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Abstract

Linear elastic finite element analyses (LEFEAs) have become more frequent in
the design and assessment of reinforced concrete slabs under concentrated
loads, as they enable low-cost evaluation of the distribution of shear forces over
critical sections. However, few publications have addressed the benefits of
combining LEFEA with mechanical-based models to predict the most critical
shear failure mechanism and the corresponding shear and punching capacities.
Notably, most previous studies employed a similar approach for a specific
boundary condition or evaluated only the one-way shear capacity of slabs
under concentrated loads near line supports. This study investigates the accu-
racy of the expressions based on the critical shear crack theory (CSCT) com-
bined with LEFEA to assess the shear and punching capacity of one-way slabs
under concentrated loads. Since such slabs may develop different failure mech-
anisms, this study also evaluates the level of accuracy to predict the governing
shear failure mechanism identified in the tests, a topic rarely discussed until
now. For this purpose, a dataset of 112 experiments was selected, covering dif-
ferent boundary conditions and loading arrangements. LEFEA was used to
evaluate the uneven distribution of shear forces and bending moments on the
critical shear regions. Some outputs from LEFEA were used in the analytical
calculations with the CSCT-based expressions to predict the shear and punch-
ing capacity of such tests. The use of LEFEA also aided in understanding the
change of shear failure mechanisms according to parameters such as the
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1 | INTRODUCTION

Reinforced concrete one-way slabs under concentrated
loads are commonly found in bridge deck slabs. These
slabs are subjected to large concentrated loads in non-
symmetrical loading and support conditions. Because of
this, these members may show a transitional or asymmet-
rical shear failure mode between one-way shear (as wide
beams [WBs] on slab strips) and two-way shear (punch-
ing shear), besides the flexural mechanisms.'™ Therefore,
the assessment of such structures involves the evaluation
of different (shear) failure mechanisms.* For design, it is
usually not important which of the shear failure modes is
the most critical since the most critical failure mecha-
nism governs the design. Conversely, this information
deserves more attention for assessing existing structures
because it can indicate which regions of the structure
need to be strengthened, or which loading position is crit-
ical in a proof load test. Within this context, linear elastic
finite element analysis (LEFEA) stands out as an alterna-
tive to determining a more realistic distribution of shear
forces and bending moments on relevant sections com-
pared to pure analytical methods.

Despite the increasing number of studies developed
with examples of the application of LEFEA to assess the
shear capacity of one-way slabs under concentrated
loads,””® most of them present one or more of the follow-
ing limitations:

i. The studies did not address how to combine LEFEA
with mechanical-based shear and punching strength
models. Most authors applied LEFEA only combined
with semi-empirical code expressions.>”’

ii. When mechanical-based models were used to esti-
mate the ultimate capacity of cantilever slabs, only
the one-way shear resistance was checked."® In
other words, it was assumed that one-way shear fail-
ures always governed for such slabs, and the possibil-
ity of punching failures was neglected.

member width to load size ratio by,p/lioaq and the shear slenderness a,/d;. The
combination of the CSCT expressions with the LEFEA allows for predicting
the governing shear failure mechanism and the shear capacity of the slabs for
most tests accurately at a low computation cost. When the governing failure
mechanism was not correctly identified, a conservative estimate of the shear
capacity was provided, which is desirable in such cases.

critical shear crack theory, linear elastic finite element analysis, one-way shear, punching

iii. When shear and punching failure modes were inves-
tigated, a limited number of test results were
addressed (between 1 and 3 experiments only),
which limits the discussion about the level of accu-
racy of such approaches.*’

iv. Slabs with continuity over the support were not dis-
cussed when applying the combination of LEFEA
with mechanical-based models of the shear and
punching capacity.'

v. The transition between one-way and two-way shear
failures is usually not discussed based on the distri-
bution of shear and bending moments, which limits
the understanding of the interpretation of the test
results.”''71?

In this study, we investigate the accuracy of the
approach first proposed by Natdrio,'® which combines
LEFEA with critical shear crack theory (CSCT) expres-
sions to determine the shear and punching shear
capacities of one-way slabs under concentrated loads.
Compared to previous publications,® this study
covers a higher variety of support conditions, which
includes (i) one-way simply supported slabs (SSs),
(ii) one-way slabs with continuity over one of the sup-
ports and (iii) cantilever members (Figure 1). Besides,
this study discusses the transition between one-way
and two-way shear failures for slabs under concen-
trated loads with different support conditions. Based
on identifying key parameters for determining the gov-
erning failure mechanism between one-way shear and
two-way shear, enhancements in Natdrio's approach®®
are performed mainly in the punching shear calcula-
tion method to consider parameters related to the
transition between one-way shear and two-way
shear.'” These enhancements yield more precise pre-
dictions of the ultimate load, regardless of the govern-
ing failure mechanism. In other words, the ultimate
load predicted with the punching shear expression, for
instance, can be closer to the experimental load even if
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FIGURE 1 Sketch of one-way slabs under concentrated load: (a) simply supported slabs; (b) slabs with continuity on one of the
supports (herein defined as continuous slabs) and (c) cantilever slabs.
the test failed by one-way shear instead of punching. VR shear - Degy
As such, the robustness of the proposed methodology Veescr =——F—— (1)

is improved.

In this paper, we first explain how to combine
LEFEAs—using shell elements for the slabs—and the
CSCT expressions of one-way'* and two-way shear' to
predict the shear and punching shear capacity of experi-
ments available in the literature (Section 2). After
(Section 3), we discuss the transition from one-way shear
failures to two-way shear failures using a small set of
experiments from the literature according to the CSCT
expressions and information gathered from LEFEA. The
Database of test results is described in Section 4. In
the end (Section 5), comparisons between tested and pre-
dicted resistances are provided for the evaluated dataset,
according to the boundary conditions of the tests and
governing failure mechanism.

2 | BACKGROUND

2.1 | One-way shear capacity predictions
using CSCT expressions and LEFEA

The one-way shear capacity Vi cscr of one-way slabs
under concentrated loads was calculated according to
Natdrio et al.' by combining the predicted unitary shear
strength Vg shear With an effective shear width begr (derived
from LEFEA), and accounting for arching action in the
one-way shear resistance for concentrated loads close to

the support by fgnear:

ﬂ shear

The unitary one-way shear resistance Vg shear Was cal-
culated according to the CSCT expressions developed by
Muttoni and Schwartz'® and modified by Muttoni and
Fernandez Ruiz.'* The principle of this theory is that the
flexural shear strength is governed by a flexural crack
that develops diagonally (the critical shear crack) and dis-
turbs the shear transfer actions. The main shear transfer
mechanisms of slender beams, according to the CSCT,
are'®: (i) compression chord capacity or cantilever
action,'” (ii) aggregate interlock'® and (iii) dowel
action.'®*° According to this model, the one-way shear
capacity Vg shear depends on the sectional geometry, the
concrete compressive strength, the critical shear crack
width w,, and the crack’s roughness. The roughness is
assumed as related to the aggregate size dg,21 while the
crack width w,, is assumed to be proportional to the ref-
erence longitudinal strain ¢ times the effective depth of
the member d;. In this way, the unitary shear capacity
Vr.shear OF failure criterion is calculated as (SI units: f. in
MPa; d, in mm):

ol @)

3 141200 28

VR shear =

where d, is the measured maximum aggregate size if f,
<70 MPa and 0 mm if higher.
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The reference longitudinal strain ¢ is evaluated at the
control section at a depth of 0.6d; from the compression
face, assuming that plane sections remain plane and
neglecting the tensile strength of the concrete (which is
assumed to behave linearly elastically in compression).
In the absence of normal forces, the reference strain e at
the control depth and height of the compression zone
Crex Are given by'* (SI units; d; in m; M,y in KN/m):

o Moax . 0.6-d1—Cﬂex (3)
by-di-p;-Es- (di —cpex/3)  di—Cpex
B E, 2.E.
Clex = di-p E. ( 1 +/)l 'E, 1) (4)

where mp,,, is the maximum bending moment at the
control section for a given applied load, p; is the flexural
reinforcement ratio, E, is the elastic modulus of the con-
crete, Eq is the elastic modulus of the steel, and cqe is the
height of the compression zone in the cross-section.

In this approach, the parameters that need to be eval-
uated in the numerical models are the distribution of uni-
tary shear forces v (to calculate v,,, and beg), unitary
bending moments m (to calculate m,,,), and the total
shear force going through the control section Vuro) for a
given applied load. Alternatively, V.onio1 can be directly
determined from beam statics. Further details on the
numerical models will be given in the next sections.

Evaluating the one-way slabs under concentrated
loads, it is common to assume that only a slab strip, with
a so-called effective shear width, contributes to the one-
way shear capacity. Generally, the effective shear width
is determined geometrically, assuming that the load

spreads horizontally from the back sides of the loaded
region toward the support with an angle of 45°
(Figure 2a). However, this approach has the shortcoming
that the predicted effective shear width increases too
much as the distance from the load to the support
increases. Someone may note that, in this approach, the
predicted shear demand v comes from the assumed defi-
nition of the effective shear width (Figure 2a). In light of
these limitations, Halvonik et al.’ suggested limiting the
spreading zone to 2d from the load frontal face, in such a
way that the predicted effective shear width would
increase only in the range 0 < a,, <2d. Nevertheless, this
approach was validated only for cantilever slabs and
requires further investigation to other support conditions.

Another definition is based on the uneven distribu-
tion of shear forces at the control section (Figure 2b). In
this case, it is assumed that the effective shear width is
defined as the length that, when multiplied by the maxi-
mum shear demand vg .y, €quals the shear force in that
direction.”® In the second option, the control shear
demand vg .y comes from the measured shear demand
distribution through LEFEA.

In this study, the effective shear width b.g was calcu-
lated by dividing the total shear force in the full slab
section of width b (Vi onwo) by an averaged unitary shear
force over the control sections vavg1’24 (Figure 2c) deter-
mined with a finite element model (Equation (5)). To be
consistent with the CSCT principles, the control
section to calculate the averaged unitary shear forces and
the maximum bending moments is at 0.5d; from the face
of the load for simply SSs (Figure 3a) and 0.5d; from the
edge of the support on cantilever slabs (Figure 3b), on
which d, is effective depth toward the longitudinal rein-
forcement. The length of the control section (distribution

side view iF side view Fi , side view Fi .
I e !
- - - a—— —
) recent— ) comrol—|I Vg ) :
t new o ine Hew . . new
op View guidelines | top view section | Ve top view
1 | ,max
| \’E 1 .
SSStilE % i distribution VE max
45° d,/2| I width b,,,.x,_\,
1
b, i
be/]' ﬁ slab . E b(,”» . : l)()”.
- \, | 1
a\'\t\? E :
( ; i k E,avg
I |
1 1
\ effective shear width ;
‘/[f
(a) (b) (©)
FIGURE 2 Definitions of effective shear width: (a) current French and Dutch approaches”; (b) definition based on the maximum

unitary shear demand®®; (c) definition based on the average shear demand over a distribution width.
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FIGURE 3 Control section location and averaged unitary shear force v, definition for (a) simply supported slabs and (b) cantilever

slabs. Adapted from Natario.'°

width) over which v is averaged to calculate v, is
assumed 4d, for cantilever slabs® and 4d, + l,.q for sim-
ply SSs (Figure 3)."° For tests with continuity on one of
the supports, it is necessary to examine if maximum
bending moments occur close to the load or close to the
support (depending on the degree of continuity and load
layout). If the larger bending moment occurs close to the
load, the verification follows the same principles as for
simply SSs. On the other hand, the calculations follow
the principles applied to cantilever slabs when the larger
bending moment occurs close to the support.

Therefore, when combining LEFEA with the CSCT
expressions, we firstly use a distribution width to calcu-
late an average unitary shear force v,,, at the control
section (perpendicular to the control section) and after
the effective shear width b is calculated as:

Vconlrol
b = 5
A (5)

The arching action that takes place for loads close to
the support, which increases the one-way shear resis-
tance for such conditions, is accounted for by snear
(Equation (6)):

a .
ﬁshear = Wv-dl’ withd; <a, <2.75d, (6)

where a, is the distance between faces of load and sup-
port (see Figure 1). Note that the CSCT was derived

assuming flexural-shear failures and that the f,e,, is only
a simplification to allow estimating the enhanced resis-
tance in the case of possible shear-compression failures.
For slabs influenced by arching action (loads close to the
support), using b.g allows us to include the effect of
the arching action in the load portion from F that is
transferred directly to the support. Conversely, for slabs
subjected to a load further away from the support, the
use of beg could be suppressed. For such cases, one could
simply compare the ultimate concentrated load F, with
the calculated load that causes a one-way shear failure
F, predicted-

Figure 4a shows the flowchart of calculations per-
formed combining LEFEA output with the CSCT shear
expressions. First, a unitary force Fy, = 1 kN is applied
to the numerical model to compute the averaged shear
force Vaygikn, and the maximum bending moments
Mmax1kn> OVEr the control section. The self-weight was
not considered in the numerical models as a simplifica-
tion, since it was considerably lower than the applied
concentrated loads at failure. Then, the effective shear
width b is calculated according to Equation (5) and
Figure 3. In the end, a subroutine is used to find the
applied concentrated load Fy, ;, iteratively, which equals
the unitary shear resistance vg; with the average shear
demand v,,z; over the control section (see Figure 4b).
When the iterative process ends, the one-way shear
capacity (in force units) Vx is calculated, accounting for
the effective shear width b,y and the arching action
for loads close to the support (a, <2.75 d;). With this
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Finite element software CSCT code ‘
LEFEA > Mpax,i = thp,i " Max, 1kN
Input: thp =1kN Vavgi = thp,i * Vavg, kN
v . -
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Calculate : 0.6-d, —cp, 4 I

max,i,...,n

shear demand

E=

Mupax, 1kN 5 Vavg, IkN> Vcontrol C fox d -c ex 3
d]'p]'EA'.(d]_ g j o —
S
el v @ shear resistance, vg
_ : d/ \/7: 1 E‘ —)
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T ’ Yes
Change Fj, /- N
‘ :\ V= VRn bq[f -/ ﬁ.&'hcuz?
(a) (b)

FIGURE 4

(a) Flowchart of the main steps for evaluating the one-way shear resistance following CSCT in combination with LEFEA;

(b) Sketch of the iterative process combining the shear demand v, and shear resistance vg (SI units). Adapted from.?®

procedure, the externally applied load (Fpredictea) that
causes the sectional shear failure and the one-way shear
resistance (Vg cscr) are predicted. Fpredictea iS the last
value of Fyyp,; in the iterative process for which vg; is
equal to Vayg ;.

Since the relation between the applied load and the
sectional shear force depends only on the load position
and support layout, the comparison between tested and
predicted resistances could be performed directly in
terms of the applied concentrated loads in the tests Fi.
and the predicted value Fpregicted- In other words, for
loads that are not influenced by arching action, the com-
parison between the tested and predicted failure loads
(Ftest/ Fpredicted) €quals the ratio between tested and pre-
dicted shear resistances (Viest/Vpredictea)- Therefore, for
such cases, the calculation of the effective shear width
would not be necessary. In this study, however, the effec-
tive shear width was calculated for all tests as a way to
include the influence of arching action when applicable,
as recommended by Natdrio."

2.2 | Punching shear predictions aided
by LEFEA

The punching shear capacity was evaluated using the
CSCT (wx — w,) method*”*® inspired by the work of

Natdrio'® with improvements as explained in this section.
The control perimeter is placed at d,/2 from the load
edges, where d, is the mean depth of the flexural rein-
forcement in both directions. The control perimeter is
usually divided into four segments, assuming constant
rotations w, — y;, and unitary strengths vg, — vg, for
each segment. The control perimeter with straight cor-
ners was adopted in this study to simplify the post-
processing of the numerical results.

The punching shear strength is given by (assuming
square loads or loads of limited rectangularity: [j.q < 3d,
and bload < 3dv):

PR punching = VRx1 - box1 +Vrx2 - Box2 +Vry1 - boy1 +Vry2 - Doy

(7)

where the parts of the punching perimeter b are
defined in Figure 5 (i refers to the directions evaluated,
direction x or y, and j refers to the side of the control
perimeter in the evaluated direction, sides 1 or 2).

The CSCT expressions for punching shear assume
that increasing the width of the critical shear crack w,,
reduces the strength of the compression strut carrying
shear around the loaded area.'® The width of the critical
shear crack w,, is assumed proportional to the product
between the slab rotation y and the effective depth of the
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Definition of (a) r, ; distances; (b) reduced control perimeters for square loads; and (c) averaged acting bending moments at

the edges of the concentrated load and support strip widths. Adapted from Natdrio."°

reinforcement d,,">'® where d, is the average effective
depth between longitudinal and transverse reinforce-
ments. The CSCT also considers the shear redistribution
around the loaded area in a simplified way. In this
method, the slab rotations depend on the considered
direction and are uneven along the control perimeter,
meaning that some parts of the slab reach their ultimate
strength while others still have a potential shear
capacity.10’27’28

The unitary shear strength in each segment vg ;; is cal-
culated as® (SI units: f, in MPa; d, in mm):

(3/4)'dv'\/f_c

vR,ij = (8)
1415+ [y d/ (dg + doo)
16 mm, if f, < 70MPa
dgo = . )
Omm, if f, > 70MPa

where d, is the maximum aggregate size and f. the con-
crete compressive strength. The rotations y; in each side
of the control perimeter were calculated according to
level of approximation III from the fib Model Code
provisions,”” which are based on the CSCT."” In each seg-
ment of the control perimeter, the rotation was calculated
as:

3/2
Fs,ij fyi M jj
—1..38 I (Y 10
Vi di E;s (mR,i (10)

+bs/2
1 L
Myjj = / |my|-diilj
s
—by/2
+bs/2 +bs/2
1 1
Mg x1 :F : / My 'dy; Mg x2 :F . / My + dy;
s s
—bs/2 —bs/2
b2 (11)
1
Msy1 =7 My - dx;
bs
7bx/2
+bs/2
1
Mg yr = — My, dx
by
—bs/2

Natdrio'® explains that ry; is the distance between
maximum span moment due to concentrated load and
the point of contraflexure (see Figure 5a), d; is the effec-
tive flexural depth in the appropriate direction, f,; is the
steel yielding stress, E is Young's modulus of steel, m
is the averaged acting bending moment at the loading
plate edge ij within the width b, (Figure 5c) and my; is
the yielding moment per unit length in the evaluated
direction. The support strip width by is calculated as:

by=min{1.5-/Fo 5y } (12)

The length of each segment of the control perimeter
(box1> boxa, boyr and by,p), calculated without rounded
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FIGURE 6 (a) Flowchart of the main steps for the evaluation of the punching capacity with the CSCT (y, — y,) method; (b) sketch of
how the punching capacity is determined in the iterative process. Adapted from.*®

corners as in Natdrio,'® was given by the ratio between
the maximum applied unitary shear force perpendicular
to the control perimeter (Vuimax Vomax Vy1,max and
Vyomax) and the total shear force going through that
perimeter (Vyq, Vi, Vi1, Vi) (Figure 5b):

Vij

Vij,max

bojj = (13)

Figure 6 shows the main steps to predict the punching
shear capacity of slabs coupling LEFEA with the CSCT
expressions for non-axis-symmetrical punching shear.”®
First, a LEFEA is carried out to compute the distribution of
shear forces (Vjmax = Vximaxs Vemax Vylmax Vyzmax) and
averaged bending moments (m,;; = M, My, My, My,) OVer
the control sections for an applied load equals 1 kN. At this
step, the total shear force on each portion of the control
perimeter (Vi = Vi, Vi, Vi1, Vj2) and the flexural strip
width b, shall also be calculated. Afterwards, the reduced
control perimeter segments b, ; are computed for each side
of the control perimeter. These values are entered as input
in a subroutine that calculates iteratively the punching load
Pg(i) that is equal to the punching resistance Pg(i). Notably,
the number of outputs of the LEFEA is higher than that
required for one-way shear since we need to evaluate the
contribution of each control perimeter segment.

A factor was derived by linear regression analyses to
avoid overly unsafe predictions of punching capacity for
the tests that failed as WBs in one-way shear. Due to the
shear flow characteristics of one-way slabs, a smaller por-
tion of the load is transferred by the lateral sides of the
control perimeter when the slab width is small (see
Figure 7). Therefore, these sides of the control perimeter
may have a small contribution to the punching capacity
for small values of bgap/lioag- Similarly, Setiawan
et al.>*?! also observed that the contribution from some
sides of the control perimeter may have a one-way shear
behavior, depending on the size of elongated loads or cor-
ner walls.

The influence of the ratio slab width-to-load size on
the effective contribution of the sides of the control
perimeter to the punching capacity (see Figure 7) was not
considered by Natario'® and is considered herein by mul-
tiplying the punching resistance Vg, and Vg,, by a fac-
tor fwiam. This factor was derived assuming that the
factor should vary between 0 and 1 and that the contribu-
tion of the lateral sides of the control perimeter increases
by a square polynomial function. The constants of the
polynomial function were adjusted to improve the predic-
tions of punching capacity for a larger dataset of one-way
slabs under concentrated loads presented by de Sousa
et al.’
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For loads close to simple support:

1 for bslab/lload >7.5
A >0
ﬂwzdth 0.0002 - (bslab/lload)4{ - forl < bslab/lload <7.5
(14)

For loads close to cantilever supports or continuous
supports:

1 for bslab/lload >10

15
0 forbslab/lload <10 ( )

Prvidn = {

As a result, the following calculations are used to

compute the contribution of each side of the control

perimeter into the punching capacity (SI units: f. in MPa;
d, in mm):

Ve = 1 . (3/4)dv\/ﬁ
* ﬂshear 1+15- [l//xl dV/ (dg + dg()

)l ‘box1  (16)

B (3/4)-dy-\/f.
T 1415 [y - do/ (dg + dgo) |

Ve “box2 (17)

_ (3/4)-dv-/fe
1415 [y, - do/ (dg + o)

Ve “boy1 Biam  (18)

_ G VR
1415 [y, - dy/ (dg +dgo

VR,yZ )] : bO,yZ 'ﬂwidth (19)

— £ )
biat/lioaa = 625 — B

=0.31

width

Influence of the ratio bg.p/lioaq 0N the shear flow crossing the sides of the control perimeter parallel to the free edges.

The punching capacity for square loads or loads with
limited rectangularity (ljoaq <3d, and byo,q <3d,) is then
given by the sum of the capacities of the perimeter
segments:

PR,punch - VR,xl + VR,XZ + VR,yl + VR,yZ (20)

Slabs subjected to elongated loads exhibit specific
characteristics that must be considered. The shear flow
assumes a radial pattern in the corners, with a high con-
centration of shear flow in these regions. Conversely, the
shear flow at the elongated sides has lines almost parallel
to each other, with a lower demand in this region
(Figure 8a). Following the approach proposed by
Natdrio'® and inspired by the works of Sagaseta et al.,*®
the contribution of the control perimeter in the corners is
calculated by the two-way shear expressions (Pg pych). In
Natario's approach, the same expressions to calculate the
one-way shear capacity of such slabs were used in the
region with one-way shear behavior, which increased the
post-processing effort of the numerical models.

In this study, a simplification was performed on this
part of the calculations based on the work from Setiawan
etal*

In the proposed modification, when the loaded area is
elongated on one of the sides (ljpaq >3d, OF bipaq >3d,),
the contribution of the elongated sides not included in
the computation of by x1, box2, boy1 and by, shall be con-
sidered with a one-way shear behavior for these lengths
(blue lines in Figure 8b). These limits to define the
regions with two-way shear behavior and one-way shear
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FIGURE 8 (a) Sketch of distribution of nominal shear forces along the control perimeter of elongated loads (assuming only two sides

>3d,) with the concentration of shear forces at the corners; (b) lengths of the sides of the control perimeter with two-way shear and one-way
shear (control perimeter without rounded corners used in the calculations); (c) sketch of the areas that shall be integrated to determine the

shear force distribution around the control perimeter.

behavior are based on the fib Model Code 2010.> The
control perimeter was defined without rounded corners
to simplify the post-processing of the numerical models.
In practice, four sides of the load can be higher than 3d,
and the shape of the load can be square, but the idea
remains similar to that applied for elongated loads.

In this study, the contribution of the sides I
(Figure 8b) is computed according to Setiawan et al.*!
and Cavagnis et al.** (assuming only two sides of the load
are larger than 3d,):

_M (2-1) (21)

PR,shear = V¢, min ° (2 . ls) = 3
2/ Ey- T;g

Herein, V.min is the minimum shear resistance per
unit length (assuming reinforcement yielding), k = 0.019,
g, is the flexural reinforcement yield strain (assumed
equal 0.0025 when the material properties of steel were
not provided), [ is the length of the sides assumed with
one-way shear behavior (Figure 8), and d, is the parame-
ter that considers the crack roughness, which is calcu-
lated as follows: (SI units: f. in MPa; d, in mm):

dgg = min (40 mm, 16 + d, ) for f, < 60MPa
c

60\ >
dgy = min <40 mm, 16+-d, - (f_> ) forf,.> 60MPa

(22)

The total punching capacity for elongated loads is
given by:

Ppredicted = PR,punching + PR,shear (23)

2.3 | Predicting the governing failure
mechanism

In a design or assessment task, the most critical failure
mode is determined by comparing the concentrated loads
Fgq related to the one-way shear failure (Vq4) and the con-
centrated loads associated with the punching shear failure
(Pra). Therefore, if Fpggshear < Fedpunchings the one-way
shear failure mechanism is theoretically most critical. Con-
sequently, the most critical failure mechanism is defined
by the lower ratio between Vy4/Vggq and Prg/Prg. At this
point, Vg4 and Vgq are the design shear actions and shear
capacities, respectively. Prq and Pgrq are the respective
design punching loads and punching capacities.

Knowing the tested shear Vi and punching forces
Pt from the laboratory tests, and inverting the action
and resistance terms, the governing failure mode is there-
fore determined by the maximum ratio between Piegt/Ppre-
dicted and Vtest/ Vpredicted- Herein, P test and P, predicted are the
tested and calculated punching capacities, respectively;
Viest aNd Vpredictea are the tested and calculated one-way
shear capacities. In other words, if the ratio Vies/Vpredicted
is higher than Pies/Ppredicted; ONE-way shear is theoreti-
cally more critical than punching shear and the predicted
governing failure mode would be one-way shear.

In this study, we also calculated the strength ratio
(SR) = max {Vtest/ Vpredicted; P test/ P, predicted} to inveStigate
the global level of accuracy and safety combining the
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FIGURE 9 Overview of the numerical models developed, highlighting the evaluated regions for one-way shear and punching shear
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and (b) cantilever slab tested from Henze et al.”
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Overview of the numerical models developed highlighting the evaluated regions for one-way shear and punching shear

analyses: (a) continuous slabs with Mg, > Mg, and (b) continuous slabs with Mgy, < Mgpan.

one-way shear and punching shear predictions. At this
point, one can conclude that if the ratios Viest/Vpredicted
<1 and Piegt/Ppredictea >1, the one-way shear expressions
yield an unsafe prediction, but the predicted punching
capacity becomes governing.

2.4 | Finite element models

In this study, the finite element software ABAQUS®© is
used to evaluate the distribution of bending moments

and shear forces at the control sections for one-way and
two-way shear analyses (Figures 9 and 10). A four-node
shell finite element with reduced integration (S4R), hour-
glass control and finite membrane strains is used to simu-
late the slab. An eight-node linear brick element with
reduced integration and hourglass control (C3D8R) was
used to simulate the plate support, and an interface that
allows free uplift between the solid supports and the shell
elements was applied. Alternatively, compression-only
supports could be used along the support axis from the
slab, rather than including solid elements with
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=L fib

interaction properties between the shell and the solid ele-
ments, as proposed by Natdrio.'” In this case, the solid
plates would not be necessary in the simulations.

Interface properties of (i) hard contact (free to uplift)
and (ii) frictionless are assumed at the contact between
the solid plate support and the slab surface for simply
supported and continuous slabs. Note that, as the friction
coefficient was assumed to equal zero, the normal forces
that arise restricting the horizontal displacements at both
supports are negligible. Cantilever slabs were simulated
rigidly coupled to beam supports. Alternatively, the beam
support for cantilever slabs could be removed, and the
boundary conditions could be applied directly to
the slabs.

The mesh sizes varied in the simulations according to
the load size, as suggested in other publications.> In
practice, we tried to ensure at least eight elements along
the control perimeter edges. The vertical displacements
are constrained at the support axis on the bottom face of
the solid elements, simulating simple supports. The load
is simulated by applying uniform pressure with a result-
ing load equal to 1 kN on the loading area. For continu-
ous slabs (Figure 10), the line load f applied at the
overhang in the numerical models corresponds to
the same fraction f/F used in the tests, where f'is the total
load applied at the cantilever member of continuous slabs
(see Figure 1b).

The shear modulus of concrete G, is taken as 1/8 of
the calculated value and the Poisson's coefficient v is
assumed to equal O to account for the concrete crack-
ing.'*%3* Therefore, the following material constitutive
law was used for the concrete':

_ [E000 0 07 _

Ox 0E0O0 0 o]

o 0000 0 o0]|®

0z &z

—loooG o o (24)

Oxy G 2]
0000 — 0

Oyz 1.2 Eyz
G

Loyel o000 0 —|Lexd
I 1.2

Here, the modified values of Poisson's coefficient and
shear modulus G are intended to represent cracking con-
ditions and significantly influence the distribution of
internal forces around the control perimeter, thereby
affecting the calculated shear capacity. In other words,
the Poisson's ratio of 0 is intended to represent an isotro-
pic material that mimics concrete behavior once cracking
begins, and a value of shear modulus equal to G/8 is con-
sidered to account for the reduction in shear stiffness as
flexural cracks develop. Besides, Setiawan et al.**> noted
that G/8 provides a lower-bound stiffness typical of

conditions near failure, where significant shear redistri-
bution has already occurred. In reality, the G value
degrades gradually as cracking becomes more severe.
Therefore, G/8 is only suitable for predicting the ultimate
shear capacity, but it will be less accurate for estimating
shear stress distribution during service loads, for
instance.

3 | UNDERSTANDING THE
TRANSITION FROM ONE-WAY
SHEAR TO TWO-WAY SHEAR BASED
ON LEFEA

3.1 | Overview

This section reviews the test layout and main parameters
of specimens from the literature that can be useful in
understanding the transition from one-way shear to two-
way shear failures. The tests from Reifien et al."' simulate
one-way slabs simply supported or with continuity over
one of the supports, while the tests from Henze et al.”
simulate cantilever slabs under concentrated loads.
LEFEA was conducted to assess the distribution of shear
forces and bending moments at critical sections. These
analyses were performed following the recommendations
from Section 2.4.

3.2 |
lload

Slab width to load size ratio bg,;,/

Different shear failure modes can take place depending
on parameters such as the slab width to load size ratio
bgan/Loaa.”> In the set of tests S15B-1, S25B-1 and S35B-1
tested by Reilen’® from Figure 11a, the main parameter
varied was the slab width bg,;,, which increased from 1.5,
2.5 to 3.5 m. Consequently, the ratio bg,p/lioaq assumed
the values of 3.75, 6.25 and 8.75, respectively.

Figure 11b shows that for the smaller slab widths
(S15B-1), the critical shear crack develops a horizontal
branch crossing the compression chord of the slab. In
other words, the inclined branch of the critical shear
crack does not directly reach the frontal load edges (test
S25B-1, for instance), which is typical of one-way shear
failures in WBs. By increasing the slab width and fixing
the other parameters, the critical shear crack crosses the
slab mid-height (dashed lines) closer to the loading plate.
Besides, the inclined branch of the critical shear crack
reaches the load edges (tests S25B1- and S35B-1), a com-
mon characteristic of punching failures. Consequently,
the punching shear cracks are commonly visible at the
compression side of the slabs surrounding the load
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FIGURE 12 (a) Sketch of the tests S15B-1, S25B-1 and S35B-1 from Reifen et al.'!; (b) distribution of unitary shear forces v,; and

(c) unitary bending moments m, along the Section A by varying the ratio by.p/lioad-

edges.’” In turn, Figure 11c shows that the tested loads at
failure (shear and punching) increased as the ratio bg.p,/
lioaq increased.

To explain such results in light of the CSCT expres-
sions, Figure 12a shows the effect of increasing bgjap/lioad
on the distribution of shear forces along section A (see
Figure 11a) using LEFEA. Increasing the ratio bgap/lioad
from 3.75 (S15B-1) to 8.75 (S35B-1) decreases the maxi-
mum unitary shear force v, max in the shear span, mainly
in the region close to the frontal edge of the load (detail
(a) in Figure 12b).

Aided by LEFEA, the elastic effective shear width
betr e can be calculated as:

V.
beff el — —_—

Vx, max

(25)

V, is the sectional shear force assuming a beam model
and Vym.x is the peak shear force in Point A of
Figure 11a. In Figure 12b, one can realize that the vy max
decreases by increasing the ratio bg,p/li0aq.- Therefore, the
predicted effective shear width according to Equation (24)
increases by increasing the ratio bg.p/loaq- In addition,
Figure 12c shows that the bending moments in the x-
direction decrease by increasing the ratio bgap/lioad-
Therefore, an increase in unitary shear capacity in Point
A could also be predicted according to the Critical Shear
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FIGURE 13
(b) the unitary shear force per unit length; (c) the ratio m/v-d.

Crack Theory.'* Therefore, the increased shear capacity
observed in the tests (Figure 11c) can be well explained
according to the CSCT expressions for one-way shear.

To explain the expected behavior in terms of punch-
ing capacity, Figure 13 shows the relation between the
shear demand v/F and ratio m/v-d at points A, B, and C
around the load (see Figure 13a), varying the ratio bg,p/
Lioagq- These points are placed at d,/2 from the load faces
in directions x and y, respectively.

Figure 13b shows that as the ratio bg,p/lj0aq increases,
the shear slenderness m/v-d at points A and C (frontal
and back sides of the control perimeter) tends to
decrease. Consequently, the unitary punching capacity
rises consistently in these regions as the slab width
increases. Nevertheless, the shear slenderness m/v-d at
point B (lateral sides of the control perimeter) increases
gradually with increasing bg,p/lioads, Which means that
the unitary punching capacity on such sides decreases.

Figure 13c also shows that as the slab width increases,
the peak shear demand decreases, and the distribution of
shear forces around the control perimeter becomes less
uneven, which also favors the development of higher
punching capacities. However, Figure 13c shows that the
ratio m/vd in point B increases considerably by increas-
ing bgap/lioaq (these numerical results agree with experi-
mental measurements performed by Reiflen® for the
same tests through the instrumentation of the tension
reinforcement in the transverse direction). Therefore, the
increase in the punching capacity will be a function of
the balance between the different resistances and
demands over the control perimeter.

Although the shear resistance decreases at point B as
the slab width increases, another aspect draws attention.
In practice, the predicted shear resistance for these points

7 6 w 0.8 T R R
—=— point A 07! ]
point B in 3 e point B| | 0.6l -\_\. 1
0‘;5.‘611; y-direction T4 I —4—point C| | —os| ]
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x-direction o 0.1 —a—point C| |
78 9 07056 7 8 9

(a) Sketch of points A, B, and C evaluated, respectively; the relation between the slab width to load size ratio bg.p/li0aq and

in slabs with reduced width may be misinterpreted. This
occurs because the shear flow concentrates on the frontal
and back sides of the control perimeter. Consequently,
the contribution of the lateral sides to the punching
capacity will be limited. In other words, if the transition
between one-way shear and two-way shear is not consid-
ered in the problem, the predicted punching capacity for
tests with a reduced ratio bgap/lioaqa Will be unsafe, as it
will be demonstrated in Section 5.1.

3.3 | Influence of the shear slenderness
a,/d, for simply supported slabs

In the set of tests S35A-1 (a,/d;=1.9), S35B-1 (a,/
d; =3.1) and S35C-1 (a,/d; = 4.4), the main parameter
changed was the shear span a, and, hence, the shear
slenderness a,/d; (see sketch of the tests in Figure 14a).
In test S35A-1, a shorter span length (3 m) was used com-
pared to other tests, but this parameter was considered
secondary for this analysis.

Figure 14b shows that increasing the shear slender-
ness a,/d; from 1.9 to 4.4 changed the governing failure
mechanisms from one-way shear (as non-slender WBs) to
asymmetrical punching shear. A direct strut between the
load and the support was developed when the load was
placed closer to the support (a,/d; = 1.9). The straight
shape of the shear crack at failure, without a horizontal
branch crossing the compression chord, indicates that
arching action occurred at failure. Increasing the shear
slenderness to 3.1, a steeper crack develops at the loading
edges, together with a flatter crack between the load and
the support, indicating a mixed mode between one-way
shear and punching. In the test with higher shear
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FIGURE 15 Distribution of internal forces of simply supported
(a) unitary shear forces v, along the shear span direction (section A)

(b) (©)

slabs (sketch in Figure 14) by varying the shear slenderness a,/d;:
; (b) unitary bending moments m, in along the shear span direction

(section A); (c) unitary bending moments my along the transverse direction (section C).

slenderness (a,/d; = 4.4), the cracking pattern shows
asymmetrical punching. Figure 14c shows that the nor-
malized shear force at failure decreased as the shear slen-
derness increased from 1.9 to 3.1, but kept almost
constant when a,/d; increased from 3.1 to 4.4. On the
other hand, the measured concentrated load at failure
P increased when a,/d; varied from 3.1 to 4.4.

In order to explain the test results, Figure 15 shows
the effect of increasing the slenderness a,/d; in the distri-
bution of shear and bending moments of the slabs. In this
example, the following tests from Reiflen’® were evalu-
ated: S35A-1* (a,/d;=1.9); S35B-1 (a,/d;=3.1) and
S35C-1 (a,/d; = 4.4). In this analysis, the fictitious model

S35A-1* was created and used instead of S35A-1,
changing the span length from 3 to 4 m to allow a fair
comparison with the other tests evaluated (S35B-1 and
S35C-1). The test setup was the same as shown in
Figure 14a.

Figure 15a shows that the maximum unitary shear
forces v, tend to decrease with increasing shear slender-
ness a,/d;. The ratio V,/F (being V, the total shear force
going in the direction of the close support), in the same
way, also decreases by increasing the shear slenderness.
Calculating the elastic effective shear width bege by the
ratio V,/Vy max the begre tends to increase by increasing
the shear slenderness (as will be shown in Figure 22b).
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(a) Sketch of points A and B evaluated in x and y-directions, respectively; the relation between the shear slenderness with

(b) the shear force per unit length at points A and B; (c) the ratio m/v-d at points A and B.
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bottom side of test a, = 6d.

At the same time, Figure 15b also shows that the bending
moments over the span direction, m,, increase by increas-
ing the ratio a,/d;. Consequently, the unitary shear capac-
ity vg decreases according to the CSCT Equation (14).
Therefore, the sectional one-way shear resistance Vj
(in force units) could increase or decrease depending on
combining the effects of the shear slenderness a,/d; into
the unitary shear resistance and the calculated effective
shear width (Vi = |vg - Tbegrer)- In practice, the sectional
shear load at failure Vx may remain almost the same
after the point at which arching action does not influence
the resisting mechanisms (see Figure 14c), based on test
results from the literature.”>'! Looking at the punching

bottom side

(b) (©)

() Test layout; and (b) cracking pattern in cut view of slabs tested by Henze et al.; and (c) cracking pattern at top and

mechanisms, the increase of the bending moments in the
x-direction and y-direction (Figure 15b,c) explains
the decrease of the unitary punching capacities around
the load.

Figure 16 shows how the shear demand and the ratio
m/v-d, change at points A and B according to the shear
slenderness for simply SSs. When the shear span
increases, we observe that the shear demand in point A
tends to decrease until a certain plateau, while the shear
demand in point B increases to a maximum value. There-
fore, increasing the shear slenderness a,/d; results in a
less uneven distribution of inner forces around the load
in such a way that higher punching capacities may be
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span direction, and (c) bending moments over the width direction.

achieved (such as identified in Figure 14c when a,/d,
increased from 3.1 to 4.4). On the other hand, the ratio
m/v-d; tends to increase at both points A and B by
increasing the shear slenderness.

In summary, increasing the slenderness has a contro-
versial effect on the one-way shear resistance. While an
increase in bending moments reduces one-way shear
capacity vy, a decrease in peak shear forces around the
load increases the effective shear width b . Conversely,
the punching resistance seems to be more harmed by
increasing the shear slenderness, since the ratio m/v-d;
increases at all sides of the control perimeter.

3.4 | Influence of the shear slenderness
a,/d; for cantilever slabs

Figure 17 shows the cracking pattern for some
slabs tested by Henze et al.” in cut views. The cracking
pattern for loads closer to the support (test a, = 1d) is
similar to that of non-slender beams that fail by shear-
compression.*®

The test a, = 4d from Figure 17b shows a cracking
pattern with rebar delamination typical for slender beams
failing in flexure-shear. In contrast, the test a, = 6d pre-
sents a cracking pattern typical of punching failures, but
without large flexure cracks on the tension side (bottom
surface).

Figure 18 investigates the distribution of shear forces
and bending moments of the cantilever slabs tested by
Henze et al.” According to the load position, a,. Two sec-
tions crossing the loaded region are evaluated for each
test (Figure 18a). The bending moments measured on the

10 15 2.0 0 1 2 3 4 5
x [m]

Influence of the shear span a, on the distribution of (a) shear forces over the span direction, (b) bending moments over the

LEFEA, m,, are normalized by the maximum values
Mmax Of each section (Figure 18b,c).

Figure 18a shows that the peak shear forces in the x-
direction decrease as the load distance a, increases. Conse-
quently, calculating the effective shear width, someone may
conclude that the effective shear width beg. Would increase
as the shear slenderness increases for cantilever slabs.

Different from cantilever beams, slabs develop sag-
ging bending (tension on the bottom) locally around the
loaded area (Figure 18b), which may lead to a punching
shear failure around the load. Since the bottom reinforce-
ment ratio is usually significantly lower than that placed
at the top side, this moment distribution also favors the
punching failure of cantilever slabs by cracks arising
from the bottom face. However, increasing the distance
from the loaded area to the clamped support decreases
the amplitude of bending moments across the spanning
direction (Figure 18b,c), which means that there is a
smoother variation from the peak hogging moment (ten-
sion on the slab top side) to the peak of sagging moment
(tension on the slab bottom side). Furthermore, the sag-
ging bending close to the loaded area is significantly
lower than that at the clamped support for higher shear
spans (Figure 18b). Therefore, flexural cracks starting at
the bottom face, which could lead to punching failure
mechanisms, hardly occur.’® In test a,=6d from
Henze,” for instance, these flexural cracks were not iden-
tified in the shear span direction. However, the sagging
moment at the slab width direction (direction y) increases
in magnitude as the shear span a, increases, which is
consistent with the cracking pattern observed at the slab
bottom side (Figure 17c). Therefore, the bending
moments in direction y may trigger a punching failure.
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(a) Definition of control points A, B, and C used for the evaluation of internal forces; (b) variation of the shear demand per

unit length v/F as a function of the shear slenderness a,/d;; (c) variation of the bending-to-shear ratio m/(vd) as a function of the shear

slenderness a,/d;.

Figure 19a shows how the shear forces at the sections
far of d,/2 from the load face vary with the shear slender-
ness a,/d;. Points A and B are placed at the control perime-
ter for punching, while point C is placed at a distance d;/2
from the support edge, which is the usual control
section for one-way shear verifications in cantilever slabs.

Figure 19b shows that the shear forces at the front face
of the load (point A) decreased as the shear slenderness
increased, while the respective shear forces in the transverse
direction (point B) decreased. Therefore, the one-way shear
failure at the front face of the load becomes less critical as
the load distance increases. In literature, it is commonly
assumed that as the ratio m/v-d increases, the unitary one-
way and two-way shear capacities decrease. In this context,
Figure 19b shows that the ratio m/(vd) increases substan-
tially in the transverse direction (point B) as the ratio a,/d,
increases, which decreases the punching capacity in the
transverse direction. In the x-direction (point A), the most
complex behavior occurs since the ratio m/(vd) decreases
until approximately the middle span and increases close to
the slab free edge (Figure 19c). Therefore, close to the sup-
port and the slab-free edge, the one-way shear and punch-
ing shear capacity are depreciated, which is also in line
with Setiawan et al.** when using advanced finite element
analyses.

4 | DATASETS FROM
LITERATURE

This study evaluated the one-way shear and punching
shear capacity of 112 slabs. This database was published

in the public domain,* and it includes not only reported
information from the references but also input parame-
ters used in the calculations after performing the LEFEA.
The test results evaluated were reported by:
Damasceno,” Ferreira,"" Ferreira et al.,** Regan and
Rezai-Jarobi,** Reifen,>¢ Oliveira,* Rombach
and Henze,* Natdrio et al.,*® Rombach and Latte,*”*
Vida et al.*’

In this dataset, different failure mechanisms were
observed: (i) 29 tests failed by punching shear without
any reinforcement yielding (P); (ii) 67 tests failed by one-
way shear as WBs; (iii) 4 tests presented a mixed failure
mechanism between one-way shear and punching shear
(WB + P); and (iv) 12 tests were classified as failing by
punching after some level of reinforcement yielding (F
-+ P). With respect to the boundary conditions, 60 tests
were performed on simply SSs; 7 tests with the load close
to the support with slab continuity (CS); and 45 tests with
the load applied on a cantilever slab (CT).

Since CSCT expressions were developed to deal only
with loads far away from discontinuous regions (a,/d;
>2.75), tests with lower shear slenderness were kept in
the database only if they were performed within an
experimental program that included test results with a,/
d; >2.75 at least. At the end, the dataset evaluated
remained with 81 tests with shear slenderness a,/d; >2.75
(72.3%) and 31 test results with a,/d; <2.75 (27.7%).

Figure 20a shows that most slabs tested have a thick-
ness lower than 0.6 m, and hence do not take into
account the size effect important for the assessment of
existing solid slab bridges.”® However, these thicknesses
are representative of most reinforced concrete deck girder
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bridges and transversely prestressed concrete decks.*”!

Figure 20b also shows that more than 85% of the tests
were conducted with slab width by, higher than five
times the load size in the width direction [,,q. This is
important because slab strips with very limited width
develop a predominantly one-way shear behavior. How-
ever, Regan and Rezai-Jarobi*’ also identified punching
failures for slabs with ratio bg.p,/l10aq €qual to 3.33, mainly
due to the small slab thickness tested & compared to the
effective depth d,. Figure 20c shows that almost all tests
were conducted on specimens with a ratio of bg,/d;
higher than 5 (98%). The only exceptions were tests 1 and
10 from Regan and Rezai-Jarobi.** Therefore, most of
these specimens are representative for slabs defined
according to the German®” and Brazilian® guidelines for
reinforced concrete structures.

The shear slenderness a,/d; was calculated for all tests
to identify which ones could be influenced by arching
action. Figure 20d shows that most of the tests (approxi-
mately 72%) were conducted with a,/d; >2.75 and hence,
arching action probably did not influence most of the test
results. On the other hand, 28% of the tests may have
developed arching action between the load and the sup-
port"> and failed as non-slender beams in one-way
shear. In these cases, and based on previous studies,’>>*

we applied a p factor to capture the capacity enhance-
ment when the failure mode changes from flexure-shear
to shear-compression.

Figure 20e shows that the tests evaluated were con-
ducted with usual concrete compressive strengths (high-
strength concretes were not covered in this study).
Besides, Figure 20f shows the longitudinal reinforcement
ratios in the tests are similar to those used on beam-shear
experiments, which means that most tests have p; >1% to
assure shear failure mechanisms.

5 | RESULTS

51 | Predictions according to the ratio
bslab/ lload

In order to illustrate the impact of the proposed changes
on the predictions of punching capacity, a set of tests on
which the slab width and, consequently, the ratio bg,p/
lLioaq varied from 3.75 to 8.75 (tests S15B-1, S25B-1 and
S35B-1 from Reifen et al.'") was evaluated. The tests with
bsian/load €qual 3.75 and 6.25 were classified as failing in
one-way shear (WB), while the test with bg,p/lioaq = 8.75
failed in a mixed mode between one-way shear and two-
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Influence of considering or not the correction factor related to the slab width (fiqm) On the predictions of punching

capacity: (a) notation of the sides in the control perimeter; (b) relation between the predicted contribution Vg, with bgap/lioaq; and
(c) influence of the ratio bg,p/Loaq ON the ratio between tested and predicted punching capacities.

way shear (WB + P). Figure 21a illustrates the notation
used for each side of the control perimeter, depending on
the load position. Figure 21b shows that, without consid-
ering the proposed correction factor fyiqm, the contribu-
tion of the lateral sides of the control perimeter tends to
decrease by increasing the ratio bgap/lipaa due
to increased slab rotation y expected for this side based
on the CSCT principles.'> Nevertheless, it draws attention
that the contribution from these sides (Vry = Vg,2) to
the total punching capacity tends to be overestimated for
slabs with reduced slab width and that failed in one-way
shear. In other words, as the shear flow tends to concen-
trate on the frontal and back sides of the control perime-
ter (Vzx and Vz,,) when decreasing the slab width, the
contribution from the lateral sides should decrease as
the ratio bga.p/lioaq increases, which is only correctly
represented including the proposed correction factor
(Figure 21b).

Figure 21c compares the tested and predicted resis-
tances using the punching shear expressions with and
without the proposed changes. While the original
approach, without the correction factor, tends to yield
overly unsafe predictions for tests that failed in one-way
shear, the proposed approach allows for improved accu-
racy in those predictions, even though these tests did not
fail by punching. In other words, it can be stated that
considering a correction factor related to the transition
between one-way shear and two-way shear failure mech-
anisms in the punching shear verifications allows for
improving the predictions when the critical failure mech-
anism may be the one-way shear.

5.2 | Predictions according to the shear
slenderness a,/d;

Figure 22 evaluates in detail the influence of the shear
slenderness a,/d; for the set of test results S35A-1,
S35B-1, and S35C-1 from Reiflen et al.,'' on which the
a,/d; assumed the values of 1.88, 3.13, and 4.38, respec-
tively. Figure 22 shows that, despite the predicted unitary
one-way shear capacity tending to decrease with increas-
ing shear slenderness, the predicted effective shear width
increases, as explained in Section 3.3, as the peak shear
stresses at the control section tend to decrease by increas-
ing a,/d;. Therefore, the predicted shear capacity,
VR cscr, May increase or decrease depending on the com-
bination of these parameters, namely Vg shear and begr.

Nevertheless, Figure 22b shows that the presented
approach by Natario et al.' to predict the one-way shear
capacity allows for representing very well the observed
trends in the test results from Reifien et al.,' in which the
tested one-way shear capacities decreased when the shear
slenderness increased from 1.88 to 3.13 and shear capacity
decreased when a,/d; changed from 3.13 to 4.38. Besides,
Figure 22 shows that combining the tested and predicted
resistances for one-way shear and two-way shear using the
presented approaches allowed for excellent levels of preci-
sion for the SR, with an average value of 1.15 and a coeffi-
cient of variation equal 16.9%. In addition, comparing the
predictions of one-way shear and two-way shear, the gov-
erning failure mechanism was correctly predicted in the
three tests (one-way shear for a,/d; = 1.88 and a mixed
mode or two-way shear for a,/d; = 3.13 and 4.38).
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way shear expressions, (b) two-way shear expressions and (c) maximum shear strength ratio (SR).
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results

Simply supported slabs: 60 test

Figure 23 compares the predictions of one-way shear and
punching shear capacities for 60 simply SSs tested under
a single concentrated load. The results are plotted accord-
ing to the governing failure mechanism (reported in ref-
erences or classified in this study according to previous
publications'?) being one-way shear as WBs, punching
shear without reinforcement yielding (P), punching shear
after some level of reinforcement yielding (F + P), and a
mixed failure mechanism between one-way shear and
punching. Figure 23c shows the most conservative SR
given by the maximum value between tested and

predicted resistances for shear and punching shear pre-
dictions (SR = max{Vies/ VipredictedsPrest/P predicted})'

Figure 23a shows that using the one-way shear
model based on the CSCT combined with LEFEA
allows for accurate and precise predictions of one-way
shear capacity regardless of the failure mode from the
tests (one-way shear or two-way shear). The average
ratio between the tested and predicted one-way shear
capacities was 1.16 with a coefficient of variation of
13.3%. Comparatively, Figure 23b shows the punching
shear predictions provided a higher scatter between
experimental and predicted resistances, with an aver-
age ratio of 1.22 and a coefficient of variation of 21.8%.
Notably, some predictions of punching capacity still
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FIGURE 24 Comparison between tested and predicted capacities for cantilever slabs under concentrated loads using (a) one-way shear

expressions, (b) two-way shear expressions and (c) maximum shear strength ratio (SR).

resulted on the unsafe side when the test results pre-
sented a one-way shear failure mechanism (WB). These
predictions occurred mainly for slabs with a reduced
ratio between slab width and load size. Using the maxi-
mum SR between the one-way and two-way shear
resistance predictions, the predicted resistances are
always conservative (SR >1). The average ratio
between tested and predicted resistances was 1.29 with
a coefficient of variation equal 17.4%. Besides, it was
observed that this approach predicted the shear mecha-
nism in 81.7% of the cases correctly. When the correct
failure mechanism was not predicted, a conservative
prediction of the shear or punching shear capacity
occurred.

Figure 23 also shows interesting insights regarding
the prediction trends. Comparing the predictions
between one-way shear and two-way shear expressions,
someone may realize that the precision level of the
one-way shear approach is less sensitive to the shear slen-
derness a,/d;, while the predictions tend to be more con-
servative in the two-way shear expressions by increasing
the shear slenderness. In practice, this can be fact
that the failure is almost always triggered at the frontal
side of the load. Besides that, the unitary shear capacity
in one-way shear and two-way shear is both deprecated
by increasing the shear slenderness. Consequently, the
one-way shear approach (LEFEA + CSCT) may provide
accurate predictions of ultimate capacity even when
punching shear is governing.

5.4 | Cantilever slabs: 45 test results

Most previous studies do not address the punching capac-
ity of cantilever slabs under concentrated loads close to

the support, with the argument that the one-way shear
capacity tends to be the governing failure mode.®'° How-
ever, some punching failures were observed in cantilever
slabs tested by Henze et al.” (Figure 17, test a, = 6d).
Figure 24c shows that the combination of CSCT expres-
sions for one-way shear with LEFEA allows for accurate
prediction of the one-way shear capacity of the tests. The
mean ratio Vey,/Vescr is 0.97 with a coefficient of varia-
tion of 12.3%.

These results are consistent with Figure 19b,c,
where it was demonstrated that the one-way shear
mechanisms tend to govern the shear capacity of canti-
lever slabs due to the lower ratio m/vd around the load
compared to close to the support. However, it was iden-
tified that the predictions of one-way shear capacity
become slightly unsafe when the governing failure
mode changes from one-way shear to two-way shear,
increasing the shear slenderness a,/d,; to values above
4 (Figure 24a). For ratios 0 < a,/d <4, the average
ratio Viest/Vpredictea Was 0.98 (COV = 12.3%), while in
the range of a,/d >4, the same average ratio was 0.89
(COV =9.1%).

Figure 24b shows that the punching shear approach
tends to overestimate the capacity for some tests that
failed in one-way shear as WBs. Because of this, the aver-
age ratio between tested and predicted resistances was
0.95 with a coefficient of variation of 16.8%. However, the
predictions for the tests that failed by punching or a
mixed mode between one-way shear and punching shear
are close to the tested values. For instance, the punching
predictions for the load far from the support (test
a, = 6d) deviate only 7% from the experimental value,
which indicates that the punching model provided closer
predictions of the SR for this specimen. Notably, test
a, = 5d showed almost the same SR for one-way and
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FIGURE 25 Comparison between tested and predicted resistances for continuous slabs under concentrated loads using (a) one-way

shear expressions, (b) two-way shear expressions and (¢) maximum shear strength ratio (SR).

two-way shear analyses, which indicates that this test
could fail by any shear failure mechanism.

Combining the one-way shear and punching shear
resistance predictions (Figure 24c), the average ratio SR was
1.03 with a coefficient of variation of only 11.9%. Conse-
quently, combining the shear and punching shear predic-
tions increased only slightly the safety margin compared to
using only the one-way shear approach. Regarding the pre-
diction of the governing failure mechanism, the calculations
indicated that the critical failure mechanism was correctly
predicted in only 74.5% of the tests, which is very similar to
the ones achieved for simply SSs.

5.5 | Continuous slabs: 7 test results
Figure 25 compares the tested and predicted resistances
for continuous slabs under concentrated loads using one-
way shear expressions, punching shear expressions, and a
combined prediction. In general, the predictions for one-
way shear and punching shear capacity showed similar
levels of accuracy for this dataset.

The average ratio between tested and predicted resis-
tances was 1.00 (COV = 15.5%) using the one-way shear
expressions and 1.06 (COV = 10.6%) using the punching
shear expressions. These results indicate that in the continu-
ous slabs evaluated, the one-way shear and punching shear
capacities were very close. In fact, in the tests with larger
shear slenderness, some tests started to fail by punching or a
mixed mode between one-way shear and two-way shear.

Comparing the predictions of one-way shear and
punching shear resistance, the governing failure mecha-
nism was correctly predicted in 4/7 cases (approximately
57.1%). This means that, even under more complex bound-
ary conditions, the combination of the LEFEA + CSCT

method allows for predicting well the behavior of continu-
ous slabs under concentrated loads at ultimate limit states.

5.6 | Comparison between the presented
approach and approaches from the
literature

Table 1 shows the comparison between the tested and
predicted resistance using the presented approach, com-
bining LEFEA + CSCT expressions (Section 2), and also
using the expressions from the current EN
1992-1-1:2023> with recommendations from Halvonik
et al.® regarding the definition of the effective shear width
(more details in Appendix A).

Table 1 shows that the presented approach (LEFEA
+ CSCT) achieves higher accuracy than current
approaches that use only analytical expressions, regard-
less of the boundary conditions. In general, the average
ratio between tested and predicted resistances with the
LEFEA+CSCT method varies between 0.97 and 1.16,
with COVs <15% using the one-way shear expressions.
On the other hand, when using European code expres-
sions, the average ratio Viesrea/Vpredictea Varies between
1.06 and 1.36.

Using the punching shear expressions, the LEFEA
-+ CSCT methods also stand out compared to the fully
analytical approach. The average ratio Pieg/Ppredicted Var-
ied between 0.95 and 1.22 according to the support condi-
tions in the LEFEA + CSCT method, while the same
ratio varied between 0.97 and 1.30 in the fully analytical
method.

In other words, the fully analytical approach yields
slightly more conservative predictions for most of the
tests. Nevertheless, it shall be highlighted that such
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TABLE 1

Comparison between tested and predicted resistances using the one-way shear expressions, punching shear expressions, and

combining both predictions (SR) for the presented approach (LEFEA + CSCT) and the Eurocode 2 expressions.”

Support Statistics Viest Pyt

condition  parameter Vbredicted Predicted SR % ﬁ SR
LEFEA LEFEA LEFEA Eurocode Eurocode Eurocode
+ CSCT + CSCT + CSCT + Appendix A + Appendix A + Appendix A
CT (45) AVG 0.97 0.95 1.03 1.06 1.30 1.31
MIN 0.75 0.67 0.82 0.83 0.94 1.01
cov 12.3% 16.8% 11.9% 14.8% 16.8% 16.1%
CS(7) AVG 1.00 1.06 1.09 1.36 0.97 1.36
MIN 0.85 0.92 0.92 1.16 0.79 1.16
Cov 15.5% 10.6% 11.9% 12.1% 11.9% 12.1%
SS (60) AVG 1.16 1.22 1.29 1.06 1.15 1.22
MIN 0.83 0.77 0.83 0.76 0.61 0.83
cov 13.3% 21.8% 17.4% 19.3% 20.8% 18.5%
All (112) AVG 1.07 1.10 1.17 1.08 1.20 1.27
MIN 0.75 0.67 0.82 0.76 0.61 0.83
Cov 15.6% 23.3% 18.9% 18.2% 20.2% 17.4%

analytical results excel compared to previous publications
on this field that applied the replaced Eurocode expres-
sions combined with other effective shear width expres-
sions®® (on which the effective shear width would
increase indefinitely as the shear span increases). There-
fore, it can be stated that the use of the current EN
1992-1-1:2023 combined with the proposed -effective
shear width by Halvonik et al.° may also provide good
predictions of one-way shear capacity, mainly for a pre-
liminary analysis of large bridge stocks.

6 | DISCUSSION

Most studies related to one-way slabs under concentrated
loads close to the support focused on the assessment by
the combination of one-way shear models with an effec-
tive shear width."”®!'! However, these slabs may also fail
by punching or a transitional failure mode between one-
way shear and two-way shear.>'*"? Because of this, the
coupling of one-way shear models and two-way shear
models is essential to predict the governing failure
mode'® and reach enhanced levels of safety in design and
assessment. In this study, we observed that, combining
the one-way shear and punching shear expressions with
LEFEA, the correct failure mechanism would be approxi-
mately 81.7% for simply SSs, 74.5% for cantilever slabs,
and 57.1% for continuous slabs. For continuous slabs, the
lower predicted rate could be attributed to the complex
load distribution under these support conditions, which
hampers distinguishing one-way shear from two-way

shear.”>** Considering the entire database of 112 test
results, the correct failure mechanism was predicted in
86 of 112 tests, for a 76.8% success rate. Nevertheless, it
should be noted that, when the correct failure mecha-
nism was not identified, at least conservative predictions
of capacity occurred.

In the studies that used semi-empirical punching
shear expressions to predict the punching capacity of
slabs under concentrated loads, a higher dispersion
between predicted and experimental results was
found"*”® because the punching capacity is overesti-
mated for slabs that fail as WBs. Herein, this limitation
was partially mitigated in the proposed approach,
LEFEA + CSCT, by applying the correction factor fy;qtn,
based on the slab width-to-load size ratio (bgap/lioad),
which improved predictions of ultimate capacity even
when tests failed due to one-way shear.

Comparing the predictions of one-way shear and
punching shear capacities, we can also realize that the
one-way shear capacity predictions frequently led to
enhanced levels of accuracy, even when the tests failed
by punching, and regardless of the support conditions
(Figures 23-25). In fact, the failure mechanism of one-
way slabs under concentrated loads almost always takes
place locally around the concentrated load on the most
heavily loaded side, regardless of whether the test fails by
one-way shear or punching. Therefore, it is fair to say
that the predicted one-way shear capacity matches the
tested resistance well in most cases when using the one-
way shear expressions. At the same time, this also
explains why it is more difficult to reach the same level

85UB017 SUOWWIOD 9AIEa1D) a|qeal|dde ay) Aq pausench afe sopiLe YO ‘8sn Jo Se|n Joj Aeiq1T 8uluo A8]i/MW UO (SUONIPUOD-pUe-SWLB)/W0D A8 | 1M Afelq 1 BU1|UO//:SANY) SUONIPUOD pue SWwie | 8y 88S *[9202/£0/2T] Uo Aiqiauliuo (1M ‘Wed N Aq 9SO/ 09ns/Z00T 0T/10p/wod Ao |Im Arelgjpuljuo//sdny wouy pepeojumod ‘0 ‘879/TS.T



DE SOUSA ET AL.

of accuracy with the punching shear expressions. As the
punching shear expressions assume that the whole con-
trol perimeter contributes to the punching capacity, this
approach tends to overestimate the test resistance when
the slab fails only locally around the load and on one of
the sides for one-way shear. When the tests fail by punch-
ing, on the other hand, the failure mechanism frequently
develops along a larger portion of the control perimeter,
even in asymmetrical punching.

Until now, the assessment of the punching shear
capacity of cantilever slabs has not been frequently dis-
cussed®* and most publications addressed this problem
using only semi-empirical code expressions.>* In this
study, it is shown that CSCT expressions can accurately
predict the resistance of cantilever slabs when they are
critical in punching, as observed in the test results of
Hengze et al.” when the shear slenderness increased to a,/
d; >5. Besides that, it was shown that, by comparing the
predictions of one-way shear and punching shear for can-
tilever slabs, it was possible to predict the governing fail-
ure mode of most test results at different locations from
the support. However, it was also shown that the occur-
rence of punching failures on cantilever slabs is complex
since the bending moments that develop close to the
loaded area are significantly lower than those at
the support.

It should be noted that, compared to approaches
using non-linear finite element analyses (NLFEA), LEA-
FEA requires a much lower number of input parameters
for the numerical models. Besides that, the numerical
model processing is faster when using shell elements
than when using three-dimensional models to simulate
the slab. In this study, the average ratio between tested
and predicted resistances for the whole database, cover-
ing 112 test results, was 1.07 (COV = 15.6%) for one-way
shear and 1.10 (COV = 23.3%) for punching shear. In a
previous publication from our group,”’ the NLFEA was
applied to 13 test results related only to simply SSs, and
the ratio between tested and predicted resistances, in
terms of the concentrated load, reached an average ratio
of 1.07 (COV = 11%). Therefore, the presented approach,
grounded in simplified finite element analyses and a
sound theory to predict shear capacity, achieved an accu-
racy comparable to that of calibrated NLFEA, even when
applied to a significantly bigger database.

In the case of fully analytical predictions, this study
also presents new insights. The first one is the use of the
one-way shear expressions from EN 1992-1-1:2023>
combined with the proposed effective shear width by
Halvonik et al.® may also provide excellent levels of accu-
racy compared to previous publications in this field. In
practice, this may be attributed to the improved expres-
sions for shear capacity in the new code and to the

Jib1—

enhanced effective shear width model. Besides that, the
use of the updated expressions of punching shear capac-
ity from EN 1992-1-1:2023°° also provided a reasonable
level of accuracy, comparable to that of the one-way
shear expressions, indicating a close correlation between
one-way and two-way shear resistance expressions in the
current code.

7 | CONCLUSIONS

In this study, the one-way and two-way shear capacities
of one-way slabs under concentrated loads were evalu-
ated using the CSCT expressions and LEFEA. Different
support conditions were addressed, including simply SSs,
cantilever slabs, and continuous slabs. Besides evaluating
the shear and punching shear capacity, the predictions of
the governing failure mechanism were also discussed. At
the end, the following conclusions can be drawn:

« The coupling of the CSCT with LEFEA allows for
predicting the shear and punching capacity of most
one-way slabs under concentrated loads in non-
axis-symmetrical conditions accurately. However, it is
clear that the one-way shear approach provides better
levels of accuracy, even when the test fails due to
punching shear. This occurs because the failure is
almost always triggered locally around the load on the
most heavily loaded side.

« The punching shear capacity approach allows predict-
ing accurately the capacity of the tests that are critical
in punching. Besides, the introduction of the correc-
tion factor fyiawm allowed for improving the predictions
of load capacity, even when the tests failed by one-way
shear, by considering the transition between two-way
shear and one-way shear when the slab width
decreases.

« Comparing the predicted loads to cause the one-way
shear failure and punching shear failure, it is possible
to determine the governing failure mechanism of the
tests in more than 70%, regardless of the boundary
conditions of the slabs. When the correct governing
failure mechanism is not predicted, a conservative pre-
diction of ultimate capacity occurs under reasonable
levels.

« The use of fully analytical approaches grounded on the
current EN 1992-1-1:2023°° may also provide excellent
levels of accuracy if a proper definition of effective
shear width may be applied, such as the one suggested
by Halvonik et al.® in one-way shear predictions. Com-
pared to the proposed approach, combining LEFEA
and CSCT expressions, the use of EN 1992-1-1:2023
tends to provide slightly more conservative predictions,
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which will be adequate for preliminary assessment of a
large number of slabs.

Therefore, LEFEA can be employed together with the
CSCT expressions to achieve enhanced levels of accuracy
in the assessments of existing bridge deck slabs. In prac-
tice, the presented approach allows for reaching similar
levels of accuracy to those using non-linear finite element
analyses,”’ but without expending significant time in the
calibration of the numerical models.
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APPENDIX A

PROPOSED APPROACH FOR FULLY
ANALYTICAL VERIFICATION WITH EN
1992-1-1:2023°

Al | One-way shear

In this study, we proposed that the following expression
shall be used to predict the one-way shear capacity for
fully analytical predictions with EN 1992-1-1:2023°":

TR,c

VR,EC23 = ( ) : beﬁ‘,analytical -d (Al)

shear

Using the average values of material properties and
unitary partial safety factors for the comparison between
tested and predicted resistances, the shear strength 7z,
should be taken as:

0.66 dgg\ >
TRe=—— (100 Pt fom” %) > TR, min (A2)
v

11 fcm ddg
——. [fem & A3
Tv fym d ( )
where:

7, is the partial factor for shear design; f,, is the char-
acteristic concrete cylinder compressive strength; f,q is
the design value of the yield strength, which has been
used to design the flexural reinforcement; d is the

TR, min
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effective depth of the flexural reinforcement. dgq is a size
parameter describing the failure zone roughness, which
depends on the concrete type and its aggregate proper-
ties, which may be taken as:

g 16 mm + Djoyer <40 mm, if £ < 60MPa
%™ 1 16 mm + Djguer - (60/f ;)> <40 mm, for f ,, > 60MPa
(A4)

Digwer is the smallest value of the upper sieve size
D in an aggregate for the coarsest fraction of aggregates
in the concrete permitted by the specification of con-
crete®?; pl is the reinforcement ratio for bonded longitudi-
nal reinforcement in the tensile zone due to bending
referred to the nominal concrete area (= Ag /b, - d); Ag
is the effective area of tensile reinforcement at the dis-
tance d beyond the section considered; b,, is the width of
the cross-section of linear members.

The effective shear width can be estimated as sug-
gested by Halvonik et al.® as:

lioaa +2- (bload +2- av)
b ical = Min A5
“fyanabyicat { lload +2- (bload +2- d) ( )
a .
ﬂshear = ﬁv.dl,WIth dl S av S 275dl (AG)

A.2 | Two-way shear

The punching shear capacity, when using the new Euro-
code expressions, can be estimated as:

fibLs
cen-Fie
TR

- ) . bO,xl . dv + TR bO,xZ . dv + TR (A7)

shear

PrEc3 = (
: bO,yl -dy+ TR, " b0y2 -d,

On which the shear strength 7z . (in stress units) is
calculated as:

0.6 dae\* 0.5
Re = pb'<100'pl'fcm'd_g> S},—vfcm (A8)
v v

v

where:

P1=1/Pix Ply (A9)

pix and p;, are reinforcement ratios of bonded flex-
ural reinforcement in the x- and y-directions, respec-
tively. dg, is defined as in Equation (A4); kp, is the
punching shear gradient enhancement coefficient that
may be calculated as:

| b
kpp = 3.6 l—b—o,withlgkpbsz.s (A10)
0,5

by is the length of the perimeter at the face of the sup-
porting area and by s is the length of the total control
perimeter.
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