.6 27300 1.03 1.39 1.85 2.67 12.46
Group S11 80 412 10.27 7.11 18500 1.07 1.21 1.70 4.13 8.44
c S12 82 522 18.3 5.2 33780 1.09 1.54 3.03 3.02 15.42
S13 76 476 15.35 5.7 30300 1.01 1.40 2.55 3.31 13.83
Where:
Per : cracking load of the specimens in (KN);
Py . ultimate load-carrying capacity in (KN);
ou : corresponding deflection for the ultimate loadrmm);

I : energy absorption in (KN.mm);

DF  : Ductility factor

3.3. Load-Shear Stud Strain

The maximum strain developed in the shear studsmessured at the first stud opposite to the
loading plate. Figs.10, 11 and 12 present the &bedhr studs strains for Groups A, B and C

respectively as it possible. The strains in studsewcomparatively small at cracking. After



cracking, strains increased rapidly with straindeaing until the occurrence of failure. The

maximum shear strain values in studs for the tesitdus are recorded in Table 4.

Table4: Shear Stud Strain of the Tested Specimens

Shear Stud Strain
Group Slab

(€s)
2 0.0008
Group 3 0.0002
A S 0.0009°
3 0.0008!

6 0.00¢
Group s7 0.002!
B % 0.001;
S9 0.002+
S10 0.001¢
Group S11 0.0014
c S12 0.0006;
S13 0.003¢
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4. Non-Linear Finite Elements Analysis (NLFEA)

NLFEA was performed to simulate the tested concieéams. The commercially well-
established finite element analysis software paek&SYS (ANSYS release 15.0) [34] was
used. The load-deflection curve is the importapeasin verifying the performance of LWC flat
slabs. It includes beneficial parameters such las: ultimate load K,), the corresponding
ultimate deflection ;) and the energy absorption (I). Accordingly, conmpgh the extracted
results from the idealized models with the testiitesconsidered an efficient method to validate

the models.



4.1. Finite Element Geometric | dealization

The structural element types used for the geometdalization of the different materials are
Solid 65 for concrete as its capability to the ptadeformation, cracking and crushing in three
directions. 3-D spar elements (Link 180) were uBmdidealized reinforcing bars. It has two
nodes and three DOF. Also, has the capability astpt deformation. Solid 45 was idealized at
the location of loading and supports in the spensre avoid stress concentration problems. The

structural element types used to discrete therdifftematerials are presented in Fig. 13.

1
L~ surface Coordinste System

(b) Link 180 (C) Solid 45

(a) Solid 65

Fig.13 Structural Elements | dealization for the Numerical Models [34]

In order to solve the nonlinear analysis equati@isLWC slabs, the Newton-Raphson

equilibrium iteration technique is used in the ANS¥oftware [34]. This technique is based on a
series of successive linear approximations withremtions. The convergence criterion is based
on a displacement control. In order to improve ¢bavergence of nonlinear analysis, adaptive

descend gene, linear searching, forecasting amdiicy were used at the same time.

The displacement boundary conditions are requicedonstrain the models. To simulate the

hinged support boundary condition of the slabstéeslations at the nodes({UJy and ) are



assigned as a constant value of zero. The loagdpised as incremental loads. Adjustment is set
for each increment to reach results at a certagtiBp load level. The maximum number of

iterations in each load step is set as progranuttefa

4.2. Constitutive Modelling for Concretein Compression

The constitutive modelling for concrete in compresss adopted by Hognestad-Popvics stress-
strain curve [40]. As shown in Fig.14, the curvensists of two branches, the first branch
represents the ascending one until the peak sffgsand the corresponding straig,)( are

reached. It is defined by:

_ €ci €ci ’
fei =fp 2(5)—<g) (D

Where:

fp = the peak compressive stress; determined expetheffom standard specimens;

g, = the concrete compressive strain correspondifig to

fi = the concrete compressive stress correspondingnirete compressive straig

€.; = the concrete compressive strain correspondinghorete compressive strégs

The second branch presents the descending braashggak) in which the curve descends into
a softening region till the ultimate strait).{) and crushing failure occurs. The stress-straimecu

for this branch is represented by the followingagtpn [40]:

n(i—:)
fei=/p m (2)
E.
n=(z——=—) 3

Ec - ESec



Where:

Esc = the secant modulus at peak stress in MPa, athefiised as:

/3
€p

Esec=(—) 4

E. = the initial tangent modulus for concrete in MBad is defined as according to ACI-318-18

[35] by the following equation:

E, = 4700+/f.’ (5)

[
|
i
Pre-Peak Region : Post-Peak Region
|
|
|
[
|
|
[
|
|

v°

N - - =

Fig.14 Hognestad-Popvics Stress-Strain Curve for Concretein Compression [40]

4.3. Constitutive Modelling for Concretein Tension

The simplified concrete model in tension was usedhe simulation of the NLFEA model.
Fig.15 presents the uniaxial tensile stress-stamme for concrete [41]. As shown in the figure,
the stress-strain curve is linear till the ultiméasile strength of concret,) is reached at
corresponding ultimate tensile straim,). The tensile stress and strain values after livaate
level equal to zero.

ft = E. X & 0<¢ <¢y (6.2)

ft = 0 gt 2 gtu (6.b)



Where:

f,- the tensile strength of reinforced concrete arasumed as 0.8f." according to ACI318-
18 [35] (in MPa);

4 f,(MPa)

Ec

O & " gt
tu

Fig.15 Uniaxial Tensile Stress-Strain Curvefor Concrete [41]

In case of the tensile stress of concrete in tivecipal direction exceeds the tensile strendih (
cracks form and tensile failure eventually will accln addition, shear and normal stiffness are

reduced, consequently the tensile strength of edactecreases gradually to zero.

4.4, FailureCriteriafor Concrete

The criterion for failure of concrete due to a maltial stress state can be expressed in the form

[34]:

£—S>0 (7)
7 >

c

Where:

F = a function of the principal stress statg; oyp, oz;



S = failure surface expressed in terms of princgisgsses and the strengtarameters, fc, fo,

fon andfyn;

f, = ultimate uniaxial tensile strength;

fo = ultimate uniaxial compressive strength;

foo= ultimate biaxial compressive strength;

fon = ultimate compressive strength for a state ofxiblacompression superimposed on
hydrostatic stress state;

fun = ultimate compressive strength for a state of-axml compression superimposed on

hydrostatic stress state.

In the current research, the stress function byidiiland Warnke [42] is adopted in which both

the failure surfac& andfunctionF, are expressed in terms of principal stressesaitelicasy, ,

o,ando, .

Where:
g, = max(axp,ayp,aZp );
o, =min(o,,,0,,0,);

0,20,20,,

The failure of concrete is categorized into foumdins:

a) 020, 20, 20, (compression - compression - compression)
b) og,2020, 20, (tensile - compression - compression)
c) o,=20,=2020, (tensile - tensile - compression)

d) o0,20,20,20 (tensile - tensile - tensile)



Fig. 16 shows the 3-D failure surface in princigaless state [42]. The angle of similarity
represents the relative magnitudes of the pringpakses. Fig. 17 shows also the failure surface
for biaxial or nearly biaxial stress states. Inectisat the principal stresses pf and @) are
non-zero, then the three surfaces exhibited dgj are for ¢z) equal to zero,df) slightly less
than zero, andsf,) slightly greater than zero. The mode of failwethe material depends on the
sign of ). For simplicity, in case of boths() and ¢yp) are negative andsf) is slightly
positive, cracking would be predicted in a directiperpendicular to thecf) direction.

However, in case obg) is slightly negative or zero, the material istased to be crushed.

Input strength parametefs, f., fo, fon andfy, are needed to define the failure surface as veell a
an ambient hydrostatic stress state. The ultimaiaxial compressive strengt, was taken
based on test results of cylindrical and cube @ircsamples for each element, &navas taken

as recommended by ACI specificatiorfg=(0.1 f.). The other parameters were taken as:

for = 12 fo, fon = 145 f,, and fu = 1725 f, ®)
n- o fuh A Compressive Meridian
j\\?\‘ﬁm
\ \
\
| |
1 E 1 'E z‘:b 1 Et‘ En _;é
E2 I & |
\
| | f
| |
|
M=o a fo
fbh ““Tensile Meridian

Fig.16 Failure Surface of Concretein Principal Stress Space [42]
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Fig.17 Surface of Failurein Biaxial Stress Space [42]

4.5. Constitutive Modelling of Stedl Reinfor cement

Bilinear stress-strain curve is used to idealizelibhavior of the steel bars. As shown in Fig. 18,
the stress-strain curve consists of two straigahties; the first branch represents the ascending
branch at which the steel straffyY and the steel stresg)(are linearly increased up to the yield
strain €,) and the yield stressfy( respectively. The modulus of elasticity for thteed
reinforcement is denoted bi{. The relationship for the two straight lines igeressed through

the following equations [43]:

fs = Es & & S &, (8.a)
fs = fy + Ej (&5 — sy) & > & (8.b)
Where;

€,= the ultimate strain of the steel reinforcemerOg,,;

f, = the ultimate stress of the steel reinforcementesponding to the ultimate straip ;



Es = the modulus of elasticity of the reinforcingedté2x10 MPa):

E, = the modulus of elasticity at the second branththe curve that describes the strain

hardening regiorE, can be considered as [43]:

E, = 0.1E, 9)
f A

Jrm———— e — = ——
I |
f;:f; I Eil I
| |
| |
o A |
| | |
| | |
£l |

L L .

2 <6y € =6y 6:_6:; €

Fig.18 Bilinear Stress-Strain Curvefor Steel Reinforcement [43]

4.6. Constitutive Modelling of GFRP Bars

The stress-strain curve for GFRP bars is shownigril®. As shown in the figure, the stress-

strain curve is linear till failure [44].

_Jru

E, =
f €ru

(10)
Where:
fr, = the ultimate tensile strength of GFRP bars;

e = the ultimate tensile strain of GFRP bars;

E;= the modulus of elasticity of GFRP bars.
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Fig. 19 Stress-Strain Curvefor GFRP Bars[44]

Meshing of specimens has been performed accordiogconcepts including; first according to

the location of reinforcement whether main reinfonent mesh or vertical shear reinforcement

where the intersection between them to ensureeofrifegration between concrete element and

reinforcement bars where the nodes compatibilityiatigns working correctly, secondly

according to the concrete element boundary as auttte intersection between the slab and steel

plates as shown in Fig. 20. The interface betwederl $ars, steel plates, GFRB bars and

concrete was considered full bond in the model.

ELEMENTS
MAT  NUM

File: WDFEWNRE

ANSYS|
R15.0

ELEMENTS
MAT UM

20:49:18

21100134

(a) Concrete element (Solid 65)

(b) Stedl bar element (Link 180)



(c) Shear studs

ANSYS| |

R15.0

(d) Shear studswith Steel Plates

Fig.20 Finite Element Simulation Modelsfor the Tested Specimens

47. NLFEA Moded Verification

NLFEA results were verified with the experimentastt results. All specimens almost have the

same failure behavior due to the brittle and suddédare occur. The predicted crack pattern is

presented in Fig.21. Good agreements were achidatdleen the experimental and the

numerical models. Generally, the load-deflectionmves for the tested specimens displayed

similar features. Comparison of the load-deflectmmrves extracted from ANSYS and test

results for all specimens are plotted in Figs. 2@ lessted in Table 5.
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Table5: Comparison of Experimental Resultswith NL FEA Results

Experimental Results NLFEA Results EXF:\lelr_llinEe):tiezjiltg
Group | Specimen Py oy | P, (kN) dy | Py exp. | Ou—exp. | lexp.
(kN) | (mm) | (kN.mm) (mm) | (kKN.mm) | Py_ni. | Syni. Iyg,
S1 340 | 6.03 2191 370 5.9 1920 0.92 1.02 1.14
2 576 | 13.2 8960 590 13 7350 0.98 1.02 1.22
Group 3 523 | 11.75 | 6430 530 10 5851 0.99 1.18 1.10
A A 603 | 9.95 5200 590 10.5 | 4561 1.02 0.95 1.14
S5 539 | 10.5 6440 620 9.50 | 5552 0.87 1.11 1.16
6 517 | 11.25 | 6320 550 11.2 | 5814 0.94 1.00 1.09
Group S7 480 | 10.15 | 4840 520 9.8 4308 0.92 1.04 1.12
B 8 546 | 11.23 | 5650 570 9.05 | 4746 0.96 1.24 1.19
9 504 | 9.18 4260 530 9.5 3962 0.95 0.97 1.08
S10 473 | 11.14 | 27300 440 12.8 | 24570 1.08 0.87 1.11
Group s11 412 | 10.27 | 18500 460 10.1 | 16095 0.90 1.02 1.15
C S12 522 | 18.3 | 33780 560 15.8 | 31111 0.93 1.16 1.09
S13 476 | 15.35 | 30300 500 16.9 | 26664 0.95 0.91 1.14
Average 0.95 1.04 1.13
Standard deviation 0.05 0.11 0.07
Coefficient of variation 6% 10% 6%
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5. Building Codes Evaluation

The experimental test results were compared wehdésign codes. The used design codes were
ACI-318-18 [35], CSA A23.3-2004 [36], ECP-203-20[B7], BS-8110-1997 [38] and EC-2- EN
1992-1-1 [39].Commonly, the design codes defireghinching shear strength as the product of
the design nominal shear strength of concrete &edarea of the chosen critical section.
Depending on the code used, the critical sectiorpfedicting punching shear strength in slabs
should be between the column face and a distanc® @u. Table 6 presents a comparison
between the experimental test results and the pugahear strength calculations by different
codes for all specimens. The calculation of thecpurg shear strength is predicted at distance
0.5d from the loaded plate face. Table 6 indicatessgnificant variation in the punching shear
predictions from a certain code to another. Theral@verage Ry coded/Pugxp) IS ranged from
0.56 to 0.99 with a coefficient of variation (C.Q.¥anging from 9.9% to 13%. ACI 318-2018
[35] underestimated the punching shear capacitheftested slabs with an avera@g ko /P,

exp.) Of 0.56. CSA A23.3-2004 [36] underestimated thumghing shear capacity of the tested
slabs with an average of 0.70. BS-8110-1997 [38euestimated the punching shear capacity of
the tested slabs with an average of 0.80. ECP-2Q3-237] underestimated the punching shear
capacity of the tested slabs with an average &.@& the other hand, EC-2- EN 1992-1-1 [39]
showed good prediction of the punching shear stheoigthe tested slabs with an overall average

(Pu, ec2 /Py, Bxp.) Of 0.99.



Table 6: Comparison between Design Codes

Predicted ultimateload ; P, (kN)
Sp. EXPTEN) P“v P“v Pu, Pu' Pu, p uACI p u,CSA p wECP P u,BS P wEC2
aci(KN) | csa(KN) | ecr(KN) (Iflsl) ec2(KN) | Pugxp. | Pupxp. | Pupxp. | Pugxp. | Pukxp.
S1 340 243 181.9 212.8 207 256 0.71 0.%4 0}63 0[610.75
S2 576 276 358.8 302.4 414 512 0.48 0.€|52 0|53 0{720.89
S3 523 276 358.8 302.4 414 512 0.53 0.¢9 0|58 0{790.98
S4 603 276 358.8 302.4 414 512 0.46 0.¢O 0|50 0{690.85
S5 539 276 358.8 302.4 414 512 0.51 0.¢7 0|56 0{770.95
S6 517 276 358.8 302.4 414 512 0.53 0.69 0}58 0{800.99
S7 480 276 358.8 302.4 414 512 0.58 0.75 0|63 0{861.07
S8 546 276 358.8 302.4 414 512 0.51 0.66 0}55 0{760.94
S9 504 276 358.8 302.4 414 512 0.55 0.71 0}60 0{821.02
S10| 412 276 358.8 302.4 414 512 0.6y 0.97 0.73 101 4 12
S11| 473 276 358.8 302.4 414 512 0.58 0.76 0.64 0.88 8 1j0
S12| 522 276 358.8 302.4 414 512 0.58 0.69 0.58 0./9 8 0j9
S13| 476 276 358.8 302.4 414 512 0.58 0.75 0.64 0.87 8 1j0
Average 0.56 0.69 0.60 0.80 0.99
Standard deviation 0.072 0.084| 0.059 0.098 0.121L
Coefficient of variation 12.95%| 12.14%| 9.95%| 12.32%| 12.32%

6. Conclusion
The strengthening techniques of reinforced LWC slabder punching shear were investigated.
Based on the experimental results and the compavisthh the NLFEA in this study, the main

conclusions can be drawn as follows:

1. Generally, all strengthening techniques displayee@hancement in the punching shear
capacity for all specimens compared with the cdntspecimen without shear

reinforcement. The absence of the shear reinforoefoe the reference specimen led to

the brittle failure mode.



. Using steel bars studs as shear reinforcement shawsgnificant enhancement in the
punching shear strength, the capacities were ingardywy 69%, 54%, 77% and 59%
compared with the reference specimen.

. The inclusion of GFRP rods as shear reinforcenmaptaves the punching shear capacity
of the specimens compared with the control slabwél@r, due to the low stiffness and
modulus of elasticity of GFRP bars, the enhancemalues were less than the steel bars
strengthening techniques. The punching shear dgpaas enhanced by 52%, 41%, 61%
and 48%.

. Provision of high strength steel bolts fixed to ftehs with steel plates as a strengthening
technique enhanced the punching load capacity cadp®a control slab. Moreover, a
noticeable ductile behaviour after peak load waseoled comparing with the other
specimens. In addition, the failure mode conveftedh being brittle shear failure to
shear-flexural failure.

. Utmost enhancement in the ductility was achievedspecimens strengthened using high
strength steel bolts with steel plates.

. Generally, using radial reinforcement spaced withdOwas the most efficient
strengthening technique to enhance the punchirgy sitieength of LWC flat slabs.

. Application of NLFEA to the tested specimens, yeeldacceptable prediction of load-
carrying capacities, and load-deflection curvese Hmalysis adequately reflected the
trend of experimental results. At ultimate levéle verall average rati®| ex. / Py, n]
was 0.95 with a standard deviation of 0.05 andfaoeft of variation equal 6%.

. Evaluation of the experimental test results witl tiesign codes showed that ACI 318-

2018 code underestimated the punching shear dixetingt averageR(, aci /Py, exp.) Was



0.56. On the other hand, EC-2- EN 1992-1-1 showmut gprediction of the punching

shear strength of the tested slabs with an ovavallage (Pu, EC2 / Pu, Exp.) of 0.99.
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Highlights

» Strengthening techniques showed an improvement in the punching shear strength of the
specimens.

» Using diagonal shear reinforcement considered one the most effective ways for strengthening
of LWC flat slabs.

* Radia reinforcement spaced with 0.5d was the most efficient strengthening technique to
enhance the punching shear strength of LWC flat slabs.

» Strengthening with GFRP rods as shear reinforcement improves the punching shear capacity.

» Utmost enhancement in the ductility was achieved for specimens strengthened using high

strength steel bolts with steel plates.
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