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ARTICLE INFO ABSTRACT
Keywords: One-way slabs under concentrated loads may fail by one-way shear such as wide beams, punching shear, flexure,
One-way shear or by combining two or more of these mechanisms. Nevertheless, most publications have only addressed shear

Punching shear
Flexure
Concentrated load

and punching failures without flexural reinforcement yielding. This study investigates the ultimate shear ca-
pacity of one-way slabs under concentrated loads with local reinforcement yielding. In total, 12 tests were
One-way slabs conducted on six reinforced concrete slabs. Simply supported slabs of 1.60 m x 3.40 m x 0.15 m were tested.
Reinforcement yielding Three parameters were varied: the load position, the span length and the reinforcement ratio. All slabs failed
Code provisions initially by punching with limited or extensive reinforcement yielding. Due to the relatively large amount of
Extended strip model transverse reinforcement (0.44 %), most slabs underwent a large shear redistribution around the load, resulting
in a wide beam shear failure after the local punching failure. The test results were compared to the theoretical
predictions of shear, punching and flexure capacity using code expressions and the Extended Strip Model (ESM).
The ESM resulted in the closest predictions of the experiments. These experiments confirm that a brittle shear
and punching failure mechanism can occur even after extensive reinforcement yielding. Moreover, the results
indicate that the ESM can be used to assess one-way slabs under concentrated loads with local reinforcement
yielding.

one-way shear capacity [1] for such slabs. The effective shear width is
commonly defined as the width on which the maximum shear stress Vpqx
integrated along this width b equals the total shear force Vg along the
slab width (Fig. 1b).

Most experimental studies on one-way slabs under concentrated
loads focused on the one-way shear and punching shear capacity of tests
without any reinforcement yielding at failure [1,2,8-10]. Investigations
related to combined failure mechanisms between flexure and punching
were conducted on slab-column connections or flat slabs under
concentric loads, exploring this combination of failure modes for two-
way slabs [11,12]. However, investigations related to one-way slabs
under concentrated loads presenting local reinforcement yielding or at
the transition between shear and flexural failure mechanisms were not
often discussed [13]. In practice, design codes such as ACI 318-19 [14]
are based on the premise that a slab should fail in flexure before it fails in
shear or punching. In this context, it is likely that at failure due to an
unexpected overload (for instance), a properly designed slab develops
significant reinforcement yielding before a shear or punching failure

1. Introduction

One-way slabs under large concentrated loads are commonly found
on parking floors, bridge decks, industrial floors, and residential build-
ing floors [1-4]. For parking floors or bridge decks, the live load position
is variable. Different failure mechanisms may govern for a given slab
depending on the load position and other parameters, such as the slab
width [5]. For instance, when the slab width by, is not large compared
to the load size in the width direction [j,q4, the slab may fail as a wide
beam in one-way shear [6,7] (Fig. 1a). At the same time, when the load
is placed close to the support or the slab width is considerably larger
than the load size, the shear flow around the load becomes predomi-
nantly radial and, hence, the punching failure may occur (Fig. 1b). The
same shear stress distribution occurs when the distance from the load to
the support increases [8]. Since the entire slab width bgg, does not al-
ways contribute effectively to the sectional shear capacity, a slab strip of
effective shear width (beg - Fig. 1b) is commonly defined to evaluate the
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Notations

shear span: distance between the center of the support and
the center of the load

clear shear span: distance between face of support and face
of load

total length of the shear resisting control perimeter
effective shear width for one-way shear resistance analyses
French effective shear width

size of the concentrated load in the slab width direction
(transverse direction)

distance between free edge and center of load along the
width direction

slab width

average effective depth of the flexural reinforcement
effective depth towards longitudinal steel

effective depth towards transverse steel

characteristic concrete compressive strength

average compressive strength measured on cylinder
specimens

design value of the concrete tensile strength
characteristic tensile strength of the concrete in the lower
quantile

steel yielding stress in the evaluated direction (x =
longitudinal direction and y = transverse direction)

slab thickness

factor accounting for axial forces in one-way shear for EN
1992-1-1:2004 [17]

constant accounting for size effect in one-way shear for EN
1992-1-1:2004 [17]

length of the strip between the load and the edge (in the
transverse direction)

size of the concentrated load in the span direction

span length

loaded length of the strip close to the free edge

sagging yielding moment per unit length in the direction x
sagging yielding moment per unit length in the direction y
distance between the center of the concentrated load and
the point of contraflexure in the evaluated direction (CSCT
model)

shear stress (nominal shear force)

shear stress at the control section

design shear stress at the control section

minimum one-way shear resistance in NEN 1992-1-1:2005
(171

nominal one-way shear resistance for NEN 1992-1-1:2005
(171

unitary shear capacity for two-way shear (punching)

VR punchner D€t shear capacity for two-way shear considering the self-

weight effect for punching

unitary shear capacity for one-way shear

shear forcer per unit length in the control section due to the
self-weight

one-way shear capacity based on dl given by ACI318-14
one-way shear capacity based on dt given by ACI318-14
cross-sectional area of flexural reinforcement

calibration factor for design in the shear and punching
shear expressions of NEN 1992-1-1:2005 [17]
calibration factor recommended = 0.15 for comparison
with data test

applied concentrated load

predicted concentrated load that causes a flexural failure
according to yield line analyses

Fpredicted,shear Predicted concentrated load that causes a one-way

shear failure

Fpredicredpunch  Predicted concentrated load that causes a punching

Fiest
L

VEd, red
VFu

VR, net
Viest

Vr

shear failure

applied concentrated load at failure

span length between two supports for simply supported
slabs and the largest distance between the farthest support
from the load and the point of contraflexure for loads close
to continuous support (definition applied for the Extended
Strip Model)

sagging moment capacity in the x-direction (span
direction, tensile in the bottom reinforcement)

sagging moment capacity in the y-direction (transverse
direction, tensile in the bottom reinforcement)

sagging moment in the span caused by all loads on the slab
hogging moment over the support caused by all loads on
the slab

hogging moment capacity in the x-direction (span
direction, tensile in the top reinforcement)

hogginh moment capacity in the y-direction (transverse
direction, tensile in the top reinforcement)

approximately the maximum load applied at the
concentrated load in the experiments

capacity of strip between load and free edge

maximum load according to the Extended Strip Model
resultant of line load, maximum value

capacity of strip between load and support

capacity of a strip in the back side of the load (x-direction)
capacity of a strip in the y-direction (in the opposite side of
the closer free edge to the concentrated load)

total shear force going through the evaluated direction
along the slab width

design shear action

design shear action reduced by the factor related to arching
action fspear

shear force due to the concentrated load F,

net value of the one-way shear capacity

measured one-way shear force at failure in the tests for a
section at a/2.

one-way shear capacity

VR prediced Predicted one-way shear resistance

VRd,cEn,

P test
Prq
P, predicted
Fiex

P R,punching
ﬂ arching

ﬁ torsion

Ve
Yij
EyL

&,T
Pavg
Pl
Pt

Ocp

AVG

design shear resistance according to the NEN 1992-1-
1:2005 [17]

maximum applied concentrated load at failure

design punching capacities

predicted punching resistance

concentrated load associated with the slab flexural
capacity according to the yield line analysis

total shear force resisted by punching

factor related to arching action

parameter that considers the relative effect of torsion on
the capacity of the strips

concrete specific weight (assumed = 24 kN/m? in this
study)

partial safety factor of concrete

slab rotation in each side of the control perimeter

is the flexural reinforcement yield strain of the longitudinal
rebars

is the flexural reinforcement yield strain of the transverse
rebars

average flexural reinforcement ratio considering both
directions

flexural reinforcement ratios in longitudinal direction
flexural reinforcement ratio in transverse direction
average normal concrete stress over the cross-section,
positive in compression

average
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Ccov coefficient of variation

P observed failure mode is punching failure

SS test was performed with the load closer to the simple
support

LVDT linear variable differential transformers
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WB observed failure mode is wide beam shear failure
WB + P the observed failure mode combines characteristics of WB
and P

WB + P + Y the observed failure mode combines characteristics of
WB, P and extensive reinforcement yielding on failure

occurs. Therefore, it is important to evaluate shear and punching ca-
pacity predictions for members with reinforcement yielding.

In the case of concentric punching tests, some authors [11,12]
already pointed out that a brittle punching failure could occur after
limited reinforcement yielding, and they identified this type of failure as
flexure-induced punching. For such cases, the ultimate load would be
lower than the predicted punching capacity and also lower than the
flexural capacity predicted by yield line analyses Fyjeidiine. Although the
flexural capacity predicted by yield line analysis constitutes an upper-
bound solution, large deviations were not expected for simple bound-
ary conditions (concentric tests). For instance, Hawkins and Ospina [15]
pointed out that in some tests rated as critical in flexure (predicted
flexural capacity lower than the predicted punching capacity), the
reinforcement started to yield at the load of 50 % of Fyieidine, and flexure-
induced punching occurred at 80 % of Fyjegiine. While flexure-induced
punching is studied and well-understood for two-way slabs
[11,12,15], limited information is available for one-way slabs under
concentrated loads with reinforcement yielding [16].

This study investigates the ultimate capacity and failure mechanism
of one-way slabs under concentrated loads subjected to local flexural
reinforcement yielding at failure. As such, this paper tries to answer the
research question of how local reinforcement yielding influences the
failure mechanism and ultimate capacity of one-way slabs under
concentrated loads. First (Section 2), this study tries to provide a broader
look into the problem by evaluating three possible failure mechanisms:
one-way shear as wide beams, punching shear around the load and
flexural failure. Section 3 describes the performed experiments to

o F
side view
| OO Dy, | almost
uniform
top view [—elongated load shear
| ? / 7 distribution
7 ) = v
3 é 3 -
< 7 =

=

flow of stresses to the—/
closer support

visible critical
shear crack

cut view

investigate the problem more closely. The ultimate loads, cracking
pattern, load-deflection response and reinforcement strains monitored
during the tests allowed to identify the influence of the local rein-
forcement yielding at the failure (Section 4). In Section 5, the test results
are discussed in more detail according to the parameters varied between
similar tests (parameter analyses): (i) load position and (ii) span length.
At the end (Section 6), a comparison between tested and expected re-
sistances was performed to discuss how the local reinforcement yielding
influenced the predictions of shear, punching and flexural capacity of
the slabs.

2. Code provisions for one-way, two-way shear and flexural
capacity

2.1. Design code expressions for one-way shear

In most design codes, the sectional shear capacity Vg (or one-way
shear capacity) of slabs is determined by multiplying the nominal
shear capacity (shear force capacity per unit area, Vg sheqr) by a given
length, usually called effective shear width beg, and by the effective
depth to the longitudinal reinforcement d;. The sectional shear capacity
Vrd k¢, according to the current European code NEN EN 1992-1-1:2005
[17], can be calculated as:

VRd‘CEN = VRd,CEN'be/j"dt

= uneven shear
= 27 ey | distribution v
top view / assumed shear

distribution with viax

effective shear
width (b, ”,)

/]

7.

NN\
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\—ﬂow of stresses to the
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Fig. 1. (a) Sketch of a slab failing as a wide beam in one-way shear with a critical shear crack visible at the slab side due to the reduced ratio bgap/lioeq and (b) slab
failing by a combination of punching and one-way shear along a limited slab strip due to the larger ratio bga/lioad-
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CRd.kaEN(IOOplka)I/3 +kioy) 2)

VRd,cEN = MaX [
Vmin + klo'(‘p)

With fe, in [MPal], beg in [m], d; in [mm] and k; = 0.15 for NEN EN
1992-1-1:2005.

Vanin = 0.035k22 142 3)

Crd, is an empirical factor used for characteristic shear strength
calculations, and it was derived from comparison with experimental
results [18] and calibrated through reliability analysis on 176 beam tests
[19]. In the NEN EN 1992-1-1:2005 is used the value of Cgq. = 0.18/y.
For comparisons between tested and predicted resistances, the term Cgq ¢
was replaced in this study by Cg st = 0.15, as suggested by Lantsoght
et al. [20].

2
keeny = 1+ \/%§2, with d; in [mm] @
i

In the next sections, the comparisons between tested and predicted
resistances are performed by replacing characteristic values such as f
by measured ones as f,,,. Besides, all partial factors y are assumed as 1. In
this way, Vrq becomes Vg predicted-

The effective shear width beg herein was determined based on the
French guidelines [21,22], which assumes the load spreading from the
back faces of the loading plate towards the support with 45-degree an-
gles (Fig. 1b). According to this approach, the effective shear width in-
creases as the shear slenderness a,/d; increases. This choice was
motivated based on previous investigations that showed the best accu-
racy of this approach for loads close to the support [23,24].

The NEN EN1992-1-1:2005 [17] accounts for the influence of direct
load transfer depending on the clear shear span to effective depth ratio
a,/d;. According to this code, the contribution of a load applied within a
distance 0.5 d; < a, < 2 d; from the edge of the support to the shear force
caused by the concentrated load (V) may be multiplied by the reduc-
tion factor farching:

()

a, { >0.25

ﬁarching = 2d] SIOO

Consequently, the determination of the reduced shear demand (Vg
red) that should be compared to the one-way shear resistance Vg predicted
assumes the following expression:

VE,rrd = VFu 'ﬁarching + (Vg + qu)'bxlab (6)

where v, is the shear force per unit meter caused by the self-weight and
Vfq is the shear force caused by line loads or other axles of loads on the
control section (not applied in this study).

According to some authors [25,26], direct load transfer could be
considered an enhancement to the sectional shear capacity VR predicted
equivalent to the decrease of the shear demand. Therefore, we included
Parching in the determination of the shear capacity VR predicted by multi-
plying the calculated nominal shear capacity vg for 1/farching. In this
way, Vg and VR predictea Decome:

Ve = Vi + Ve bgap )

VR prediciea = (VR' > beg-d, 8

ﬁm‘('hing
2.2. Design code expressions for two-way shear or punching

The punching capacity Pg is commonly determined as the product of
the nominal punching capacity (shear stress, Vg punch), the calculated
resisting control perimeter by and effective depth dgy,. Therefore, the
punching shear capacity for NEN EN 1992-1-1:2005 [17] can be calcu-
lated as:

Engineering Structures 291 (2023) 116396

PRd = VRd punch® (bl?'d‘"'g) ; (9)
_ [CRd.kaEN<100paV§f k) 1/3}
VRd punch = max{ (Venin + k1) o

With dgye in [mm] and fix in [MPa]

pavg = (p['pz)l/z (11)

Vanin = 0.035K202, 112 12)
00 . .

kegy = 1+ 7 <2, with d,, in [mm] 13)
avg

For comparisons between tested and predicted resistances (next
sections), the following changes are applied: (i) fcx is replaced by f., in
the expressions; (ii) partial safety factors are taken equal 1; (iii) Cg mp =
0.18. In this way, Vrdpunch becomes Vg punch. The shear-resisting control
perimeter is set at 2dqy, from the load edges (Fig. 2a). In the case of loads
closer to the support, however, the intersection of the control perimeter
with the support shall be considered (Fig. 2b).

In the calculations of the punching capacity, the self-weight should
also be considered in determining the effective punching capacity. In
this case, it is assumed that the self-weight acts only in the span direction
and, hence, it decreases only the net shear resistance of the sides b
and by, » of the shear resisting control perimeter (see Fig. 3).

VR punch.net,l = VRpunch — Vsw,1 14
VR punchnet2 = VR punch — Vsw,2

Despite not being discussed in most design codes, we also considered
the influence of arching action in the punching capacity predictions, as
first suggested by Regan [27]. In this way, we used the same factor
considered for one-way shear Suching in the portion of the control
perimeter closer to the support (bg x1). Therefore, the punching capacity
is calculated considering the uneven distribution of the shear resistance
over the control perimeter by the following expression:

P prediciea = |:VR.pun('h.nel.l ————bo 11 + VR punchet2*Po.x2 + VR punch* (bO._vl

ﬂar{,hing

+ bO,yZ) } “dayg (15)

2.3. Predictions of ultimate capacity with yield lines

The load capacity was also calculated based on yield line analysis,
which provides the load capacity based on the flexural mechanism Fgey.
Three configurations of yield line were considered as studied by Belletti
et al. [13] (Fig. 4).

The following expressions were applied to calculate the load capacity
for each mechanism.

Mechanism 1:

bslab bslab (a + b)
Frexmeen1 = <mmg.x'7) + (m:ag,x' b +2- mmg.y'm

(16)
— 1 by, Jtar
span"Yslab Y cone 3
Mechanism 2:
bytap a b
F, ex,mech2 = sagx' T 2. sagy'~ = . 2. sagy' ' N = 1.
flex.mech? (m ) >+ (m 2y 0.5~b:1a,,> + (m 8y 05%@)
7(a'bslah'7(~(7111:'hslab'0~5 + b'bslah'yl-,;m-’hxlab'1/3)

a7
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Fig. 2. Control perimeter and partition of the control perimeter for loads (a) placed at a, > 2dq, and (b) loads placed at a, < 2dqy,.

- dashed lines represent the shear
stresses due to the self-weight

length with

v ! ! y } q=v bslab Mgiap

A A

Shear resistance

v.\'w,l = V.\'w,l/b.s‘lah.davg distributi "
(shear demand by self-weight) istribution on the
control perimeter
VR

/ \ e v
. Ronet,2 .
v IeduC?d net BOEN L~ VRnet,]
) ) capacity due to 2
2davgJ: < 2 the self-weight \

VR

C

Vew2 ™ VSW,Z / b.v/ab.davg

(shear demand by self-weight)

| }/‘ ~" shear force graph due

S

V.\'n’/

to only the self-weight

Fig. 3. Distribution of the shear demand due to the self-weight in the shear resisting control perimeter and determination of the distribution of the shear resistance
around the load. Note: a square control perimeter was used by simplification to illustrate this effect.
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Fig. 4. Yield line mechanisms for simply supported slabs under CL based on Belletti et al. [13].

Mechanism 3:

bslab
Mg

bslab
Fliexmechs = Msag P

- l.rp{m 'b.\'lub'}lconc'h.dub‘o‘s (18)
At this point, the reader shall realize that collapse mechanism 3
would provide similar results to that using sectional analyses with the
concentrated load F resulting in Mg = Mg, with Mg and Mg being the
flexural resistance and acting bending moment in the longitudinal di-
rection, respectively, assuming the one-way slab as a beam loaded over
the entire width. Minor differences in the results can be attributed to the
assumed position of the internal level arm z in the section analyses.
Using elastic finite element analyses (FEA), the concentrated load to
cause a flexural failure is generally defined as the lower one between
that which causes mgy = myqgx and mgy = Myqgy, (Mg and myqg are the

acting unitary bending moment and unitary flexural capacity in the
evaluated direction, respectively). In general, such approaches may
provide overly conservative predictions since it does not consider the
capacity of redistribution of inner forces when mg = mg at a certain
point. Because of this, in design, it’s usual to calculate an average
bending moment over a certain length that varies between 2 d; and 4 d;
around the peak or, often used in bridge engineering, over 3 m (notional
lane width). In this study, the predictions using yield line analyses were
used instead of FEA to keep the employed methods of evaluation within
the scope of analytical calculations and also based on the good accep-
tance of such methods combined with punching capacity calculation
models [28].
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2.4. Determination of the most critical failure mechanism comparing one-
way shear and two-way shear capacity predictions

In this study, we compared the tested and predicted resistances to
determine which would be the most critical failure mechanism theo-
retically. In order to compare which would be the most critical failure
mechanism in a clear way, we compared the predicted ultimate loads F
that would cause a one-way shear failure (Fpredictedshear), @ punching
shear failure (Fpredicted punching), and a flexure failure (Fpy) predicted by
yield line analyses.

To determine the concentrated 1oad Fpredicted,shear @ssociated with the
predicted sectional shear capacity Vg predicted, the influence of the self-
weight was considered in the following way. First, the net value of the
shear capacity Vg ne: that should resist only the concentrated load was
calculated since part of the shear capacity is used to resist the self-weight
Ve

Vet = VRJJredivted - vg'h.\lah (19)

Next, the relation between the applied load and the respective shear
force (F < Vp,) caused by the concentrated load was used (fixed value
which depends only on the statics of the problem) to determine the
applied load Fyredicted,shear cOrresponding to the sectional shear capacity

VR, net-
F test

(20)
VFu,msl

Fpred[cled.xhem‘ = VR.nel'

In the case of the punching capacity predictions, the term Fg predicted,
punching 1S €qual to PR predices calculated with the punching expressions
and considering the influence of the self-weight (expression (15)).
Alternatively, we could also calculate the total punching load P
(summing the applied concentrated load Fi.s; and the portion of the shear
demand due to the self-weight transferred by the control perimeter). In
these cases, the comparisons could be performed in terms of Pys/Pg.

Comparing the relations Vies,/ VR predicted With Fest/FR predicted,shear fOT
the studied slabs from Section 3, the differences were commonly lower
than 2 % due to the limited value of v compared to vg for the scaled slabs
tested in the laboratory. The same level of differences occurred for the
punching predictions. Therefore, one can also directly compare the re-
lations Viese/ VR,predicted with Fpes/F, predicted,punching and with Fpeg/F "flex to
determine the most critical failure mechanism between one-way shear,
punching shear and flexure. Comparing the ratios Frest/Fpredicted,shears Frest/
Fpredicted punchings  Ftest/Ffiexs One can observe that the higher value

r — n
| Quadrant | I Quadrant |
| |
| Wacr i g i Wycr |
| WACI+> | ! %WACI | edge
IR A S S ]
Stri column Stri
| p P
F====" } AP 1
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determines the most conservative prediction and the theoretically most
critical failure mechanism.

2.5. Predictions with the Extended Strip Model

The Extended Strip Model (ESM) is a plasticity-based model that
describes a lower-bound solution to the load capacity of slabs under
concentrated loads [29]. This model is based on the bond model
developed for concentric punching shear [30](Fig. 5a), which combines
the two-way flexure within the quadrants and arching action from one-
way shear in the strips. Failure occurs when the unitary shear capacity
wacr at the interfaces of the strips and quadrants is reached. As the
unitary shear capacity wycy is based on expressions that assume rein-
forcement yielding at failure, the ESM indirectly considers reinforce-
ment yielding and possible load redistribution at ultimate states, similar
to the yield line mechanisms. Fig. 5b shows the assumed pattern of strips
and quadrants for a general case, on which the load is placed eccentri-
cally in the longitudinal and transverse directions of the slab.

The total load capacity in the ESM is given by Pggy:

PESM:Px+Psup+P)'+PetIge (21)

P = /2014 Boon) Mo Wi 22)
2-d,

Poyp = a l'\/z'(l + Brorsion) Misx"Waci x (23)

L
Py = \/2' (m) ‘M&,\“(WACI,y - VDL) (24)

L
\/ 2-Borsion” (Li) ‘M:,y‘(WAa,y - VDL) for I, < legge
—ay
Pogge = (25)

L
\/ Brorsion® (m) '(WACI.y - VDL) Logge TOr 1, 21040

Pgyp, Py, Py and Pegg are the capacities of the four strips around the load
for simply supported or continuous slabs. Py, is the capacity of the strip
between the closer support and the load in the longitudinal direction; Py
is the capacity of the strip between the load and the far support in the
longitudinal direction. P, and Pqg are the capacities of the strips in the
transverse direction (considering the load placed eccentrically along the
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Fig. 5. (a) Layout of the original bond model with strips and quadrants; (b) Layout of the strips and quadrants for the Extended Strip Model in simply supported slabs

(Adapted from [29]).
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slab width). When the concentrated load is placed at the center of the
slab width, Pegg is calculated as P,, and no torsion is considered in the
transverse direction. Therefore, the following expression can be applied:

PESM:Px+P>up+2Py (26)

Prorsion is the parameter that considers the relative effect of torsion on the
capacity of the strips:
b, 1

<= 27)

bslab\z

r

a a
.Zx.bslab’ for Osd—xsZ.S and 0<

BPiorsion = 0-8
legge is the distance between the free edge and the edge of the concen-
trated loads in the slab width direction; b, is the distance between the
slab free edge and the load axis. The loaded length of the strip [, is a
reference parameter for loads close to the free edge of one-way slabs and
is calculated as:

I, = 2My 28)
Brorsion” (Wacty = vor) =

L is the span length between two supports for simply supported slabs
and the largest distance between the farthest support (from the load) and
the point of contraflexure for loads close to continuous support. ay; is the
center-to-center distance between load and support (simply supported
slabs) or between load and point of contraflexure (continuous mem-
bers), whichever is smaller. vpy is the unitary shear demand due to the
dead load over the strips in the y-direction. The following expressions
were applied to compute Mqgx and Mg y:

_ 2 f}'-,wammm *Px bottom
MW&',X = Px.bottom 'f;:,x,bolmm 'lllmd.dx.bmmm : (1 - 1.7 (29)
N ..f;'m
_ 2 fy-y,bﬂﬂmn P 'y,bottom
Magy = Py pottom Ty porom* Broad* &, poyiom® (1 I (30)
- .f;‘m

wacrx and wycy are the unitary capacities (shear force per unit length)
calculated according to the ACI 318-14 [31] and corrected by a size
effect factor as:

1 1//3
Wacts = 0.167dy g Fome (- @1)
’ : dy,lmrrom
100 \'?
Wacry = 0.167-d. bottom* \/ fem* (d . ) (32)
X, bottom

3. Experimental investigation
3.1. Test setup
This study focuses on one-way slabs with a small thickness (150 mm)

compared to previous investigations [1,2,6,8,10]. The tested slabs had
relatively high longitudinal reinforcement ratios (p; = 0.99 % and p; =
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1.32 %). The specimens represent short-span bridges from rural roads
typically found in Brazil. Besides, this thickness can also be represen-
tative of certain floor slabs found in industrial plants, nuclear buildings
[32] or building slabs loaded with heavy equipment during construction
or use [3]. In Brazil, a large number of rural bridges and river culverts in
reinforced concrete are built to facilitate the grain flow on farms and
rural roads [33]. These bridges and culverts have span lengths that can
be very limited (2 m — 6 m), and the slab thickness varies between 150
mm and 250 mm. Nowadays, many timber bridges are being replaced by
reinforced concrete slabs (sometimes prefabricated) and reinforced
concrete box culverts, as illustrated in Fig. 6.

Fig. 7 shows a sketch of the test setup. In total, six slabs were tested at
the Sao Carlos School of Engineering (EESC) from the University of Sao
Paulo, and each slab was tested twice. The specimens measured 3.40 m
x 1.60 m x 0.15 m (hgjap = 150 mm). The line supports (Support 1 and
Support 2 in Fig. 7a) consisted of a 100 mm wide steel hinge, a rubber
layer of 10 mm and two instrumented aluminum beams. The rubber
layer was used between the slab bottom face and the steel-hinged sup-
ports (Fig. 9a). The measured rubber layer stiffness is approximately
110 MPa (110 N mm/mm?®) (Fig. 9b) based on a direct compression test
on samples of 100 mm x 100 mm x 10 mm. The hinged supports rested
on instrumented aluminum beams to estimate the distribution of reac-
tion forces, inspired by the work of Natario et al. [8]. Fig. 9 shows a
detail of the supports.

In the first test of each slab, the span length between the supports was
3 m (Fig. 7a). After conducting the first test close to support 1, a second
test was conducted close to support 2 (Fig. 7b). the span length was
reduced in the second test to 2 m, as performed in other experimental
studies [6,37] to remove the influence of failure caused by the first test.
Fig. 8 shows some pictures of the test setup.

The concentrated load was applied in a displacement-controlled
manner through a 400 kN servo-controlled actuator. The loading was
applied onto a 200 mm x 200 mm x 30 mm square plate. The size of the
load was chosen in such a way as to provide a relation between the slab
width and load size in the transverse direction bp/liped = 8. In a pre-
vious study, this value for the ratio bgap/lisaq was identified as a possible
point of transition from governing one-way shear failure to punching
failures [38]. Hence, both the one-way shear and punching shear fail-
ures could be critical for such slabs. Besides, this load size is similar to
that used in other publications [1,39,40], which could facilitate the
comparison between test results.

The load positions tested were a,/d; = 1, a,/d; = 2 and a,/d; = 3,
with, a, the clear shear span (measured between the inner edges of the
loading plate and support), and d; the effective depth of the longitudinal
reinforcement (span direction). These values were chosen to study the
failure mechanism of the slabs (shear, punching or flexure) when direct
load transfer could play a significant role in the tests.

Fig. 6. Example of rural bridges commonly found in Brazil: (a) prefabricated two-way slabs for a composite bridge [34] (b) culvert bridge [35] and (c) prefabricated

deck slab [36].



A.M.D. de Sousa et al.

Engineering Structures 291 (2023) 116396

a) Testl b) Test 2
3.40 3.40
20 3.00 0.2 20 2.00 5 1.20
LT 1 1 1
) loading plate
loading plate (200 mm x 200 mm
(200 mm x 200 mm) \. av av |
(=3
o
|_a a |
I 1
N B HAN / N N
Support 2 Support 1 Support 2 Support 1
actuator (400 kN) AC';lé/;;(l)R 1 AC;IEJ/Sx;rg)R 1 actuator (400 kN)
load cell \ load cell
hinge hinge
loading plate loading plate

smoothing rubber

smoothing rubber

Fig. 7. Sketch of test setup used in the experimental program for each slab: (a) test 1 and (b) test 2.

a)

Fig. 8. Pictures of the test setup: (a) view in perspective (position of test 1); (b) view of the backside (position of test 2).

3.2. Specimens

The experimental program consisted of six slabs of 3.4 m x 1.60 m x
0.15 m. The slab properties are given in Table 1. The letter “N” or “S”
indicates the first or the second test (N = first test and S = second test).
Two mixes of concrete were used for the slabs. The concrete compressive
strength (f.c,) was measured at cylinder specimens of 100 mm x 200
mm. The concrete tensile strength (f.;s) was determined with splitting
tests on cylinder specimens with 100 mm x 200 mm. The maximum
aggregate size was 19.0 mm for both mixes. Basaltic coarse aggregates
were used.

b)

The slabs L1, L2 and L3 were tested at ages 51 days, 52 days and 53
days after pouring. The slabs L4, L5 and L5 were tested at ages of 28
days, 29 days and 30 days after pouring. No significant difference in the
concrete compressive strength was verified in the experiments from the
same mix with differences of 1 or 2 days of age. Because of this, the
results are reported as an average of the measured values for each mix.

Fig. 10 shows the measured stress—strain behavior in compression for
both concrete mixes used. Both mixes develop a large post-peak regime.

The longitudinal reinforcement ratios were chosen to study the
combination of reinforcement yielding with shear and punching fail-
ures. The bottom longitudinal reinforcement of the slabs consisted of
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Table 1

Axial hinge ———

rubber ﬂ\

/ rubber

=

a)

Fig. 9. (a) Assembly of the support (rubber layer, hinged support and aluminum beam; (b) calculation of the average elastic stiffness of the rubber.

Aluminum beam

Main properties of slabs L1 to L6. Note: the number between parentheses rep-
resents the coefficient of variation.

Ref- fe ceyl fe ct,sp 14l P a,/d; a/d; lspan
Test (MPa) (MPa) (%) (%) [-] [-] (m)
L1-N 22.0 2.36 0.99 0.44 1.00 2.21 3
L1-S (12.0 %) (11.0 %) 1.00 2.21 2
L2-N 2.00 3.21 3
L2-S 2.00 3.21 2
L3-N 3.00 4.21 3
L3-S 3.00 4.21 2
L4-N 28.3 2.63 1.32 0.44 1.00 2.21 3
L4-S (10.6 %) (12.6 %) 1.00 2.21 2
L5-N 2.00 3.21 3
L5-S 2.00 3.21 2
L6-N 3.00 4.21 3
L6-S 3.00 4.21 2

12.5 mm bars at 100 mm (p; = 0.99 %) or 12.5 mm bars at 75 mm (p; =
1.32 %). The effective depth of the main longitudinal and transverse
reinforcement is d; = 123.8 mm and d; = 113.5 mm, respectively. The
bottom reinforcement in the transverse direction of the slabs consisted
of 8 mm bars at 100 mm, resulting in p; = 0.44 %. The top reinforcement
in the longitudinal and transverse directions (compression reinforce-
ment) consisted of 8 mm diameter bars at 200 mm (p comp = 0.20 % and
Prcomp = 0.21 %). The reinforcement layout of the two series of slabs is
shown in Fig. 11.

The properties of the deformed bars were measured by performing
direct tensile tests on rebar samples. The measured properties of the
12.5 mm diameter bars are: f,,, = 514 MPa; E; = 205 GPa. The deformed

35 . . .
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bars with a diameter of 8 mm have the following properties: fy, = 513
MPa and Es; = 197 GPa.

3.3. Instrumentation

During the tests, the following parameters were measured: applied
load F, vertical displacements of the slab, strains at the tensile rein-
forcement, and strain distribution along the support beam (aluminum
beam). The actuator system directly measured the applied load F. The
vertical displacements of the slab were measured by linear variable
differential transformers (LVDTs). LVDT (1) and LVDT (2) were applied
for the vertical slab deflections. The main vertical displacements
monitored were at the center of the slab and at the distance of di/2 from
the loading plate face. The arrangement of the sensors is shown in
Fig. 12.

Strains at the longitudinal and transverse reinforcement were also
monitored by a couple of strain gauges glued to the rebar in each di-
rection. The position of the strain gauges was always within the square
of the loading plate, as sketched in the next sections.

4. Experimental results
4.1. Ultimate load and load—displacement curves

Few studies have investigated the failure mechanism of one-way
slabs under concentrated loads with local reinforcement yielding [16].
In this study, all tests presented some degree of reinforcement-yielding
at failure or presented a shear failure at the onset of reinforcement-
yielding (as shown in more detail in the next sections). Table 2 de-
scribes the peak loads (Fis) applied in the tests and the tested shear

35 . . .
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% 20} N N i
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Fig. 10. Compression stress—strain behavior of the tested concrete mixes: (a) 22 MPa mix and (b) 28 MPa mix.
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Fig. 11. Geometry and reinforcement layout of the slabs (a) L1, L2 and L3; (b) L4, L5 and L6. All dimensions in mm.
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Fig. 12. Sketch of the instrumentation: a) side view showing the position of sensors; b) side picture of the test L6-S.

Table 2

Tested loads and failure mode for slabs L1 to L6.
Test Ispan fem Setm Y1 Pr a,/d; a/d Failure mode Frest Viest

(m) (MPa) (MPa) (%) (%) ©) ©) (kN) (kN)

L1-N 3 22.0 2.36 0.99 0.44 1 2.21 WB + P 273.5 256.4
L2-N 3 22.0 2.36 0.99 0.44 2 3.21 WB+P+Y 282.1 252.3
L3-N 3 22.0 2.36 0.99 0.44 3 4.21 WB+P+Y 275.4 234.7
L4-N 3 28.3 2.63 1.32 0.44 1 2.21 WB + P 351.5 327.3
L5-N 3 28.3 2.63 1.32 0.44 2 3.21 WB + P 321.6 286.5
L6-N 3 28.3 2.63 1.32 0.44 3 4.21 WB+P+Y 267.0 227.8
L1-S 2 22.0 2.36 0.99 0.44 1 2.21 WB + P 332.1 291.6
L2-S 2 22.0 2.36 0.99 0.44 2 3.21 WB + P 270.4 221.3
L3-S 2 22.0 2.36 0.99 0.44 3 4.21 WB + P 253.9 192.0
L4-S 2 28.3 2.63 1.32 0.44 1 2.21 P 374.1 327.9
L5-S 2 28.3 2.63 1.32 0.44 2 3.21 WB+P+Y 296.3 242.0
L6-S 2 28.3 2.63 1.32 0.44 3 4.21 P 314.8 237.0

Notes: WB = wide beam shear failure (one-way shear, including both shear-compression and flexure-shear failures); P = punching; Y = combination of extensive

reinforcement yielding at failure and ductile failure based on the graph F x §.

capacity (Vis), assuming the static scheme of a beam. The self-weight
was considered in Vi, by assuming ygr = 25 kN/m® and the shear
force Vs was calculated at the mid-shear span between the center of the
load and the center of the support as a simplification since the position of
the critical shear crack varies between the load and support according to
the loading position [41,42]. Table 2 also describes the main material
properties, failure mechanism and load layout for each test. As the
failure mechanism classification was based on different observations
from the test results (cracking pattern, measured strains at the rein-
forcement and load — deflection graphs); this failure mode identification
is detailed in the next sections.

Fig. 13 shows the load-displacement (F-5) graphs measured by LVDT
(1) for each specimen tested: a) tests L1-N to L3-N; b) tests L1-S to L3-S;

10

c) tests L4-N to L5-N and d) tests L4-S to L6-S. In Fig. 13, the LVDT(1)
results were corrected by the support displacements (see Fig. 12) to
provide the net slab deflection.

All specimens presented a higher displacement at the peak load as
the shear slenderness a,/d; increased (for instance, comparing the test
results from L1-N to L3-N or from L4-N to L6-N). The only exception
occurred for the pair of tests L4-S (a,/d; = 1) and L5-S (a,/d; = 2), which
developed almost the same deflection at the peak load. Even though they
reached similar deflections at failure, L4-S developed a relatively stiffer
behavior in the load-displacement graph than L5-S, as expected. By
comparing the deflections at the peak load for tests having the same
reinforcement ratio and shear slenderness but with a lower span length,
it can be seen that the displacements at the peak load decreased as the
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Fig. 13. Load-displacement (F-§) graphs for: (a) tests L1-N to L3-N; (b) L1-S to L3-S; (c) L4-N to L5-N and (d) L4-S to L6-S. Note: the displacements measured by
LVDT(1) below the concentrated load were corrected by the displacements measured at the support.

span length decreased, also consistent with flexural theory.

By evaluating the shape of the load-deflection curves around the
peak load (Fig. 13), typical brittle shear failures (L5-N and L6-N, for
instance) and shear failures with a limited amount of post-peak ductility
(test L1-N, for instance) were observed. At the peak load, all tests
developed a partial punching cone towards the closest support (as
shown in the next sections). After this, and after increasing the applied
displacement at the loading plate, a large redistribution of shear forces
took place. In some tests, a second failure mechanism developed: wide
beam shear failure (WB) with the shear crack visible at the slab sides
(Fig. 16 and Fig. 17).

4.2. Reinforcement strains

The shear force redistribution of one-way slabs decreases the brit-
tleness at failure [8,43,44]. This phenomenon has been investigated
more based on the redistribution of shear forces at the support
[6,8,44,45]. In this study, the evolution of the strain on the instrumented
rebars also confirms this phenomenon. Fig. 14 and Fig. 15 show the
distribution of the strains at the longitudinal (L1 and L2) and transverse
(T1 and T2) reinforcement with the applied load (F).

For instance, Fig. 14a shows that after reaching the peak load, the
longitudinal reinforcement strains stop increasing, even though the
applied displacement of the actuator increases. On the other hand, the
transverse reinforcement strain increases as the applied displacement
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increases. Monitoring the reinforcement strain confirms that after a local
punching failure, the transverse reinforcement allows the redistribution
of internal stresses around the load. On the other hand, after the
development of the punching cracks on the front side of the load, the
longitudinal reinforcement seems to reach a plateau of strains.

The comparison between Fig. 14a, Fig. 14b and Fig. 14c (increasing
the shear span from L1-N to L3-N) demonstrates that the relation be-
tween the measured strains at the longitudinal reinforcement with the
strains at the transverse reinforcement increases substantially.

These strains can identify another phenomenon. The measured
reinforcement strains on the two instrumented longitudinal rebars
matched closely for most tests, and this is the expected behavior due to
the tests’ intended symmetric geometric. In practice, some minor de-
viations of the loading frame or of the reinforcement position could
occur during the assembly (<5 mm) or during the concrete casting,
resulting in small imperfections. This aspect explains deviations in the
measured strains at the longitudinal rebars from small load levels (for
instance, L2-2). However, it is noteworthy that even for the tests where a
close match of measured strains was possible at the beginning of the
tests (F < 0.5 Fpqy for L2-N, L3-N, L3-S), the deviations in the rein-
forcement strains at some point increase due to the asymmetrical
cracking pattern of concrete structures. In practice, this occurs due to the
unequal and randomly distributed tensile strength of the concrete,
which causes a crack to arise at the weakest point first.
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Fig. 14. Evolution of reinforcement strains around the loaded area during the tests: (a) test L1-N; (b) test L1-S; (c) test L2-N; (d) test L2-S; (e) test L3-N; (f) test L3-S.
Note: ¢y, is the yielding strain of the longitudinal reinforcement and &), is the yielding strain of the transverse reinforcement.

4.3. Cracking pattern

The cracking pattern is one of the best parameters to indicate the
failure mechanisms that took place in the slabs. Fig. 16 and Fig. 17 show
the cracking pattern of the slabs around the loaded area for each test.
Cracks in the top view, bottom view and side views were tracked mainly
after unloading of the slabs. Different from shear and punching shear
cracks, some flexural cracks closed after unloading and are not visible at
the time of crack marking (for instance, side views of L6-S in Fig. 17).

The following criteria were used to determine the shear failure
mechanism based on the cracking pattern:
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e Punching: cracks are commonly visible at the compression side of the
slab because inclined cracks from punching commonly reach the load
edges. Due to the asymmetrical position along the shear span, an
asymmetrical punching cone would be expected for such slabs.
Tangential and circumferential cracks are also visible at the tension

side of

the slabs

e One-way shear: inclined cracks visible at the slab side would indicate
that one-way shear took place as the governing failure mechanism (if
punching crack are not visible at the compression side of the slab) or
after shear redistribution (after a first punching failure).

The top view of the slabs shows that all tests presented an
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Fig. 15. Evolution of reinforcement strains around the loaded area during the tests: (a) test L4-N; (b) test L4-S; (c) test L5-N; (d) test L5-S; (e) test L6-N; (f) test L6-S.
Note: ¢y is the yielding strain of the longitudinal reinforcement and ¢, 7 is the yielding strain of the transverse reinforcement.

asymmetrical punching failure starting between the front sides load and
support (as detailed in Fig. 18a for the test L1-S). The bottom view of the
slabs L1-N, L2-N and L3-N shows a large presence of tangential and
circumferential cracks around the load, as expected for punching fail-
ures (Fig. 16). Slabs L4-N, L5-N and L6-N presented fewer visible cracks
due to the higher reinforcement ratio in the longitudinal direction,
which decreased the crack width at failure (Fig. 17). Fig. 18b shows an
example of the cracking pattern at the bottom side for the test L3-N (red
lines indicate visible cracks after testing).

13

In most tests, concrete detachment close to the support was visible
(see an example of L1-N in Fig. 18c), which helps to explain why most
publications considered the most critical section for one-way shear an-
alyses for simply supported slabs at the face of the support. Nowadays,
with the aid of finite element models [2], the idea that the section near
the load is governing is more common, which explains the punching
failures visible in the top and bottom views. The side views of the tests
show that, after a first punching failure, many tests experienced a large
redistribution of forces around the load. This behavior occurs due to the
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Fig. 16. Cracking pattern of the slabs L1, L2 and L3 in terms of top view, bottom view and side views.

relatively high transverse reinforcement ratio applied for the tested one- mode at the slab sides:

way slabs (p; = 0.44 %). Fig. 18d shows an example of such cracks for the

test L2-S). e Shear-compression: tests with inclined cracks inside the virtual strut
Fig. 19 shows a summary of the cracking pattern visible at the side of indicate shear-compression failures. For such tests, the cracking

the slabs after tests. The red lines indicate the position of a virtual strut pattern generally does not indicate reinforcement detachment at the

between the load and the support, which aid to identify if shear- tensile side (horizontal cracks at the reinforcement level possibly

compression failures took place in the tests. At this point, the caused by dowel action) and the main cracks reach the load edge

following criteria were used to determine the one-way shear failure with steeper inclinations.

14
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Fig. 17. Cracking pattern of the slabs L4, L5 and L6 in terms of top view, bottom view and side views.

e Flexure-shear: cracks with a curved shape indicate flexure-shear (steeper cracks not following the flexural cracks). Since these tests
failures. Besides, the cracking pattern of flexure-shear commonly were performed with the load close to the support, such failures could be
shows almost horizontal cracks close to the tensile reinforcement and expected due to the large contribution of direct load transfer between
in the compression zone, and an inclined crack between them in the the load and the support.
shear span, resulting in a typical “S-shaped” crack. The Test L1-S presented characteristics from both shear-compression

(side D) and flexure-shear failures (side E). The test L2-S was classified as

The tests L1-N (side E), L2-N (side E) and L3-N (side D) developed a failing by shear-compression because of the position of the inclined
visible shear crack on one of the sides (Fig. 19e,f), but the inclination of crack. On the other hand, the test L3-S present more characteristics from
the cracks indicates failure in the strut zone by shear-compression flexure-shear failures (horizontal cracks in the compression side and at

15
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Fig. 18. Details of the cracking pattern of the slabs: (a) punching cracks at the top side of the slabs (P); (b) cracking at the bottom side of the slab L3-N; (c) detail of
the crack opening close to the support for L1-N; (d) example of shear cracks from wide beams (WB) visible at the slab sides of the test L2-S.
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The visible cracking pattern of the test L4-N is subjected to discus-

Fig. 19. Cracking pattern at the side of the tested slabs.

sion. Side D indicates a shear-compression failure, while side E could be

a large inclined crack from flexure-shear or only the result of a wide
punching failure. The test L5-N shows a shear-compression failure at
Side E and a flexure-shear failure at the side D. The shape of the cracking
pattern from L6-N indicates a flexure-shear failure: some horizontal
cracks at the reinforcement level and others crossing the compression

zone.

The test L4-S did not present visible cracks at the slab sides, indi-
cating a pure punching failure around the load. On the other hand, the
test L5-S shows a shear-compression crack on one side. The test L6-S did

16

4.4. Failure mechanism overview

not show visible shear cracks at the slab sides.

Table 3 shows a summary of the major characteristics considered in
the classification of the failure mechanism. The failure mechanism was
determined based on three aspects: (i) the shape of the force-displace-
ment curve measured by the LVDT (1); (ii) the tensile strains from the
instrumented rebars around the load; and (iii) the cracking pattern.

In most tests, the strain gauges indicated some reinforcement
yielding at the peak load F.s. However, to be classified as clear yielding
that is expected with the yield line analyses, a plateau would be
necessary in the load-displacement curves (such as commonly found in
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Table 3
Main aspects considered in the determination of the governing failure mechanism of the slabs.
Test Sharp decrease of the applied load Extensive yielding of all rebars Punching cone at the top Shear crack visible at the Indication of Failure
on failure? at Fpgx? view? slab sides? shear- mode
compression?
L1- No No Yes Yes: one side Yes WB + P
N
L2- No Yes Yes Yes: one side Yes WB+P+Y
N
L3- No Yes Yes Yes: one side Yes WB+P+Y
N
L1-S Yes No Yes Yes: two sides Yes (one side) WB + P
L2-S Yes No Yes Yes: two sides Yes WB + P
L3-S Yes Yes Yes Yes: two sides Yes/No WB + P
L4- No No Yes Yes: two sides No WB + P
N
L5- Yes No Yes Yes: two sides Yes/no WB + P
N
L6- No Yes Yes Yes: one side Not clear WB+P+Y
N
L4-S No No Yes No Not visible P
L5-S No Yes Yes Yes: one side Yes (one side) WB+P+Y
L6-S Yes Yes Yes No No visible P

tests of beams, where a large increase in displacements until reaching
crushing of the concrete and the flexural failure occurs after yielding of
the steel). Because of this, no test was classified as failing by flexure,
although some of them presented large reinforcement yielding at failure
(tests L3-N and L6-N) or a smooth decrease in the applied load prior to
failure (tests L1-N, L4-N, L4-S and L5-S). However, we identified the
tests on which extensive strains at the reinforcement and a short plateau
in the load-deflection graphs arose, since these could indicate a started
flexural mechanism (letter Y in the failure mode classification).

5. Influence of parameters
5.1. Effect of the shear slenderness a,/d;

The shear slenderness a,/d; is a parameter in the literature commonly
related to the identification of tests subjected to possible arching action
[1,10,23]. Such a mechanism increases the ultimate loads at failure
when a,/d; descreases due to the direct load transfer between the load
and the support, which appears as an additional shear-transfer mecha-
nism in addition to the beam shear-transfer mechanisms: (i) aggregate
interlock; (ii) compression zone capacity; (iii) dowel action and (iv)
residual tensile strength of the concrete. The Eurocode [17] and fib
Model Code 2010 [46] consider arching action in the range 0 < a,/d; <
2. Other publications suggest extending the range of influence until a,/
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d;=2.5[20] and a,/d; = 2.75 [8]. As performed in previous publications
[1], the predicted one-way shear resistance enhancement was calculated
based on the fyrching factor from EN-1992-1-1:2005 [17] (Section 2.1 and
expression (8)). The predicted concentrated loads Fpredicted shear tO Cause a
one-way shear failure was calculated as in Section 2.4 (expression (20).
The predicted concentrated load to cause a punching failure Fpregicted,
punching Was calculated as in Sections 2.2 and 2.4.

Fig. 20 shows how the peak loads and sectional shear forces vary as
the shear slenderness a,/d; changes for the four sets of tests. As can be
seen in Fig. 20a, the ultimate loads (Fs) did not change significantly
(<6 %) by increasing the shear slenderness from a,/d; = 2 to a,/d; = 3 for
most tests. The only exception was the set of tests L4-N to L6-N, which
presented a decrease of the load F,s of 17 % (comparing L5-N and L6-N).
The tested sectional shear V. decreased between 2 % (L5S to L6-S) and
20 % (L5-N to L6-N). According to the factor furching used, no change of
the nominal shear capacity Vg shear Was expected in the range 2 < a,/d; <
3. However, the effective French shear width increases by 23 %,
increasing the ratio a,/d; from 2 to 3. In the end, the predicted
concentrated loads to cause a one-way shear failure (Fyredicted, shear) Would
increase between 29 % and 33 %, varying a,/d; from 2 to 3 (note that
such enhancement is not 23 % because the proportion between F and Vp,
also changes as a function of a,/dj). Consequently, an enhancement of
Frest would be expected for all tests using one-way shear expressions,
which was not observed. These results occur because increasing the
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Fig. 20. Influence of shear slenderness a,/d; or distance from the concentrated load to support: (a) on tested peak loads F,. and (b) on calculated shear forces Vie.
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shear slenderness a,/d; increases the bending moments around the load
and, hence, decreases the unitary shear capacity vg according to the
Critical Shear Crack Theory (CSCT) models for one-way shear [47] and
two-way shear [28]. In this way, possible enhancements in the effective
shear width are counterbalanced by reductions of the shear capacity. On
the other hand, using the punching shear expressions, no enhancement
of the punching capacity (Fpredictedpunching) Would be expected in this
range of a,/d; (changes lower than < 1 %). Therefore, the predictions of
punching capacity better match the tested loads and also the failure
mechanism, which starts with punching for all slabs.

On the other hand, the ultimate load Fi. increased considerably as
the shear slenderness a,/d; decreased from 2 to 1 for most groups of tests.
This increment was 19 % between L1-S and L2-S, 9 % between L4-N and
L5-N, and 21 % between L4-S and L5-S. The only exception occurred for
the set of tests L1-N and L2-N, which presented almost the same peak
loads at failure. Using the one-way shear expressions, the predicted
enhancement in the concentrated loads Fest predicted shear Varied between
32 % and 34 % (according to the reinforcement ratio of the slabs). Using
the punching shear expressions, the predicted increment of the
concentrated load capacity Fpredictedpunching Was 22 % for all tests.
Therefore, both one-way shear expressions and punching shear expres-
sions captured well, on average, the observed behavior for loads closer
to the support. The larger enhancements predicted with the one-way
shear expressions, regardless of the effective shear width decrease
varying a,/d; from 2 to 1, occur because the relation 1/fqrching factor
increases by 100 %.

In this study, these deviations from the tendencies identified can be
attributed to the complex interaction between the shear failure mech-
anisms and the local yielding of the flexural reinforcements, which may
trigger different failure mechanisms for some tests. For instance, the
cracking pattern at the slab sides of L1-N (a,/d; = 1) indicated a shear-
compression failure (Fig. 19). At this point, it is important to note that
the arching action would increase the ultimate capacity mainly for tests
subjected to shear-compression failures and not flexural-shear. Howev-
er, extensive flexural cracking between the load and the support can
reach the struts and disturb the contribution of arching action. Besides,
the reinforcement yielding may limit the shear transfer between the load
and the support because the tensile stress in the reinforcement reaches a
yileding plateau, limiting the contribution of the concrete compression
zone.

5.2. Effect of the ratio a/lgpqn

When the span length between the support decreases (increasing the
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ratio a/lsan), the proportion between the loads that go to the closer and
far support becomes less uneven (Fig. 21) and the flexural demand de-
creases. It follows from statics that the reaction at the support close to
the load decreases when a/lgq, increases. The opposite behavior occurs
for the reaction at the support farther away from the load. According to
the Eurocode expressions, no change in the predicted sectional shear and
punching capacity would be expected in such cases. For such cases, the
bending moments at the front and back sides of the load decrease (mg x;
and mgy,) when the ratio a/lpq, increases. In addition, the distance
between contraflexure points in the side x; also decreases (rsy2).
Therefore, based on the principles of the Critical Shear Crack Theory
[28,48], a decrease of the slab rotations y and an increase in the
punching capacity would be expected by increasing the ratio a/lyan,
according to the following expression:

Toi Jy (Mei 3”2
wy = 1.2 (—’) ,i={x,y} and j = {1,2} (33)

da\fg ES meg;

Fig. 21 shows how the tested loads Fiss and Vi vary as a function of
the load position in terms of the ratio a/lypan. Tests with the same shear
slenderness a,/d; but with a lower span between the supports were
compared. Fig. 22 shows that a different behavior was observed ac-
cording to the ratio a,/d;. For the tests with the load closer to the support
and subject to arching action (L1-N to L1-S and L2-N to L2-S), decreasing
the span length (and consequently increasing the ratio a/lgq,) increased
the tested capacities. Besides, this increase was more significant in the
tests with a lower longitudinal reinforcement ratio (L1-N to L1-S).

In the tests with a,/d; = 2 (L2 and L5) and a,/d; = 3 (L3 and L6), most
tests presented a decrease in the tested loads at failure by decreasing the
span length (and consequently increasing a/lsan). The only exception
occurred for the pair of tests L6-N to L6-S, which presented an increase
in the tested loads by increasing the ratio a/lgpan.

In summary, these results show that: (i) for loads with possible
arching action, increasing the ratio a/lypq, tends to increase the tested
resistance; (ii) for load positions where arching action is hampered, the
final resistance tends to decrease by increasing the ratio a/lypqn. Theo-
retically, the fan struts between the load and the support may explain
these different results. When arching action is possible, the fan of struts
also improves the load that is transferred along the load’s lateral sides,
not only the load that goes through the front side. In other words, the
arching action also improves the distribution of shear stresses in the
transverse direction, in a similar effect to increase the effective shear
width when arching action is possible. At larger distances from the load
to the support, arching action is not possible, and the behavior of the
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Fig. 21. Sketch of redistribution of shear forces at the front and back sides of the load according to the ratio a/lgqn: (a) position of the first tests; (b) position of the

second tests.

18



A.M.D. de Sousa et al.

440 : : : :
—=—LI-NtoLI-S
400l —e—L2-N to L2-S| |
L3-N to L3-S
v —w— L4-N to L4-S
z 3607 v/ L5-N to L5-S| |
> —+— L6-N to L6-S
~ 320t —
3
£3 280 - — 1
| . 17 e
2401 } 1 ! ]
ajd,=1 a/d=2 a/d=3
200 I I I I
0.10 0.15 0.20 0.25
a/lspan (-)

a)

Engineering Structures 291 (2023) 116396

360 —— , , ,
—=—LI-NtoLI-S
v— —e—L2-N to L2-S
3201 L3-N to L3-S
—v—L4-N to L4-S
—_
Z 20} L5-N to L5-S
~ ——L6-N to L6-S
N’ 1
s ..
Sasop L T T
! | +———<’/
| , @
200 ! 3 1 1
ajd,=1 a/d=2 a/d,=3
160 1 1 1 1
0.10 0.15 0.20 0.25
all g, ()
b)

Fig. 22. Influence of load position in terms of the ratio a/lgq,: (a) on tested peak loads Fp and (b) on calculated shear forces Vies.

structure is more complex: while the CSCT predicts an increase in the
punching capacity when decreasing the span length, the most propor-
tional shear demand around the load may trigger failures at lower load
levels. This effect occurs because under a proportional shear demand
around the load, the failure may be triggered at the weaker point around
the load and not only at the region in the front side of the load, but
further studies on this phenomenon are required.

6. Comparison between tested and predicted resistances
6.1. Flexural capacity predictions

Table 4 shows a comparison between tested and predicted re-
sistances using the expressions from three collapse mechanisms (Fig. 4).
Table 4 shows that, as expected based on previous studies [13], collapse
mechanism 2 was the most critical one (providing the most conservative
predictions for all slabs). On average, collapse mechanism 2 also fits
better the tested resistances compared to other mechanisms. The
average ratio between tested and predicted resistances Fiese/Ffiex,mech2
with mechanism 2 was 1.23, with a coefficient of variation of 15.4 %.
The most conservative predictions of mechanism 2 occurs mainly
because the reinforcement ratio in the transverse direction is consider-
ably lower than the one applied in the longitudinal direction (0.44 %
compared to 0.99 % and 1.32 %). In addition, the length of the yield line
in the longitudinal direction is much lower than the one in the transverse
direction. Consequently, the flexural capacity along this yield line is

significantly lower.

6.2. One-way shear and punching capacity predictions

Table 5 shows the comparison between tested and predicted re-
sistances (Fies/Fpreq) using the shear, punching shear and flexural ca-
pacity calculations. Besides, Table 5 also shows the results using the
Extended Strip Model [29], which combines characteristics from each
mechanism in a single approach. In Table 5, the self-weight was
considered in all calculations to determine Fprq for each mechanism.
Fig. 23 shows the calculated effective shear width for one-way shear and
the shear resisting control perimeter for each position of the tests.
Regarding the predictions of flexural capacity, only the results from
mechanism 2 are described since they provide the best accuracy
compared to the tested results.

Column #8 shows that the predictions of the failure load were quite
conservative for all tests, even considering the arching action for loads
close to the support and an increase in the predicted effective shear
width with the increase of the shear slenderness. The average ratio be-
tween tested and predicted resistances (Fyest/Fpredic,shear) Was 1.70, with a
coefficient of variation equal to 17.4 %. The causes for the con-
servativism in the results are: (i) not considering the enhanced trans-
verse shear distribution for loads close to the support, which increases
the effective shear width for loads benefitting from arching action [7]
and (ii) the use of the one-way shear factor Cgc, s calibrated from beam
tests [2]. Alternatively, the predictions of one-way shear capacity could

Table 4
Comparison between tested and predicted resistances using yield line analyses.
Ref-Teste lspﬂn a,/d Fest Fiex mech1 Filex mech2 Fiex mech3 Frest Frest Frest CYLM'
(m) ©) (kN) (kN) (kN) (kN) Fiex.mech1 Fiex mech2 Fiiex mech3
L1-N 3 1 273.5 715.8 253.0 500.3 0.38 1.08 0.55 2
L2-N 3 2 282.1 574.0 255.1 358.5 0.49 1.11 0.79 2
L3-N 3 3 275.4 500.8 257.4 285.4 0.55 1.07 0.97 2
L1-S 2 1 332.1 673.8 211.0 530.1 0.49 1.57 0.63 2
L2-S 2 2 270.4 535.4 216.5 391.8 0.50 1.25 0.69 2
L3-S 2 3 253.9 466.4 223.0 322.8 0.54 1.14 0.79 2
L4-N 3 1 351.5 885.4 268.5 670.0 0.40 1.31 0.52 2
L5-N 3 2 321.6 696.4 271.3 480.9 0.46 1.19 0.67 2
L6-N 3 3 267.0 598.8 274.4 383.4 0.45 0.97 0.70 2
L4-S 2 1 374.1 852.4 235.4 708.7 0.44 1.59 0.53 2
L5-S 2 2 296.3 667.9 242.8 524.3 0.44 1.22 0.57 2
L6-S 2 3 314.8 575.9 251.5 432.3 0.55 1.25 0.73 2
AVG - - - - 0.47 1.23 0.68 -
COV (%) - - - - 11.9% 15.4 % 19.3 % -

! Most Critical Yield Line Mechanisms for the evaluated slab.

19



A.M.D. de Sousa et al.

Table 5
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Comparison between tested and predicted resistances according to different failure mechanisms and the ESM [29]. Note: PFM: predicted failure mechanism; S = one-

way shear as wide beam; F = flexure.

#1 #2 #3 #4 #5 #6 #7 #8 #9 #10 #11 #12
Test Lpan (m) a,/d; Frest Fpred shear Fpred punching Fftex mech2 Frest Frest Frest PFM Frest
(') (k-N ) (k-N ) (kN ) (kN ) F, 'pred shear F, 'pred punc F 'flex,mech2 F, 'pred
Details CEN CEN - CEN CEN YLM ESM
PBarching PBarching Barching PBarching [29]
L1-N 3 1 273.5 188.9 301.4 253.0 1.45 0.91 1.08 S 1.00
L2-N 3 2 282.1 125.0 234.4 255.1 2.26 1.20 1.11 S 1.33
L3-N 3 3 275.4 161.3 2349 257.4 1.71 1.17 1.07 S 1.29
L1-S 2 1 332.1 198.9 301.4 211.0 1.67 1.10 1.57 S 1.20
L2-S 2 2 270.4 135.4 234.4 216.5 2.00 1.15 1.25 S 1.26
L3-S 2 3 253.9 180.3 2349 223.0 1.41 1.08 1.14 S 1.17
L4-N 3 1 351.5 227.0 344.7 268.5 1.55 1.02 1.31 S 1.08
L5-N 3 2 321.6 150.8 268.1 271.3 2.13 1.20 1.19 S 1.29
L6-N 3 3 267.0 194.5 268.6 274.4 1.37 0.99 0.97 S 1.06
L4-S 2 1 374.1 239.0 344.7 235.4 1.57 1.09 1.59 F 1.14
L5-S 2 2 296.3 163.3 268.1 242.8 1.81 1.11 1.22 S 1.18
L6-S 2 3 314.8 217.4 268.6 251.5 1.45 1.17 1.25 S 1.23
AVG 1.70 1.10 1.23 1.19
COV (%) 17.4 % 8.2 % 15.4 % 8.7 %
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Fig. 23. (a) Determination of the effective shear width for one-way shear resistance analyses according to the French practice [21]; (b) determination of the shear
resisting control perimeter according to the Brazilian and European design codes. Note: all dimensions in mm.

be enhanced if considering the improved unitary shear capacity for slabs
under concentrated loads, and the actual shear demand vg calculated
aided by linear elastic finite element analyses, such as suggested in
Henze et al. [2]. However, it is important to mention that the enhanced
shear capacity Vg shear, in this case, would not be related to the arching
action, but to the capacity of the lateral distribution of the shear forces.

The predictions of ultimate capacity with the punching shear ex-
pressions (column #9), on the other hand, provided the most accurate
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predictions compared to the tested loads. The average ratio Fyes/Fyred,
punch Was 1.10 with a coefficient of variation of 8.2 %. In practice, these
results also fit well with the observed failure mechanism of the tests,
which started with punching before one-way shear at the slab sides
occurred.

Comparing the predictions of one-way shear, punching shear and
flexural capacity, one can realize the shortcomings that may appear
when one of the expressions used is not properly calibrated. Although
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the punching capacity predictions presented a lower error when
compared to the test results, the theoretical governing failure mecha-
nism (based on the predictions) would almost always be one-way shear.
This conclusion occurs because the one-way shear approach provides
the lowest predicted resistance between the three failure mechanisms
considered (compare columns #5, #6 and #7).

In column #12, it can be seen that the Extended Strip Model [29]
provided the best predictions, with an average ratio Fest/Fpred punching Of
1.19 and a coefficient of variation equal to 8.7 %. At this point, this
result can be explained by the fact that Extended Strip Model considers
in a systematic way the load capacity of the slabs assuming reinforce-
ment yielding around the load, which was verified in the tests. In
addition, the average ratio Fiest/Fpredpunching Of 1.19 is in line with the
expectation that a lower-bound-plasticity-based model underestimates
the capacity by about 20 % as a result of the assumptions inherent to
using a lower-bound-plasticity-based method.

7. Discussions

Most previous publications in the field of one-way slabs under
concentrated loads focused on conditions in which the shear and
punching capacity are lower than the slab’s flexural capacity
[1,2,6,8-10]. These studies contributed to a better understanding of the
problem when no local yielding of the flexural reinforcement occurs at
failure. In this study, one-way slabs were tested to identify if and how
local reinforcement yielding influences the behavior of slabs failing by
shear. Compared to previous studies that also reported some reinforce-
ment yielding at failure [49,50], we tried to improve the following as-
pects in the testing: (i) the load was applied following a displacement
control, which allowed us to evaluate the post-peak behavior from the
tested slabs (smooth or sharp decrease of the measured load on failure
and residual resistance level after the first failure mechanism); (ii) the
reinforcement strains in the longitudinal and transverse directions
around the load were measured and evaluated together to show the
shear redistribution after the development of the first failure mecha-
nism; (iii) the cracking pattern of all slabs was provided in detail,
showing the cracking pattern at the bottom side, top side and lateral side
of the slabs.

The results indicated that after local reinforcement yielding of the
slabs, the load can increase further until another failure mechanism
occurs (punching shear or the one-way shear). In such cases, the final
failure is brittle (see, for example, the force x displacement graph from
test L3-N). As the ESM combines principles from the one-way shear and
two-way shear mechanisms under the condition of reinforcement
yielding, its use allows for predicting an accurate failure load when the
slabs are subjected to local reinforcement yielding and conservative
estimations when no reinforcement yielding is expected (since the real
unitary shear capacity will be higher than the ones that assume rein-
forcement yielding at the strips).

In other tests, such as L1-N (a,/d; = 1), one could expect a brittle
failure mechanism due to the smaller distance from the load to the
support and the predominant direct shear transfer from the load towards
the support by struts [1]. However, a smooth drop in the measured load
was observed in such a test (see Fig. 13a). For slabs, this can be
explained based on the fan of struts carrying the load [1]. When the full
capacity of the main strut is reached, this strut will fail, but the load is
redistributed laterally to struts that carry less load. This shear redistri-
bution makes the failure of slabs less brittle compared to beams failing
by shear compression [51]. In the case of beams or slabs loaded over the
entire width, failing by flexure-shear or shear-compression, the one-way
shear crack commonly develops suddenly along the entire width because
of the most homogeneous distribution of shear stresses along the width.

In addition to the less brittle nature of the failure, another aspect
draws our attention for test L1-N (a,/d; = 1): the applied load at failure
was almost the same for L2-N (a,/d; = 2). For this test, an increase in the
failure load was expected due to the decrease of the shear slenderness
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(a,/d; from 2 to 1) and, hence, the increase of arching action [1,23]. One
possible explanation is that extensive flexural cracking occurred (see the
bottom view in Fig. 16) due to the smaller slab thickness compared to
other tests from the literature [1,2,6] and the smaller reinforcement
ratio compared to slab L4. Such flexural cracks may have weakened the
strut area and disabled the arching action. Therefore, the enhancement
in the shear capacity for loads close to the support due to direct load
transfer may be disturbed by local reinforcement yielding or extensive
flexural cracking. A similar phenomenon was observed for deep beams
with relatively low reinforcement ratios designed to fail in flexure (d; >
1000 mm and p; < 0.5 %) [52]. In these experiments, sudden shear
failures occurred due to the extensive flexural cracking and size effect in
shear. However, further studies on the link between reinforcement
yielding and shear-compression failures are necessary to address this
observation.

In this study, an important evaluation commonly not performed was
also added: the comparison between the ultimate concentrated loads
predicted Fpregiced by one-way shear mechanisms, two-way shear
mechanisms (punching) [2,8,10] and flexure. A close look into the
comparisons between tested and predicted resistances also indicates an
interesting point (Table 5). Although the predictions of punching ca-
pacity (Frest/Fpred punching) fit the test results better, the theoretical failure
mechanism was not predicted correctly. This mismatch occurs because
the failure load Fpregicteq for one-way shear was lower than that predicted
for punching and flexure (the ratio Fyest/Fpred shear > Frest/ Fpred punching and
Fiest/Fpred,shear > Frest/Ffiex,mech2 for most tests, and consequently Fyred shear
< Fpred punching and Fpred shear < Ffiex,mech2)- In practice, these results have
two undesirable shortcomings: (i) for the design of new structures, the
designer would need to change some aspects of the project to increase
the one-way shear capacity over the flexural capacity due to the overly
conservative prediction of one-way shear capacity (making the building
more costly); (ii) for an existing structure, such predictions could lead to
erroneous conclusions about the safety margins or about the governing
failure mode and required strengthening actions, for instance. There-
fore, the derivation of more accurate approaches to predict the one-way
shear capacity of such slabs is also important, and these approaches are
currently being developed [5,38].

In this study, we addressed the problem using mainly analytical ex-
pressions based on current European code provisions, yield line analyses
and the ESM. This choice was motivated mainly because such ap-
proaches are the ones more frequently employed in the first assessment/
scanning of databanks of bridges, following the principles of the Level of
Approximation I in the current fib Model Code 2010 [46], when a large
number of existing structures needs to be quickly rated, or when a first
sketch of the structure is being developed. Because of this, simplified
and conservative models are welcome at these stages. However, the
following limitations of the applied methods shall be considered: (i) the
use of code provisions such as the current Eurocode [53] does not allow
consider the strain effect in the unitary shear capacity of reinforced
concrete, well established in mechanical-based models such as in the
Critical Shear Crack Theory for one-way shear or punching shear
[28,47]; (ii) despite one of the yield line mechanisms tested (mechanism
2) provided reasonable levels of accuracy when compared to the tested
loads, its extension to other slabs may need to be checked carefully since
the yield line approach depends on the capacity of redistribution of the
load as the steel starts to yield, and may vary significantly according to
the boundary conditions and reinforcement layout; (iii) the Extended
Strip Model is a lower bound solution. Therefore, it will provide more
conservative results for slabs without reinforcement yielding, being
recommended use only for the first assessment stages. To allow the most
precise estimations of the shear demand and resistance (for one-way
shear or punching shear), the use of finite element analyses combined
or not with refined mechanical-based shear models are considered as a
suitable alternative [2,8,44,45].
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8. Conclusions

In this study, the failure mechanism of one-way slabs under
concentrated loads with some local reinforcement yielding is studied.
The load-displacement graphs, cracking pattern and reinforcement
strains were monitored during the tests. Analytical predictions with the
current European code expressions [53] and the Extended Strip Method
[29] were performed and compared to those observed in the experi-
ments. Besides, different failure mechanisms were considered in the
predictions. The following conclusions can be drawn:

e One-way slabs under concentrated loads fail in a complex way when
reinforcement yielding takes place. The resistance enhancement and
shear compression failure expected for slabs with loads close to the
support may not be achieved due to excessive flexural cracking be-
tween the load and the support (test L1-N to L2-N). Such a flexural
crack can damage the struts and disable the expected arching action.
Besides, brittle failure mechanisms can also occur after large rein-
forcement yielding due to a wide beam shear failure (test L3-N).
Shear redistribution can occur around the load after punching and
activate a secondary failure mechanism of one-way shear visible at
the slab sides, called wide beam shear failure. In this study, such
redistribution was attributed mainly to the relatively high rein-
forcement ratio applied in the transverse direction (p; = 0.44 %) and
the relation between the slab width and load size bgap/livad = 8.
Combining the predictions of ultimate capacity (concentrated loads)
that would cause a one-way shear failure or a punching failure in
tested slabs, a conservative determination is achieved with the Eu-
ropean design codes [53]. The punching capacity predictions were
more accurate for predicting the maximum load on the tested slabs
with local reinforcement yielding.

The Extended Strip Model stands out as a solution to predict the
ultimate capacity of reinforced concrete slabs under concentrated
loads, especially when the slabs are subjected to some local rein-
forcement yielding at failure.

o The predictions of the ultimate capacity of the tested slabs with yield
line analyses can present good levels of accuracy when the appro-
priate collapse mechanism is used, and the slabs present local rein-
forcement yielding, even when yielding is not observed over the full
slab width or span length. In this study, the collapse mechanism that
assumes yield lines between the center of the support and the load
along the transverse reinforcement led to the best predictions
(collapse mechanism 2).

Comparing the predictions of one-way shear capacity, punching
shear capacity and flexural capacity, erroneous conclusions about
the safety margins and governing failure mechanism may occur
when using current code approaches. In this study, despite the pre-
dictions of punching capacity fitting well with the test results, the
ultimate capacity predicted with the one-way shear expressions was
overly conservative. The predicted failure mode was almost always
the one-way shear and not punching or flexure. Therefore, adjust-
ments in the one-way shear expressions for slabs under concentrated
loads are required to avoid such mistakes.
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