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Abstract

The shear strength evaluation of reinforced concrete bridge deck slabs by accurate models can
indicate strength reserves and avoid costly operations necessary for the extension of their lifetime.
This article introduces an approach that extends the Critical Shear Displacement Theory model
(CSDT) for reaching higher levels of approximation of the shear strength for slabs subjected to
concentrated loads close to the support. A database with 141 tests of wide reinforced concrete
members under concentrated loads close to the support failing in one-way shear was built. The tests
represented typical loads in bridge slabs and were assessed through a combination of CSDT with
different models of effective shear width. In other analyses, the entire database with 214 test results
of slabs failing by different mechanisms was evaluated and a general effective shear width model was
proposed (GESW). The best results, which are a function of the effective shear width model used,
reached a mean ratio between experimental and predicted shear capacities of 1.06 with a coefficient
of variation of 14%, which is similar to that reported by some studies including linear and non-linear
finite element analyses. Furthermore, this level of accuracy was insensitive to the shear slenderness
and support conditions of the tests. The extended CSDT predicted the shear capacity of bridge deck
slabs in preliminary analyses more precise than semi-empirical models provided in the current design
codes, and the level of accuracy is comparable to methods using Linear Finite Element Analyses
(LFEA). Moreover, our proposed combination of the CSDT with a general effective shear width
model (GESW) provides reasonable levels of accuracy for slabs under concentrated loads regardless
of the failure mode of the tests. Therefore, the proposed approaches can be applied to bridge deck

slabs, which are subjected to a variety of loading and support conditions.

Keywords: Bridge deck slabs; Critical shear displacement theory; Database; Effective shear width;

Reinforced concrete; Shear strength;
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1 INTRODUCTION

The shear capacity of bridge deck slabs attracted attention from several researchers and bridge
owners in Europe in the last decade since a large number of these structures built between 1960 and
1980 have reached the end of their originally devised service life [1-4]. A number of these bridges
do not rate sufficiently for shear according to the currently governing codes, despite no signal of
distress. This result indicated that widely accepted semi-empirical approaches of design could be
overly conservative. Since conservative predictions of shear strength could indicate the need for
replacement or retrofitting of these structures, the identification of more accurate approaches for
predicting the shear capacity of bridge deck slabs involves an economic and environmental issue,
beyond the user's safety. Apart from that, the design of wide reinforced concrete members prioritizes
solutions without shear reinforcement, since installing shear reinforcement is not cost-effective and
may result in reinforcement congestion. Therefore, also in design, the use of precise one-way shear

models can be essential to ensure adequate safety levels for members without stirrups.

front view ¢ F front view ¢ F
B | B |

top view /*line load ﬁsupport top view conc. load

a) flow of forces b) flow of forces

Figure 1 - Slabs loaded (a) over the entire width analyses by de Sousa et al. [5] and b) under
concentrated loads in non-symmetrical conditions subjected to one-way shear failures.

In a previous study on wide beams and one-way slabs loaded over the entire width [5] (Figure
1a), it was identified that the Critical Shear Displacement Theory model (CSDT [6,7]) showed the
best levels of accuracy and precision compared to many semi-empirical and mechanical models of
shear strength, with the mean ratio between experimental and predicted shear capacities of 1.15 and
COV of 16%. Different from previous publications [8,9], de Sousa et al. [5] applied the analyses for
both slender and non-slender members, in addition to different support and loading conditions.
Therefore, it was decided to further assess the CSDT model for slabs under concentrated loads in

non-symmetrical conditions (Figure 1b), with emphasis on the one-way shear capacity.

Although the number of studies on shear in reinforced concrete members increased

significantly in the last decade, most of them were focused on the level of precision by semi-empirical
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code models of shear strength [3,10-13]. In publications that include mechanical-based models [2,14—
16], the analyses focused on one kind of support conditions and hence, covered a reduced number of
tests. At the same time, only a limited number of studies addressed the fact the slabs under
concentrated loads may show a transitional failure mode between one-way and two-way shear [17].
As a consequence, if the governing failure mode is unknown, the use of a one-way shear model to
assess members whose governing failure mode is punching shear may lead to unsafe predictions of
shear strength. Therefore, we identified the need for a more comprehensive study, covering slabs
under different support conditions, assessed by a mechanical-based model such as the CSDT and

accounting for different failure modes that may take place.

In this study, the application of the Critical Shear Displacement Theory Model (CSDT) [6,7]
is extended to the assessment of one-way shear capacity of wide reinforced concrete members under
concentrated loads in non-symmetrical conditions (Figure 1b). Different from previous studies, we
covered a variety of support conditions (cantilevers, simply supported and continuous members;
members under different loading conditions such as single loads and double loads close to the support;

and we provided recommendations when the governing failure mode is known or unknown.

The literature was reviewed in order to discuss the influence of the shear slenderness over the
governing failure mode of slabs. Furthermore, models to account the slab behavior under concentrated
loads and approaches to account improved shear capacities for loads close to the support are described
and assessed in the paper. Different databases were used to derive and validate each recommendation
for cases where the governing failure mode is known or unknown and how to account for the higher
shear strength for slabs under concentrated loads close to the support. The application limits and
benefits of each recommendation are highlighted in the paper, which also compares the results with

well-established models from the literature.
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2 LITERATURE REVIEW
2.1 Shear failure modes

One-way shear failure and two-way shear failure or punching can be critical in bridge deck
slabs without shear reinforcement [2,17]. The critical failure mode can vary according to the gradient
of shear forces close to concentrated loads [18]. For slabs loaded over the entire width, the shear force
per unit length is almost constant over the shear span if the self-weight is neglected. On the other
hand, for flat slabs under concentric loads, the gradient of unitary shear forces (shear force per unit
length of the critical perimeter) becomes higher near the loaded region, since the perimeter of the
shear transfer is reduced [18]. Some studies suggest the combination of shear field analyses with one-
way and two-way shear models for the determination of the critical failure mode [2,19], whereas
others already highlight that some tests can show the same capacity for one-way and two-way shear
[20]. This means that the ratio between the one-way shear effects (Vexp) from the acting punching load
(Pexp) With the calculated one-way shear capacity (Vcaic) is very similar to the ratio between the acting
punching load (Pexp) wWith the calculated punching capacity (Pcaic). Since the most critical failure mode
may change according to the geometry of the load, slab, and support conditions [14], the check of
both failure modes is essential for the assessment of existing structures, where a precise estimation
of the shear capacity is required [20].

effective width

one-way two—way ) one-way two-way
[shear critical / shear critical [shear critical |/ shear critical Vperp,max
¥ T - ,ma
= == gL
~ X
NN N
N |
& m’ ‘ ik
N |
VK] i one-way
: shear
_—— l — f ‘ two-way
| shear
|
|*flow of forces Lflow of forces z |
|
/ v v
é Lflow of forces
a) b) ©)

Figure 2 - Critical regions of one-way and two-way shear for a) cantilever (adapted from Reifien [21]
and b) simply supported members; c) effective width definition for one-way shear analyses (adapted
from Reifen [21])

Figure 2 shows the complex transition between these two failure modes. For cantilever slabs
under concentrated loads, for instance, regions of critical one-way and two-way shear can be better

differentiated for large shear spans (Figure 2a), whereas for simply supported slabs, such regions

5
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intercept each other (Figure 2b). Different studies have agreed on the existence of a trend for the

punching failure mode to become critical for higher shear slenderness [17,20-23].

Attention should be drawn to the fact that both one-way shear expressions and punching shear
expressions were derived and calibrated using lab tests designed with idealized boundary conditions.
For instance, one-way shear expressions were derived based on simply supported beam tests with
point loads [24]; and punching shear expressions were based on punching tests on idealized slab-
column connections. One-way slabs typically have boundary conditions and failure modes between
the two types of failure modes, therefore, none of these two types of expressions were developed for

such structures.

2.2 Effective shear width

When slabs are subjected to concentrated loads, an effective shear width needs to be defined
together with a one-way shear model, since not the full slab width carries the same shear stress [2,25].
Figure 2c shows the profile of shear stresses over the support as well as the distribution of shear
stresses around the load [2,3,22,25]. Integrating the shear stress vperp OVer the width results in the
sectional shear at failure. However, for design, deriving the shear stress distribution over the support
is not practical, and therefore a uniform shear stress is commonly considered over a reduced width,
which is the effective shear width (Figure 2c). The integral of the maximum shear stress Vperp,max OvVer
the effective width should theoretically approach the integral of the shear stress vperp Over the full
width. The values of Vperpmax Can be determined by linear elastic finite element (LEFE) analysis with
shell elements adjusting the shear modulus G and the Poisson ratio v to account for cracking and load
redistribution [2,11,19,26,27]. However, the relevant section may vary according to the shear model
(between d and d/2 away from discontinuities or at the support) and according to the support and

loading conditions [20].

In practice, the effective width is usually defined based on a method of horizontal load
spreading from the concentrated load to the support or a section parallel to the support (Figure 3).
However, some publications already highlighted that the French method (as shown in Figure 3) could
overestimate the effective width in more than 30% for tests with shear slenderness higher than 5 [28].
Physically, this horizontal load spreading can be influenced by factors such as the reinforcement ratio
in the transverse direction [1,3], available member width [3,29], and size of the concentrated load
[21].
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Figure 3 — Models of effective shear width used in design guides with respective reference lines.

Table 1 shows an overview of expressions for the effective width in the one-way shear strength
of reinforced concrete members under concentrated loads at the slab mid-width. For loads close to
the edge, however, the effective shear width are equal to br + bet/2, where by is the distance from the
load axe to the free edge of one-way slabs. Table 1 displays some replaced design code models, e.g.
the Brazilian code from 1980 [30], since the current codes do not provide recommendations related
to the effective shear width. According to the table, most code provisions [30-34] and some proposed
in the literature [22,35,36] assume the effective width increases for larger shear spans. This idea relies
on the yield line theory [37] and experimental investigations [38], which account for shear forces
spreading on elastic plates under concentrated loads, also confirmed partially by LEFE analyses [2].
In summary, most available models of effective shear width do not take into account the change in
the governing failure mode according to the position of the load [32,34] or were calibrated for specific
supporting conditions [15]. More consistent models of effective shear width, on the other hand,
usually require LEFE analyses [2].

Table 1 - Overview of analytical models that predict the effective width in analyses of one-way
shear strength of wide RC members under concentrated loads close to the support.

Old DUtCh beffl = bload + 2 ’ a‘v (1)
approach
[31]
(replaced)
FrenCh [32] beff 2= IIoad + 2 ’ (bload + a\/) (2)
Brazilian by =bioag + D 3
code For cantilever members:
[30] b
(replaced) bygr =D, +0.5- a-( -~ 7°J <max (by,,;a+0.5-bz) 4)

For other static systems:

byer =bo+a~(1—t:—°js max (b,,;a8+0.5-byg ) (5)

German t=b,, +2-h+h (6)
guideline For cantilever members:
[39]
(replaced)




020,+03a for:0.20, <a</(,;t <0.20,; t <0,20,
"t +0.3a for0.2¢, <a</,; 0.2, <t <0.4(,; t,<0.2(,
(7)

For simply supported members:

by =t,+0.5a  for:0<a</, t <08/, t </ 8)
For loads close to simple support of continuous members:
by =t,+04a for:0.20<a</, t <04-4 t <02/ (9)
For loads close to continuous supports
by, =t,+03a for:0.20<a</, t <04/t <020 (10)
Swedish Biag +7-d,
Code [40] besx = X{ (11)
(replaced) 0.65- (Bigeq + lioaq ) +10.65-4,
fib Model Bac = lioas + 2+ (Doag +8, —Min(d,;a,/2))-tan @ (12)
Code 2010 o . ,
[34] _ 45°, cantilever of continuous members
60°, if load is close to simple support
[Z4hle]n9 etal. By = lioag + lopan * (1= T,y ) - taN @ (13)
ry, = Bioat <0.4 (14)
span
®(°)=23.3-r,+35.1 (15)
Bauer [35] beff ,Bauer = IIoad + bef'fl (16)
Vidakovi¢ | For cantilever members:
and beff,VH =|Ioad +2'(bload +m|n(2dl’av)) (17)
Halvonik
[36]
Reipen and | For simply supported members:
Hegger beff = b ’ Ab ’ ﬂ’pq ’ ﬂ'l ’ ;ta/d (18)
[42,43] A, =12-0.12-b<1, forb<55m
A,q =0.74+22.p %, for0< p, <0.7% (19)
4, =0.81+0.045-1<1.04 ,for| 22 m
A, =18-0.19-a/d, for291<a/d <541
Reiflen [21] bReiBen =7 dl,load +Kyr oaa (20)
With: dijoad < 0.40 m
5 9 [<£1
k. =——-max(a;a,)/d+—, 21
bf 8 (al 2) 4 {Z 05 ( )
Rombach For LEFE analyses:
and Velasco b, =0.6+0.95-h+1.15-a (22)
[44]
Natario et For LEFE analyses on cantilever slabs:
al. [2] beff = I:aplied /Vavg,4d (23)
Shu et al. For NLFE analyses on cantilever slabs:
[45]
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2.3 Failure modes and shear transfer mechanisms in one-way shear

Since Kani [46] and Leonhardt and Walther [47], it has been known that different shear failure
modes can occur as a function of the shear slenderness M/Vd and that shear strength increases
considerably for short members. Figure 4 shows the way the nominal shear strength of wide
reinforced concrete members (width-to-effective depth b/d>1) increases as the shear slenderness
decreases for tests under concentrated loads (CL) [5]. The figure also shows how the critical shear
crack shape changes according to the shear slenderness [48]. For concentrated loads close to the
support, or shear slenderness M/Vd < 2.5, direct load transfer may occur by compressive struts
improving the shear capacity. Such members are usually called non-slender members or deep beams
for beam-shaped members. The higher concentration of compressive stresses between load and
support usually leads to the crushing of concrete at failure [49]. This failure mode is called shear-

compression failure [7].

—n— test results

critical shear crack \

(o

\ -
// (/ J / / N
[/

LA ( / ¢ E/

Figure 4 - Shear slenderness effect on the one-way shear behavior of wide reinforced concrete

members without stirrups. Adapted from de Sousa et al. [5].

Commonly, the same shear strength model derived for flexure-shear failures is used for the
design and verification of shear strength of non-slender members through the application of a factor
that reduces the acting shear force Veq or improves the shear capacity Vr in a critical section, as
suggested in NEN 1992-1-1:2005 [50] and fib Model Code 2010 [34]. The shear reduction factor £
from NEN-EN 1992-1-1:2005 [50] first considered only the bending moment effect on the
compression chord or cantilever action [51]. This means that only the effect of lower crack openings
and large compression chord depth were taken into account. In fact, the shear strength enhancement
for non-slender members is caused by a combination of the following mechanisms: (i) higher
compression chord capacity (cantilever action [18,51]) due to the large compression zone depth [49]

and (ii) direct load transfer that occurs by compression arch beyond the inclined cracking load (or
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strut if it has a straight shape), also named arching action [17,52]. In the literature, both mechanisms

are cited as the source of improved arching action [2].

Table 2 shows a summary of the main expressions suggested by different references to account
for the increase in shear capacity for loads close to supports — past codes used the shear span to depth
ratio a/d as the main parameter. The model proposed by Reipen [21] was calibrated for the European
code shear model and took into account the ratio max{a:;a>}/d (a1 and a refer to the distances from
the section of zero bending moment to the support and load axes, respectively) in such a way that it
provides precise estimations of strength for both simply supported and continuous members. In this
text, the ratio max{ai;a2}/d has the same meaning as the shear slenderness M/Vd. Since the influence
of the shear slenderness is already taken into account in the shear models from fib Model Code 2010
and SIA 262:2013 by the calculations of the internal forces, the g factor takes into account the
improved arching action only by the clear shear span-to-effective depth ratio a./d as a more

conservative approach.

Table 2 - Expressions for reducing the acting shear load Ve for non-slender members according to

different references.

Reference Model
ABNT NBR 6118:2014 [53] — Brazilian code _a (25)
DIN 1045:1988 [54] — German code 2.4
__ X (26)
DIN 1045-1:2001 [55]- German code 2-d )
x measured from load axis to support
edge

_ _a, |<1.00 27
NEN-EN 1992-1-1:2005 [50] — European code PBec 7.4 1> 0.25 (27)

. a, |<1.00
fib Model 2010 [34 =— 28
ib Model Code 2010 [34] Buc > .d {2 0.50 (28)
SIA 262:2013 [56] — Swiss code P = % (29)

. _max{a;;a,} |<1.0
Reifen [21] Pris = ~o8d {2 04 (30)
<1.00
- __ & 1
Natério et al. [2] Bratia 275 4 {2 0.50 (31)
M

Yang et al. [57 M /Vd]= <1 32
getal. [57] pIM IVd]= " (32)
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2.4  Critical Shear Displacement Theory Model

The Critical Shear Displacement Theory (CSDT) [6,7] assumes that a critical inclined crack
starts from a major flexural crack, which will lead to collapse when the shear displacement A of the
crack reaches a critical value and causes a secondary crack (dowel crack) along the reinforcement. A
dowel crack causes the detachment of the tensile reinforcement from the concrete along the shear
span, which significantly reduces the lateral confinement on the crack and the member flexural
stiffness [7]. Due to the opening of the main crack, an additional vertical shear displacement is
required for the recovery of the previous shear stress level in the crack, which feeds the growth of

flexure-shear cracks and leads to a brittle collapse of the member [7].

» | calculate: w,
> | calculate: V,

N ~ v \ 4
f‘\Assume V= V./»— calculate: A_, » | Calculate: V, > Vi =V +V, +V,
A 4 '

calculate: V,
No

Figure 5 - Flowchart of the calculations using the CSDT model

The CSDT assumes that the shear capacity of RC members without stirrups is resisted by (i)
compression chord capacity [58], (ii) dowel action [59], and (iii) aggregate interlock [60]. The
contribution of the residual tensile strength of concrete is neglected at failure [7], and the aggregate
interlock contribution is a function of the crack width wy at the level of the tensile reinforcement and
derived from the shear displacement A [61]. Figure 5 and Table 3 show, respectively, a flowchart of

the calculations for the prediction of shear capacity and the base equations used.

12



219 Table 3 — Expressions used in the CSDT [6]

Model Expression

General [6] V, =V, +V, +V, 33)
Compression 212, d—s,

chord [58] Ve=g7 V=g Y (34)
Aggregate 5

interlock Ruos [ " B(A(AW) - uA, (A, w))ds

[6] 0.56 0.03

V, =either of R, f."°s, b———(-978A2+85A -0.27) (35)
w, —0.01

al

R I: 7, (A, w)bds

Dowel action [59] V, =1.64b,¢3[T_, f_in [MPa] (36)
Factors Expression

Height of fully B 2

developed crack Ser = (1+P| N, _\/Zpu n.+(on,) )d (37)
Critical shear 25d

displacement o = 306100 +0.0022 <0.025 mm (38)
Crack width at the M

bottom of the W = AE ler (39)
crack *

Reduction factor -5 2
for aggregate | R =0.85- ( : +1j ~1+0.34 with fc in MPa and fc > 65 MPa
interlock for high- f.—40

c

strength concrete (40)
[6]
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3 DATABASES

This study assumes that checking both shear-critical failure modes, one-way and two-way
shear, is essential to identify the governing failure modes of existing bridge deck slabs. Therefore, a
careful classification of the failure modes of tests from the literature is of paramount importance to
understand the limits of application of the available one-way and two-way shear models. Moreover,
this classification allows a fairer assessment of the precision of one-way and two-way shear models,

as well as models of effective shear width for slabs under concentrated loads.

This study will discuss the results of three database subsets which are published in the public
domain [62]: (i) wide beams and one-way slabs loaded over the entire width failing in one-way shear
(Database A); (ii) slabs under a single concentrated load failing in one-way shear, two-way shear or
a combination of both (Database B0) and; (iii) slabs subjected to double loads close to the line support

(Database C).

3.1 Database filtering and organization

The Database BO includes 214 test results of slabs under single concentrated loads that were
classified according to the main failure mode in (i) wide beam shear or one-way shear (WB), (ii)
punching shear (P) and (iii) transition mode between wide beam shear and punching shear (WB/P).
Since this study focuses on the one-way shear model, tests with signs of punching failure were
initially removed from the database BO, which resulted in the database B1 (141 tests). This filtering
was based on (i) the cracking pattern of the members, when available in the original references and
(i) the classification reported by other authors [10,63], which was also based on the cracking pattern
and (iii) in the classification of Natario [20], who combined shear fields from LEFE analyses with
one-way shear and punching shear models according to the Critical Shear Crack Theory (CSCT)
[2,19,20]. The main criteria used for the removal of members because of a punching failure in this
study were (i) absence of a critical shear crack visible on the edge of the members and (ii) position at

which the critical shear crack intercepted the middle depth of the member when the cut view was

14
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available. When the internal cracking pattern was not shown in the references, it was considered a
punching failure if the cracking pattern was predominantly formed by radial and tangential cracks or

if a conical crack could be seen.

The database Bl of slabs under concentrated loads after removing punching tests
comprehends 141 test results from the following references: Cullington et al. [64], Lantsoght [63],
Reifen [21], Lubell [65], Bui et al. [66], Regan [67], Regan and Rezai-Jarobi [68], Vaz Rodriguez
et al. [69], Rombach and Latte [70,71], Natéario et al. [2,72], Rombach and Henze [73], and Vida et
al. [74]. The database entries include the effect of self-weight on the calculated shear capacities and

on the shear slenderness parameters for continuous members.

The database B1, whose organization was inspired by those of Lantsoght et al. [10], Reifen
[21] and Henze et al. [11], has been published in the public domain [62] and includes 46 tests on
cantilever members (CT), 33 tests with concentrated loads close to the internal support of continuous
members (CS), and 62 tests with concentrated loads close to the simple supports (SS). It also includes
two modes of one-way shear failures, namely shear-compression failures for non-slender members,
or shear slenderness M/Vd < 2.5 (55 tests = 39 %), and flexure-shear failures for slender members, or

shear slenderness M/Vd > 2.5 (86 tests = 61%).

Figure 6 displays the main geometrical loading parameters in the database for members with
continuity over line supports and subjected to a combination of concentrated loads and line loads.

The same definitions have been used for other structural systems.
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Figure 6 - Geometrical parameters of wide members with continuity over the support.

Figure 7 shows the distributions of the parameters related to the tests included in the database
B1. Similar to beam-databases [75,76], most experiments were performed for members of thicknesses
less than 600 mm (Figure 7a) and on wide members whose ratio between the slab width and load
dimensions in the width direction was higher than 5 (Figure 7b). The full width of members with
bsian/load < 5 Was probably activated in the test, depending on the distance from the load to the support.
However, as some models of effective width are overly conservative, some predictions may indicate
that the full width was not mobilized. Figure 7c shows that the bgsan/h aspect ratio (Figure 11c) was
higher than 5 in more than 75% of the tests, and Figure 7d highlights the number of tests in the
database performed with a shear slenderness M/Vd between 2 and 3. This range indicates that a
considerable number of tests were subjected to a transitional failure mode between shear-compression
and flexure-shear. Figure 7e show that 16 tests from the database have a concrete compressive
strength larger than 60 MPa and, hence, the level of accuracy for members with reduced aggregate
interlock may be assessed. Figure 7f shows that the longitudinal reinforcement ratio ranges between

0.6 and 1.8%, where the larger ratios may not be representative of those used in bridge deck slabs.
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Figure 7 — Distribution of parameters in the database B1 for the following parameters: a) thickness
of the slab at the support edge, b) ratio of slab width-to-load dimension in the width direction, c) ratio
of slab width-to-effective depth, d) shear slenderness; e) concrete compressive strength and f)

longitudinal reinforcement ratio.
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4 PROPOSED RECOMMENDATIONS
4.1 Section for internal forces calculations

Since most mechanical based models of shear strength were derived for shear slenderness
M/Vd higher than 2.5, the assumption of the section far from d or d/2 from the highest bending
moment axes [6,77] or from geometrical discontinuity [34] does not play an important influence.
However, when using these models for lower slenderness (M/Vd < 2.5), the location of this section
assumes a major influence. Because of this, a previous investigation was made in order to identify
the section that could balance precision and safety for the ratio Vexp/Vca in both ranges of shear
slenderness and for different support conditions (Figure 8b,c,d). Assuming that the shear capacity is
reduced due to an increase in the opening of the critical shear crack [6,77,78], the control section for
the calculations of the internal forces Meq and Veq remain at sections close to the higher bending
moment for all models. However, the critical section at the support edge of cantilever slabs was used
instead of the section at d or d/2 from the support edge in order to reach better predictions for these
support conditions [5].

approach a (Dutch and French models) F
— approach b (Model Code 2010) | ¢ "
=

b) d
change in effective shear .. .
[ widt}% for small thickness * critical section (shear model)
and higher shear
slenderness
critical section __|d/2
B = (shear model) 4 Fu
3 1 dl
C) L_
Fu dsr2 VA
A A2
\ — ) d] -
: ‘ = critical section
bt
d (shear model) |:|

Figure 8 — a) reference lines to calculate the effective shear width in French model [32] and
proposed approach; critical sections used for b) cantilever members, c) simply supported members,
and d) continuous members.

4.2 Arching action

This study proposes to combine the CSDT result with a semi-empirical coefficient 5 based on
the ratio a,/d (Equation (41)) to extend the CSDT model to predict the shear capacity of non-slender

members without additional iterative calculations:
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The combination of the CSDT with reduction factor £ for non-slender members should be
understood as an engineering approach comparable to empirical simplifications used by most design
codes [34,50] and strain-based models [2]. Theoretically, this approach is not exact because the shear
failure mechanism for non-slender members is different from that for slender ones: the shape and
relative contribution of the main shear-transfer mechanisms vary significantly when the shear
slenderness decreases since the vertical branch of the assumed crack profile of the critical shear crack

becomes not representative anymore (Figure 9b).

777777777 W = - - —
Scr
Aj
crack profile from assumed crack I crack profile from
experiments (M/Vd > 3) profile *H* experiments (M/Vd < 2)
Wp
a) b) c) d)

Figure 9 - a) and b) Crack profile simplification for specimens with M/Vd > 3, ¢) main

parameters of CSDT, and d) crack profile for non-slender members (M/Vd < 2).

For lower shear slenderness, the inclination of the major flexural crack increases in such a
way that the contribution of the aggregate interlock decreases significantly, while the contribution of
the compression chord V. increases according to internal equilibrium [79]. The use of strut-and-tie
models for continuous members with maximum shear slenderness M/Vd < 2 may better represent the
problem [80]: plane sections do not remain plane, and shear strains become dominant for those
members [81]. However, this approach may not be practical for the slabs studied since the problem
is strongly three-dimensional. As such, for practical purposes, we consider the choice of including S

as adequate.

4.3 Effective shear width

In design and assessment of existing structures, two kinds of analyses may occur (i) the
governing failure mode is unknown, and a conservative prediction of the shear capacity may be
adequate for preliminary design, and (ii) a more precise estimation of the shear capacity is required,
usually in the assessment of existing structures preliminarily rated as critical in shear [82]. In the latter
case, a detailed analysis of the governing failure mode would be essential to determine the shear

capacity, which requires LEFE analyses combined with a mechanical-based model, such as conducted
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by Natario [20] or using one-way and two-way shear models adjusted to slabs under concentrated

loads in non-symmetrical conditions.

Since the governing failure mode of the tests in the database B1 is known, we proposed in this
study two kinds of analyses. The first group of analyses investigates the accuracy of different effective
shear width models combined with the CSDT model using a database with the governing failure mode
known (one-way shear — Database B1). From these analyses, we derive recommendations for the
assessment of existing structures when the governing failure mode is known (one-way shear), and

precise estimation of the shear capacity is the main purpose.

The second group of analyses aims to assess the shear capacity of slabs when the governing
failure mode is unknown (Database B0). This means that one-way or two-way shear failures were
included in the analyses. In order to provide consistent predictions of shear capacity regardless of the
critical failure mode and covering different support conditions, the General Effective Shear width
model (GEWS) was developed accounting that if punching failure governs, the predicted one-way

shear capacity should be decreased by predicting a smaller effective shear width.

The idea of the GESW model is to provide a simple alternative to assess the shear capacity of
slabs using only a one-way shear model combined with an effective shear width. The proposed model
is based on the French effective shear width model [32] adjusted by a correction factor a. This factor
considers that increasing the shear slenderness (A1=M/Vd) or decreasing the effective depth of the
reinforcement, the punching shear failure becomes governing. Therefore, a reduced effective shear
width should be predicted for slabs on which punching shear may be critical. The values of a were
derived based on regression analyses to improve the average and coefficient of variation of the ratio
Vexp/Vcaic With the CSDT model combined with the French model of effective shear width. These

regression analyses were organized according to the support conditions of the tests (Figure 10).

2.0 ———
" test results y = —0.036x+1.076 ;2:*2-2;3“ +1.209 simplet
:a= L5l - tendency lines 1l R = 0.007 I =0. suppor |
E . 1 [ ] : ] " - - [ ] -
3 T Ll L) r,
10 }\ R .
>$ - ' .
I . —
> 0.5 y=-0.043x+1.23 . 1T . 107 . . o
» cantilever continuous punching failures ' #° )
0.0 R7=0034 support support withd <0.1m -
' 2 3 4 5 6 7 1 2 3 012 3 456 7 8 910
x = M/Vd [-] x = M/Vd [-] x = M/Vd [-]

Figure 10 - Ratio of Vexp / Vcal OFf the CSDT combined with the original French effective shear width
model and Bproposed t0 account improved arching action for loads close to the support.
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Based on the literature review (Section 2) and parameters influence of Vexp/Vcal according to
the Database BO similar to showed in Figure 10, we identified that the shear slenderness parameter
M/Vd would be the most important parameter to be considered in the GESW for all support
conditions. Table 4 shows the equations for the proposed model of effective shear width. Figure 8a
and Figure 11 illustrates this idea for simply supported slabs of small thickness. In Table 4, we
considered the effective depth d only for simply supported members by two reasons: (i) the thickness
variation is small in the database for other support conditions and (ii) to improve the predictions of
tests with punching failure and effective depth lower than 0.1 m (Figure 10). At this point, we
highlighted that this approach seeks to provide a model for design or preliminary assessment of
existing structures. When higher levels of approximation are required, the use of one-way and two-
way shear models is essential to determine the governing failure mode, as we will discuss in the next

sections.

Table 4 - General effective shear width model proposed (GESW) according to the support conditions,
shear slenderness A1=M/Vd, and effective depth d of the longitudinal reinforcement.

General model Beeswn = Dut Frenc * & (42)
Cantilever slabs bGESWM = beff ,French '(_0-05'/1 +1-05) (43)
Simple support Beeswm = Dutr prencn +[ (0.31:d —0.103)- 2 +1.08]  (44)
Continuous support bGESWM = beff,French '(_0'072 A +1-08) (45)
1.0L iéa;::”'vvvvvvvvvvvvv
e .:‘: A,
o 0.8 .\.::.A:A‘A\A i
3 = o LN
§ [ “m - © .\. 4 A A
g 06 d(m) -y Te.
—m—0.1 “m ~e
—e-015 "~
04l —A—02 "
—v—0.3 u

Figure 11 — Variation of the factor o according to the shear slenderness and effective depth of
reinforcement for the simply supported slabs.
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5 RESULTS

This section addresses a comparison between the experimental shear strengths from the
databases A, B0, B1 and C [62], and those predicted by the CSDT model. Firstly, the level of accuracy
(average value - AVG) and precision (coefficient of variation - COV) of the Vexp/Vca ratio for a
database of wide members loaded over the entire width was assessed according to the shear
slenderness, with no influence of the effective shear width model (Database A -Section 5.1). In a
second step, the analyses involved the database of slabs under single concentrated loads failing in
one-way shear (Database B1 - Sections 5.2, 5.3 and 5.4). Then we compared the predicted one-way
shear capacities with the experimental ones for 8 tests of slabs subjected to double concentrated loads
parallel to the support (Database C - Section 5.5). Finally, we discuss the results of analyses conducted
for the overall database of slabs under single loads (Database BO- Sections 5.6) using one-way and

two-way shear models.

5.1  Members loaded over the full width — Proposal for Barching

This analyses aims to assess only the proposed model regarding the improved arching action
for non-slender members, without the influence of the effective shear width models. For this study, a
database of wide beams and one-way slabs loaded over the entire was used (Database A). This
database is published in the public domain [62] and covers different support conditions and a
comprehensive range of shear slendernesses. The database includes 36 tests with M/Vd < 2.5 and 146
tests with M/vd > 2.5.

Figure 12 shows a f factor derived based on a regression analysis with exponential adjustment
according to the shear slenderness A=M/Vd. This graph highlighted that the scatter between predicted
and calculated shear strengths in the range of shear slenderness lower than 3 is considerably higher
compared to the other range. This occurs because the arching action is highly influenced by the
cracking pattern, which shows a higher variability for short slenderness [57]. Since the CSDT model
already takes into account the shear slenderness by the calculations of Meq and Veq, the f factor based
on the ratio M/Vd could lead to overly optimistic predictions of resistance, mainly when arching
action does not play an influence as a result of the occurring cracking pattern (see test without arching
action in Figure 12). Because of this, some authors proposed to adopt the inclined cracking load
instead of the ultimate shear load as the failure criterion since this parameter shows a considerably
lower scatter [57]. However, as most references do not report the inclined cracking load for slab tests
as this cracking is harder to observe in slabs under concentrated loads than in beam members, the

ultimate shear load was considered in the regression analyses.
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Figure 12 — Alternative g factor derived based on exponential fitting between experimental and
predicted shear strengths. Note: A = M/Vd.

Figure 13 shows the Vexp/Vcalc ratio according to the shear slenderness by including or not
different approaches for improved arching action for non-slender members. The gray ranges represent

+1 standard deviation from the mean value.
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Figure 13 - Effect of factor # on the statistics of Vexp/Vcal for tests loaded over the entire width (line

loads). (CS = continuous support; CT = cantilever support and SS = simple support).

According to Figure 13, applying an improved arching action factor with the CSDT reduces
the coefficient of variation from 24.7% to 18.6% when using f[M/Vd] (Figure 12) and to 16.0% when
using Sproposed (Equation (41)). Any approach shows a wider scatter between experimental and
predicted shear capacities for continuous members (CS), due to the higher variability in the position
of the critical shear crack. Although the theoretical critical section was at d/2 from the position with
the maximum bending moment, this procedure is still conservative for most tests. Table 5 shows that
the average (AVG) Vexp/Vcal ratio ranged from 1.197 to 1.093 with the proposed factor Sprop. In Table
5, Vexp,red refers to the experimental shear capacity reduced by the different parameters . The lower

scatter between experimental and predicted shear capacities occurred with the Soroposed and fSec.
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approaches to account the arching action for non-slender members.

Table 5 - Statistical results of the predicted to calculated shear strengths according to different

VCSDT VCSDT VCSDT VCSDT
Approach Without With With With
S Pec Brigure 12 Bproposed
AVG 1.197 1.134 1.003 1.093
MIN 0.828 0.828 0.626 0.770
cov 0.270 0.172 0.186 0.160

5.2 Effective shear width models

The database B1 gathered according to the descriptions in Section 3 [62] was used in the next
analyses of the level of accuracy of the CSDT combined with different approaches for the effective
shear width. Table 6 and Table 7 show statistical results from the Vexp/Vcaic ratio for different ranges
of shear slenderness A=M/Vd. The results are shown as a function of the ratio M/Vd instead of the
ratio av/d since the former is a more useful parameter to distinguish members subjected to shear-
compression failure from those subjected to flexure-shear failures, mainly for continuous slabs.
Prroposed, Which accounts for improved arching action for non-slender members, was adopted in most
analyses. Since some tests did not fulfill conditions related to load dimensions for use the effective
width from the German guidelines [39], Equations (6) to (10) in Table 1, this model was not evaluated.
In the same way, the model provided by Halvonik et al. [15] was not evaluated since this was purposed

only for cantilever specimens.

According to Table 6, older design code models of effective shear width, such as the Brazilian
model [30], lead to overly conservative predictions in most cases (mean Vexp,red/Vcsor = 1.772). The
Swedish provisions [40], on the other hand, lead to unsafe predictions, with average ratios of Vexp/Vcal
of 0.706 and 0.981 in the different ranges of shear slenderness evaluated. The fib model of effective
shear width leads to average values of Vexp/Vca 0f 1.092 and 1.192 for non-slender and slender
members, respectively. The best accuracy and precision over the different slenderness ranges assessed
were achieved by the French model of effective shear width [32], thus indicating, on average, that the
French approach provides reasonable predictions of effective shear width for slabs failing in one-way

shear.
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Table 6 - Statistics of Vexp/Vcarc according to the range of shear slenderness 1 = M/Vd and effective

width model provided in design codes.

Vexp, red Vexp, red Vexp, red Vexp, red

VCSDT VCSDT VCSDT VCSDT

Det ABNT Swedish  French Fib

A N Parching Prop Prop Prop Prop

AVG 1401 0.706 1.044 1.092
<25 55 MIN 0.869 0.481 0.773 0.758
COV  21.9% 23.5% 11.4% 20.8%
AVG  2.009 0.981 1.070 1.192
>25 86  MIN 0.818 0.438 0.723 0.513
COV  40.8% 18.7% 15.8% 23.7%
AVG 1772 0.873 1.060 1.153
All 141 MIN  0.818 0.438 0.723 0.513
COV  41.2% 25.4% 14.3% 23.0%

Table 7 - Statistics of Vexp/Vcaic according to the range of shear slenderness 2 = M/Vd and effective

width models suggested in the literature.

V \Y V V

exp,red exp exp,red exp,red

VCSDT VCSDT VCSDT VCSDT

Reissen Prop

bett  Zheng Bauer (GESW)

A N Parching  Prop Prop Prop

AVG 0.755 1601 1401 1.043
<25 55 MIN 0512 1113 0.869 0.748
COV 227% 17.7% 21.9% 12.2%
AVG 1302 1638 2.009 1.295
>25 8 MIN 0459 0983 0.818 0.830
COV 34.0% 29.6% 40.8% 19.2%
AVG 1089 1624 1772 1.197
All 141 MIN 0459 0.983 0.818 0.748
COV 413% 25.7% 41.2% 20.3%

Table 7 shows that the average value of Vexp/Vcar ranged from 1.089 to 1.772 with the
approaches studied for the definition of an effective shear width. The effective width from Zheng et
al. [41] provided a wider scatter between experimental and predicted shear capacities (COV > 30%
on average) and a Vexp/Vcar mean value much lower than 1 for non-slender members. Since the
approach of Reifen [21] includes the effect of the improved arching action on non-slender members
in the effective width model by using the factor kit (Equation (21) in Table 1), the experimental shear

capacities were not reduced for these calculations. The model provided conservative predictions of
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shear strength for all tests assessed and a 25.7% coefficient of variation. Bauer and Muller's approach
[83] resulted in the most conservative predictions for slender members (Vexp/Vca = 2.009), but with a
wider scatter (COV = 40.8%). The proposed GESW model provided good AVG (1.197) and COV
(20.3%) values compared to the other models. Comparing Table 6 and Table 7, both GESW model
and French model provide an accurate estimation of the test results. However, the GESW turns out
to be slightly more conservative for Database B1 as it was derived to assess slabs under both failure
modes (one-way shear and two-way shear).
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5.3 Sensitivity of parameters

Since the first purpose is to derive recommendations for precise predictions of shear strength
when the one-way shear failure mode is governing (Database B1), the CSDT combined with the

French effective shear width model and Sprop Was further assessed with parameter studies (Figure 14).
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Figure 14 - Vexp/Vca ratio as a function of the main mechanical and geometrical parameters for wide
members subjected to concentrated loads close to the support with predominant one-way shear
failure: a) aggregate size dg, b) longitudinal reinforcement ratio pi, ) concrete compressive strength
fc, d) effective depth d, e) width-to-effective depth ratio b/d, and (e) shear slenderness M/Vd. (CS =

continuous support; CT = cantilever support and SS = simple support).

Figure 14 shows the ratio of Vexpred/Vcar as a function of different parameters. The results
indicate no significant influence of the aggregate size (Figure 14a) and reinforcement ratio (Figure
14b) on the predictions of shear strength with the studied approach. Wider scatter in some regions
(see Figure 14a) for 16 mm aggregate size can be assigned to a higher number of tests. Figure 14c
shows that the CSDT provides accurate and precise predictions of shear strength for members of high
strength concrete (fc > 65 MPa), for which a lower contribution of the aggregate interlock is accounted
for by the parameter Rai from the CSDT. This approach also handled well the range of thicknesses
studied (Figure 14d). Although the range of thickness studied is not representative of solid slab

bridges [10], the available results are of interest for slab-between-girders bridges. Moreover, the
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494  studied approach enabled accurate predictions, regardless of the shear slenderness parameter M/Vd
495  (Figure 14f).
496 5.4 Comparison with design code provisions
497 Table 8 shows a comparison of different code-based approaches for the one-way shear capacity
498  of the experiments gathered in database B1 described in Section 3. The French model is used for
499  determining the effective width in combination with code provisions from Europe [50,56] and North
500  America [84]. The fib Model Code 2010 [34] is the only code which includes guidance for improved
501 arching action and effective width for concentrated loads close to the support. The same factor Sprop
502  for use with the CSDT was adopted in combination with the Swiss code SIA 262:2013 model [56]
503  and with the AASHTO code provisions for bridges [84].
504  Table 8 - Statistics Of Vexp/Vcalc according to the range of shear slenderness A= M/Vd for different
505  design code approaches.
Vexp, red Vexp, red Vexp, red Vexp, red Vexp, red Vexp, red
VCSDT VCSDT VAASHTO VCEN 04 VMC VSIA262
Dett French GESW French French fib MC French
A N Parching Prop Prop Prop CEN (2005) fib MC Prop
AVG 1.044 1.043 1.421 1.704 1.762 1.096
MIN 0.773 0.748 0.986 1.095 1.176 0.819
<25 55 COV 11.4% 12.2% 16.5% 18.0% 22.6% 14.8%
AVG 1.070 1.295 1.476 1.122 1.479 1.037
MIN 0.723 0.830 0.918 0.606 0.749 0.733
>25 86 COV 15.8% 19.2% 33.3% 24.0% 29.0% 16.4%
AVG 1.060 1.197 1.454 1.349 1.589 1.060
MIN 0.723 0.748 0.918 0.606 0.749 0.733
All 141 COV 14.3% 20.3% 28.2% 29.8% 27.6% 15.9%
506
507 Table 8 shows that the code provisions studied provided a mean ratio of Vexp/ Vca between
508 1.043 and 1.704 for A < 2.5. The most precise results were achieved by the French effective shear
509  width model combined with the one-way shear model based on the CSDT, as proposed in this study
510  when the governing failure mode is known and is one-way shear. The predictions with the AASHTO
511 code provisions were more conservative, with a mean ratio between experimental and calculated
512  shear strengths higher than 1.4 on both ranges of shear slenderness studied.
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Table 8 also shows that the average ratio of Vexp/Vcal ranged from 1.060 to 1.589 for a shear
slenderness higher than 2.5. Remarkably, the Swiss code provisions reached the same level of
accuracy and precision of CSDT when combined with the French model of effective shear width and
use of Sprop. Although these models (CSDT and SIA 262:2013) were derived in different ways, this
result occurs because both models rely on some similar ideas, such as the higher influence of
aggregate interlock in the shear strength and the decrease of the shear strength for increasing shear
slenderness. Since both AASHTO models and fib Model Code Models were derived based on the
Simplified Modified Compression Field Theory (SMCFT [78]), the statistical differences can be

attributed to the models to account for improved arching action and the effective shear width used.

5.5 Test with double loads

The number of tests with double loads parallel to line supports is very limited. There are only
8 tests in the literature conducted by Rombach and Henze [85], Vaz Rodrigues et al. [19] and Reifpen
et al. [3]. Most of these tests were conducted on cantilever slabs (7/8). The test with 4 loads close to
the line support conducted by Vaz Rodrigues [19] showed a punching failure and was not analyzed
in this study because it showed a transitional failure between the one-way and two-way shear. Table
9 shows the statics of the ratio between experimental and predicted one-way shear resistances for
these tests. In summary, the level of accuracy of the CSDT model combined with the French effective
shear width was close to that of slabs subjected to a single load. However, additional tests are needed
to confirm these findings. The most unsafe prediction in Table 9 (Vexp/Vprea = 0.89) occurred for the
only test with a ratio a,/d < 2.5. Therefore, the proposed factor to consider arching action (Bprop) may

have been too optimistic for this type of loading.
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Table 9 - Statistical of the experimental to calculated shear strengths for tests with double loads

close to a line support.

V

Authors Test Sxprred
VCSDT,beff French

DR1b 1.26

Vaz Rodrigues et al [19] DR2a 1.03

DR2b 1.07

2d x 2 0.89

3dx 2 0.99

Rombach & Henze [85] 20 % 2 106

5d x 2 1.01

Reipen et al. [3] MS35BB-22 1.04

AVG 1.04

COV (%) 9.78

5.6 General approach for one-way and two-way shear

An alternative approach to assessing the one-way shear models applicable to members with
possible punching failure is to decrease the effective shear width accordingly with the shear
slenderness, as discussed in the proposed GESW model (Section 4). In this study, we assumed that

the French effective shear width should be multiplied by the parameter o (Equation (42)).

Table 10 shows the statistics of the ratio between experimental and predicted shear capacities
with one-way and two-way shear models according to the failure mode for the database with 214 test
results of slabs under single concentrated loads (Database B0). For the punching shear provisions, the
proposed model from prEN 1992-1-1:2018 [86] was used (based on the CSCT), while for the one-
way shear models we combined the CSDT models with the French and GESW models. Table 10
shows that the level of precision reached with the CSDT combined with the GESW model is very
similar for both failure modes, while the other approaches provide precise estimations only for their

respective failure modes.

30



552  Table 10 - Comparison of predictions with the CSDT for one-way shear and the punching shear
553  provisions from prEN 1992-1-1:2018 [86] according to the failure mode.

Failure mode N° —= Vorpres Vorpre
PEC18 VCSDT VCSDT
Dett - French GESW
AVG 1.092 0.808 1.044
P 51 MIN 0.724 0.331 0.712
Cov 20.0% 31.6% 21.2%
AVG 1.219 1.060 1.197
WB 141 MIN 0.466 0.723 0.748
CoVv 31.9% 14.3% 20.3%
AVG 1.220 1.007 1.121
WB/P 22 MIN 0.942 0.712 0.833
CoVv 21.5% 13.4% 15.6%
AVG 1.189 0.994 1.153
All 214 MIN 0.466 0.331 0.712
CoVv 29.2% 21.0% 20.8%
554
555
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6 DISCUSSIONS

Previous publications on the field of one-way slabs under concentrated loads usually
concentrate on the accuracy of semi-empirical models applied to reduced databases [10,11]. When
mechanical-based models are investigated, usually the analyses concentrate on one kind of support
condition [15]. Most of them neglect the governing failure mode of the tests [11,87]. Therefore, a gap
of more comprehensive studies is realized related to the shear capacity of slabs under concentrated

loads failing in different modes.

Tests with a presumed punching failure were initially removed from the database B1. Only
members with predominant one-way shear failure were used in the first statistical analyses. Therefore,
part of the higher level of accuracy in Section 5.2 with the French effective shear width can be
attributed to the improved database selection. However, we have highlighted that the classification of
the failure modes for some members may not be an easy task. For such cases, the experiments must
be classified as governed by a mixed failure between one-way shear and two-way shear, as made in
previous publications [10]. In these tests, both conical cracks at the top/bottom face and flexure-shear
cracks at the edges of the slab arise at failure. Some studies have claimed that one-way and two-way
shear capacities can be very similar is terms of strength ratio (Vexp/Vcaic Similar t0 Pexp/Pcaic) [20],
which was also verified in this study for some tests during the classification of the failure modes.
Particularly, this is also in line with the ACI 318-19 punching provisions [88], where the punching

capacity is assumed to be governed by one-way shear when the load becomes very rectangular.

Since most mechanical models, such as the CSDT [6], CSCT [77], and SMCFT [78] were
derived from flexure-shear failures, one could question their possible extension to non-slender
members, whose predominant failure mode is a shear-compression failure. In fact, some studies, as
well as the current ACI 318-19 [88], have highlighted those members should be assessed by strut-
and-tie models, instead of sectional strain-based models [89,90]. However, most engineers have
raised the possibility of covering a more extensive range of cases with the same model. In particular,

for the shear assessment of existing RC slab bridges, there is a need for uniform approaches that allow
32



582

583

584

585

586

587

588

589

590

591

592

593

594

595

596

597

598

599

600

601

602

603

604

605

606

607

checking all cross-sections and load positions in a preprogrammed way. Such an approach requires
the checking of models for non-slender members in an approach similar to the one suggested in design
guides, e.g., NEN 1992-1-1:2005 [50] and fib Model Code 2010 [34], i.e. based on the reduction of
the acting shear load close to the support. We have highlighted that such analyses should be used only
as a first assessment of structures without stirrups. As such, they are in line with the need for a

preprogrammed method for the assessment of a large number of existing RC slab bridges.

The level of accuracy reached by the CSDT with our method for arching action and the French
model of effective width is similar to that obtained by the CSCT [2], but removes the need for finite
element calculations. The proposed CSDT extension excels due to its easy application. The overall
Vexp/Vcal average ratio with the CSDT is 1.06, with a 14.3% coefficient of variation for a set with 141
test results. Comparatively, Natario [2] achieved a 1.12 Vexp/Vcaic average ratio with 11% COV for
simply supported members (62 tests) and 1.07 AVG and 16% COV for cantilever members (27 tests).
However, Natario's study did not include continuous members or members with combinations of
loads (concentrated loads combined with line loads). The database BO has 33 tests with loads close
to continuous supports. The mean ratio between experimental and predicted shear capacities by the
CSDT model with the French effective shear width and Sprop is 1.01 with a COV of 11.3%. Therefore,
this study comprehends a larger variety of support and loading conditions. The narrow scatter between
experimental and predicted shear capacities with the CSDT demonstrates its accuracy and precision
in assessing the one-way shear capacity of wide RC members under concentrated loads, such as slab

bridges.

Different from other studies [15,28], we have identified that the use of the French approach
for determining the effective shear width provides reasonable levels of accuracy combined with the
one-way shear strength model based on the CSDT. Regarding studies on simply supported members
in which the French model leads to unsafe predictions of the shear strength [15,28], our analysis
indicates that these experiments presented signals of punching failures and, therefore, should also be

evaluated by two-way shear strength models to reach more precise predictions.
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Notably, the CSDT combined with the GESW model provides homogeneous levels of
precision in predicting the shear capacity for specimens with one-way and two-way shear failures in
the database BO, capturing well the complex transition between these two failure modes. The reason
for this observation is that the precision and accuracy of the predictions with the GESW model were
similar between different failure modes, shear slenderness, and support conditions. In addition, the
level of precision was considerably better than that obtained with current semi-empirical code models
[10,87], for which COVs are usually larger than 35%. Therefore, in a programmed approach of
assessment, the CSDT combined with the GESW model may be used as the only model to check

shear failures when the governing failure mode is unknown.
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7 CONCLUSIONS

This study presents an extension of the Critical Shear Displacement Theory model for wide
members under concentrated loads. Different databases were used to assess (i) the proposed arching
action factor, (ii) the accuracy and precision of the CSDT combined with different models of effective
shear width for slabs under single concentrated loads; (iii) the accuracy of the CSDT model to assess
members with double concentrated loads parallel to the support and (iv) to assess slabs that showed

different failures modes in shear. The following can be concluded:

1. The model for improved arching action for non-slender members can be combined with the
CSDT as a first step for the determination of their shear strength. This approach was validated against
databases of wide members loaded over the entire width, as well as for slabs under concentrated loads

failing in one-way shear.

2. The CSDT, combined with the effective width model from the French design guides [32],
provides accurate results of shear strength for wide members with predominant one-way shear failure,
regardless of the shear slenderness and support conditions. The same level of precision was reached

for slabs under double concentrated loads parallel to the support.

3. The level of accuracy of our proposed approach based on the CSDT combined with the
French effective shear width was higher than that of most design code models, regardless of the
parameters analyzed. Since our approach requires only analytical calculations (without finite element
analysis), it can easily be implemented in the daily engineering practice for first levels of

approximation.

4. Despite the simplicity of the French effective width model, it seems to represent well most
one-way shear tests investigated. However, for members with punching failure, the approach may
lead to unsafe predictions of shear strength, as verified in this study. Since the governing failure mode
may not be known in preliminary analyses, both failure modes must be checked in the daily

engineering practice for higher levels of approximation.
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5. The most general effective shear width model (GESW) leads to good levels of accuracy for
slabs under concentrated loads since it deals with both one-way and two-way shear failures.
Moreover, the proposed approach addresses in a novel manner the transition between one-way shear
and two-way shear failures of slabs under concentrated loads. However, it should be highlighted that
this approach should be used only for preliminary designs and global assessment of a large number
of assets, since it does not determine the governing failure mode physically. Apart from that, further
studies are required in order to include the effects of other parameters, such as the slab width b in the

transition between one-way and two-way shear failures.

6. This study shows that traditional models of effective shear width and punching shear do not
provide precise predictions of shear strength when the critical failure mode is other than that assumed
by the model (Section 5.6). Because of this, adjustments are required on each model to extend the
applications of them for both failure modes. In this study, different approaches are shown to assess
the shear capacity when the governing failure mode is known or unknown. The proposed approaches
apply to wide beams and slabs under different support conditions (simple, continuous, and cantilever
support), different loading conditions (loaded over the entire width or concentrated on the width

direction).
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NOTATION

Notation Description

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

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

b width of the structural member

bn clear width of the structural member

d effective depth of longitudinal reinforcement

d effective depth of transverse reinforcement

dg maximum aggregate size

fc concrete compressive strength

fok characteristic concrete compressive strength

fom mean value of cylinder compressive strength of concrete

fy yield strength of reinforcement

Ke slope of stress line, ke = 1.28 according to [91]

MEg design (factored) moment per unit length in critical section

MRd plastic design (factored) moment per unit length in critical section

Ne OF N ratio between elastic modulus of steel and concrete

ler,m spacing of two neighboring major cracks

Scr,cSDT height of fully developed crack

Srm crack spacing of primary cracks

W crack width

Wh crack width at the bottom of the crack

X neutral axis depth

z length of internal level arm or effective shear depth according to fib MC 2010, taken
as 0.9d

Ax, Ay projected areas of a cracked surface for a unit crack length in two directions

As longitudinal reinforcement area

Ag gross area of concrete section

Ec modulus of elasticity of concrete

Es elastic modulus of steel

Ge modulus of shear deformation for un-cracked concrete chord

Gt concrete fracture energy

M cross-sectional bending moment

Med design sectional moment

NEed design sectional axial load

Pexp measured peak load in an experiment

Penis Predicted punching capacity by prEN 1992-1-1:2018 [86]

V shear force

Vai shear force transferred by aggregate interlock

Ve shear force transferred in concrete compression zone

Vg shear force transferred by dowel action

VEd design shear force

Vexp Experimental shear force strength from the database tests

Vexp,red Experimental shear force reduced by the parameter S

Veal Calculated shear force strength

VaasHTo one-way shear capacity calculated according to AASHTO

Veen one-way shear capacity calculated according to NEN 1992-1-1:2005

Vaci-19 one-way shear capacity calculated according to ACI 318-19

Vmc one-way shear capacity calculated according to Model Code 2010
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Vsia one-way shear capacity calculated according to SIA 262:2013

Vespr one-way shear capacity calculated according to CSDT

e modular ratio (Es/Ec)

S reduction factor for the contribution of loads close to the support to the shear force

Ye partial safety factor for concrete

A shear displacement at crack

Acr critical shear displacement

Ae distance between neutral axis and center of internal lever arm z

&s steel strain

x longitudinal strain at mid-depth of the effective shear depth

) rebar diameter

4,CSDT friction coefficient for contact area between aggregate particles and matrix with
4 =0.4 proposed according to Walraven [92]

Ps longitudinal reinforcement ratio

o normal stress

Opu crushing (yielding) strength of matrix, or contact stress at cracked surface

7 shear stress

Tai shear stress transferred by aggregate interlock

TRd design shear capacity of concrete

Tc concrete shear capacity

AVG Average value

CovV coefficient of variation

CSCT Critical Shear Crack Theory

CSDT Critical Shear Displacement Theory

SMCFT Simplified Modified Compression Field Theory

MIN Minimum value
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