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One-way slabs under concentrated loads may fail by one-way 
shear, two-way shear, flexure, or a combination of these modes. 
This paper reviews shear and punching shear-failure mechanisms 
of one-way slabs under concentrated loads tested from the litera-
ture and investigates the accuracy of different approaches to predict 
the ultimate capacity for such slabs using the ACI code expres-
sions. A database with 160 test results was evaluated. Shear and 
concentrated loads measured at failure were reviewed according 
to parameters such as the load position, slab width, and rein-
forcement ratios. The load position and slab width play a marked 
influence on the failure mechanism and tested loads. The analyses 
improved the understanding of the main parameters influencing the 
behavior of one-way slabs under concentrated loads. Finally, the 
proposed effective shear width expression enables accurate shear 
capacity predictions using the ACI code expressions.

Keywords: one-way shear; one-way slabs; punching shear; slabs under 
concentrated loads; transitional shear failure modes.

INTRODUCTION
One-way slabs under concentrated loads can develop a 

transitional failure mode between one-way shear, two-way 
shear, and flexure.1 This loading is typical in solid slab 
bridges2 and garage floors,3 but may also occur in floor 
slabs with heavy concentrated loads arising from building 
or industrial equipment.4,5 Without shear reinforcement, 
these slabs may develop a brittle failure mechanism, which 
is the most dangerous failure mode for these structures 
because it provides limited warning signs and does not 
allow safe user evacuation. Because most design codes do 
not provide specific recommendations to evaluate the shear 
and punching capacity of one-way slabs under concentrated 
loads, research in this field is necessary to guide designers.

Traditionally, most publications deal with the one-way 
shear capacity of beams or slabs loaded over the entire 
width6,7 (linear shear flow towards the support: Fig. 1(a)) 
or with the punching capacity of the slab-column connec-
tions of two-way slabs (radial shear flow around the load: 
Fig. 1(b)).8 However, the shear flow tends to be radial close 
to the load and linear close to the support9 when a concen-
trated load is placed close to line supports (Fig. 1(c); this 
figure uses the cracking pattern of different test results from 
Reiβen10). This behavior results in the possibility of varying 
shear failure mechanisms taking place. Figure 1(c) shows 
that a simply supported slab may develop a one-way shear 
failure or wide beam shear failure close to the line support, 

as well as a punching failure around the concentrated load 
due to the characteristics of the shear flow in both regions.

Traditional approaches to evaluate the punching and shear 
capacity for such slabs are depicted in Fig. 2.1,11,12 Basically, 
the punching capacity is verified around the concentrated 
load, assuming a uniform shear force distribution around the 
critical perimeter (Fig. 2(a)). In the critical perimeter with 
two sides, it is assumed that the shear stresses develop only in 
the spanning direction on both sides of the load (Fig. 2(b.1)). 
For eccentric loads over the slab width, the free edges will 
limit the contribution of the sides of the critical perimeter 
near the border. Consequently, the decisive critical perimeter 
usually assumes three sides around the load contributing to 
the punching capacity (Fig. 2(b.2)). In the design and assess-
ment of existing structures,13 as a rule of thumb, the smallest 
possible critical perimeter is used as it leads to the lowest 
capacity.14

The one-way shear capacity of slabs is commonly veri-
fied by assuming that only a slab strip beff contributes effec-
tively to the shear capacity (Fig. 2(c)) with a uniform shear 
demand along this length, usually called the effective shear 
width. The most conventional approach to define the slab 
strip width contributing to the one-way shear capacity is 
based on an assumed horizontal load spreading from the 
far edge of the concentrated load to the support under a 
45-degree angle,2,5,11 commonly named the French effective 
shear width,14 as it originates from France (Fig. 2(c)).

Previous studies addressed the accuracy level of analyt-
ical shear provisions to predict the shear11,15,16 and punching 
shear capacities11,16 of one-way slabs under concentrated 
loads. Lantsoght et al.,11 for instance, evaluated 118 one-way 
slabs and wide beams (after filtering) with the European 
shear and punching shear code expressions.17 The compar-
ison between experimental and predicted shear capacities 
showed a large scatter between tests and theoretical predic-
tions, with many unsafe predictions. These results mainly 
occurred because the code expressions and rules of prac-
tice were applied without considering that, for example, the 
punching mechanism could be critical for the tests being 
evaluated by one-way shear expressions. In the same way, 
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the predictions of punching capacity did not fit well for the 
tests that failed as wide beams. Therefore, adjustments in 
the one-way shear and punching shear expressions should 
be made to account for these cases when using design code 
expressions devised for members loaded over the entire 
width or for slabs under concentric loads.

This paper starts by reviewing the one-way and two-way 
shear mechanisms involved in the problem of one-way 
slabs under concentrated loads. Subsequently, the cracking 
pattern of slabs from different experimental programs is 
discussed in detail to highlight the most important influ-
encing parameters in the transition from one-way shear 
failure to two-way shear failures. A database with 160 test 
results from the literature was organized. Compared to 
previous works,18 different support conditions and failure 
mechanisms were addressed. A parameter analysis with test 
results was conducted to show how some parameters influ-
ence the measured loads at failure and the governing failure 

mechanism of the tests. Afterward, regression analyses were 
conducted to derive enhanced expressions of effective shear 
width and shear-resisting control perimeter that can be used 
with the ACI shear code expressions.

RESEARCH SIGNIFICANCE
This work contributes to understanding the failure mech-

anism of one-way slabs under concentrated loads, a case 
frequently classified as the transition between one-way and 
two-way shear failures of reinforced concrete (RC) slabs. 
Moreover, it presents a specific evaluation of the current 
shear and punching shear expressions from the ACI 318-19 
code19 when applied for one-way slabs under concentrated 
loads. This research identifies the key parameters for the 
sectional shear or punching capacity of one-way slabs under 
concentrated loads. Besides, an approach to consider these 
parameters, resulting in improved predictions of the ultimate 
capacity, is presented.

Fig. 2—(a) Most traditional critical perimeter definition for punching shear analyses; (b) possible critical perimeter for slabs 
with small width (b.1) and eccentric load over slab width (b.2); and (c) effective shear width beff defined to assess one-way 
shear capacity using French load spreading.14

Fig. 1—Sketches of imaginary tests with expected cracking pattern and shear flow for: (a) beams and slabs loaded over entire 
width; (b) slab-column connections under concentric loads; and (c) one-way slabs under concentrated loads close to line 
support (shear flow to far support was omitted in sketch).
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LITERATURE REVIEW
Background of one-way shear and two-way shear-
failure mechanisms

There are similarities and distinctions between one-way 
shear and two-way shear of slabs without shear reinforce-
ment.1 The main similarities include the shear-transfer mech-
anisms involved: i) compression chord capacity20; ii) aggre-
gate interlock21; iii) dowel action22; iv) the residual tensile 
strength of concrete23; and v) arching action or strut action.24 
According to the Critical Shear Crack Theory,8,25 the failure 
criteria for both one-way and two-way shear are governed 
by strain localization (flexure action), size effect (member 
thickness), and aggregate interlock effects26 (roughness of 
the cracked surface). In the multi-action shear model from 
Marí et al.,27 on the other hand, both one-way and two-way 
shear are governed by the compression chord capacity. In 
addition, these authors consider that both one-way and 
two-way shear failures occur when the inclined crack from 
flexure crosses the compression chord.

The main distinctions between one-way and two-way 
shear failures relate to the mechanisms that trigger the 
shear failures and the governing parameters of the crack 
kinematics: i) opening; and ii) sliding of the critical shear 
crack.26 For instance, the opening of the critical shear crack 
is related to strains at the control section in one-way shear25 
and is related to slab rotations for two-way shear.8 Moreover, 
the relation between the applied load and the opening of the 
critical shear crack is almost linear for one-way shear but 
strongly non-linear for two-way shear.26

Figure 3(a) shows that the distribution of unitary shear 
forces along the shear span is almost constant for beams and 
slabs loaded over the entire width (neglecting the influence 
of the self-weight).26 However, a different behavior occurs 
in slabs under concentric loads (Fig. 3(b)). Because slabs 
transfer shear radially, a strong gradient of shear stresses 

(shear force per unit length, with b0 being the critical perim-
eter length around the loaded area) and bending moments 
takes place around the concentrated loads. Consequently, 
higher values of shear stresses arise near the concentrated 
load with significant strain localization in this region, which 
governs the punching capacity26 (Fig. 3(b)).

Lantsoght et al.1 also pointed out other differences: i) for 
punching, the inclined crack locations always arise immedi-
ately adjacent to the concentrated load, while for one-way 
shear in beams, the inclined crack is free to develop at the 
weakest section in the shear span a, closer to the support 
or to the load29; and ii) although the inclined cracks may 
develop at similar shear stresses for beams and slabs, the 
opening of the critical shear crack for punching occurs only 
after a marked decrease of the tangential stiffness.30 Marí 
et al.27 also remarked that the critical punching crack follows 
an almost straight path due to the higher confining stresses 
generated around the column of flat slabs (compression ring). 
The inclination of the punching cracks is commonly related 
to the ratio between the failure load and the slab flexural 
capacity.31 Conversely, in one-way shear, the development 
of two main branches can be observed32: an initial flexural 
crack and an inclined crack crossing the compression chord 
(Fig. 3(c.1)).

Another link between one-way and punching shear 
occurs on slab-column connections.26 The larger shear 
transfer surface makes the shear forces moderate at large 
distances from the columns. Hence, the beam-shear carrying 
mechanisms from slender beams (shear transfer mecha-
nisms i to iv) may provide the required punching capacity 
(Fig.  3(c.1)). However, close to the concentrated load, a 
small perimeter carries the shear forces and arching action 
develops, increasing the unitary shear strength in this region 
(Fig.  3(c.2)). As a result, the unitary shear strength for 
punching shear (when the critical perimeter is consistently 

Fig. 3—Distribution of unitary shear forces and bending moments in the shear span for: (a) beams and slabs loaded over entire 
width; (b) slabs under concentric concentrated loads; (c.1) beam-shear carrying mechanisms of slender beams; and (c.2) 
direct struts and beam-shear carrying mechanisms of slabs under concentric loads. (Adapted from Muttoni and Fernandez 
Ruiz26 and Cavagnis et al.28)
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placed closer to the concentrated load) is higher than that for 
one-way shear.26

Effect of slab width-load size ratio bslab/lload
A limited number of studies focus on explaining the tran-

sition from one-way to two-way shear failures,1,33 even 
though some experimental programs reported different shear 
failure mechanisms in the tests of slabs under asymmetrical 
concentrated loads.2,34,35

Reiβen et al.35 and Lantsoght et al.36 identified experi-
mentally that the one-way shear capacity Vtest of slabs under 
concentrated loads does not increase linearly by increasing 
the slab width bslab or the ratio bslab/lload, where lload is the 
width of the loading plate in the transverse direction. There-
fore, these results are consistent with the concept of using an 
effective shear width for wide members under one-way shear 
(Fig. 2(c)). In addition, it was also demonstrated experimen-
tally that the failure load (Ptest) decreases by decreasing the 
slab width bslab or the ratio bslab/lload.35 This occurs because 
slabs with a smaller width develop a more unidirectional 
shear flow to the support, which decreases the load distri-
bution in the transverse direction. Previous studies37 also 
showed through linear elastic finite element analyses that 
as bslab increases, the gradient of bending moments around 
the concentrated load increases, which favors the occurrence 
of punching failures over one-way shear failures for wider 
slabs.

Saw cuts of failed specimens can be used to identify the 
transition of shear failure mechanisms. Figure 4(a) shows 
the cracking pattern of a set of slabs tested by Reiβen et 
al.,35 where the only parameter varied was the slab width 
(bslab): 1.5, 2.5, and 3.5 m (4.92, 8.20, and 11.48 ft). The 
loading arrangement was similar to that shown in Fig. 2(a). 
The concentrated load was applied on a square area with a 
size of 0.40 x 0.40 m (1.31 x 1.31 ft) with a = 1 m (3.28 ft), 
with a being the center-to-center distance between the load 
and the support. Figure 4(a) shows that the governing shear 
failure mechanism changed from wide beam shear (WB) to 
punching shear (P) as bslab increased. Test S15B-2 developed 
a critical shear crack typical for one-way shear, based on 
the visible flexure cracks and the horizontal branch of the 
critical shear crack crossing the compression chord. At the 
same time, S35B-2 developed a critical shear crack without 
the horizontal branch at the compression chord and with the 
inclined branch of the critical shear crack reaching the edges 

of the loaded area, as is common for punching failures. 
In S25B-2 and S35B-2, the critical shear crack was more 
pronounced in the region with the largest shear demand—
that is, in the shear span—and the full punching cone did 
not develop.

Effect of shear slenderness av/dl
One of the consequences of using an effective width, as 

sketched in Fig. 2(c), is that the predicted one-way shear 
capacity increases with the shear slenderness av/dl (dl is 
the effective depth toward longitudinal steel and av is the 
clear shear span—the distance between the edge of support 
and edge of the load). However, some studies showed that 
when increasing av/dl—from 1 to 6 in Henze et al.34 and 
from 1.9 to 4.4 in Reiβen et al.35—and keeping all other 
parameters constant, the tested one-way shear capacity of 
the slabs decreased markedly or remained almost the same 
after a certain value of av/dl. At the same time, Lantsoght 
et al.2 showed that decreasing the ratio av/dl from 1.70 to 
0.75 increased the failure loads substantially, even though 
the calculated effective shear width decreased, which they 
explained by the formation of a fan of compressive struts 
between the load and the support. However, the resistance 
increase due to the arching action was less pronounced in 
the slab members than in beams2 due to the fan of struts and 
their resulting load path with varying av/dl. Therefore, the 
increase of arching action was also a function of the slab 
width.36

Figure 4(b) shows the same governing shear failure mech-
anism change as the shear slenderness av/dl increases. Note 
that S35A (av/dl = 1.9) indicates a shear-compression failure 
as typical in non-slender beams (inclined critical shear crack 
between the load and the support without major flexure 
cracks in the shear span). Figure 4(c) shows the cracking 
pattern of cantilever slabs with bslab = 4.5 m (14.76 ft) and 
cantilever length 1.9 m (6.23 ft) tested by Henze38 as a func-
tion of av/dl. Figure 4(c) shows the same transition from 
one-way to punching shear failures as the shear slenderness 
av/dl increased for cantilever slabs.

Effect of transverse reinforcement ratio ρt
The reinforcement ratio in the transverse direction of 

slabs (perpendicular to the shear span) also influences 
the governing shear failure mechanism of slabs under 
concentrated loads. Lantsoght et al.2 observed that higher 

Fig. 4—Transition of shear-failure mechanisms as function of: (a) slab width; (b) shear slenderness av/dl for simply supported 
slabs from Reiβen et al.35; and (c) shear slenderness av/dl for cantilever slabs for tests from Henze.38 (Note: 1 m = 3.3 ft.)



119ACI Structural Journal/March 2023

transversal reinforcement ratios led to a better force distri-
bution in the width direction because the cracking pattern 
in the shear span was more similar to that of one-way slabs 
loaded over the entire width. Instead, slabs with lower trans-
verse reinforcement ratios developed a cracking pattern that 
was more localized (radial and tangential cracks) around 
the concentrated load, similar to that of a punching failure 
(Fig.  5(a)). When the transverse and longitudinal rein-
forcement ratios are different, the unitary shear capacities 
around the concentrated load are different.39,40 Because the 
distribution of shear forces around the load is also uneven41 
and depends on the load position and boundary conditions, 
failure can be triggered in the region of higher demand or 
lower resistance.

A similar change in the shear failure mechanism was 
observed in the continuous slabs tested by Reiβen et al.,35 
where the cracking pattern in cut views of the tests MS35C 
(ρt = 0.45%) and MS35C-ρq (ρt = 0.15%) indicated that 
the slab with a lower transverse reinforcement ratio failed 
in punching shear (Fig. 5(b)), while the other one failed by 
one-way shear. The change in the externally applied load at 
failure Ptest was only 13% between these two tests.

On the other hand, decreasing ρt had a more limited effect 
on the cracking pattern and governing shear failure mecha-
nisms for cantilever slabs. Figure 5(c) shows that decreasing 
ρt from 0.45 to 0.15% for cantilever slabs decreased the 
failure load (Ptest) by 18% and resulted in almost no change 
in the cracking pattern in the cut views.

DATABASE
The references gathered in the database and the range/

distribution of parameters are presented in Appendix A.* 
This study: i) reviews the test results from the literature 
in a comprehensive way (including failure mechanisms, 
cracking pattern, and ultimate loads); and ii) presents an 
enhanced approach to predict the ultimate capacity of slabs 
under concentrated loads that failed by one-way shear 
as wide beams (WB), by punching shear (P) and a mixed 

*The Appendix is available at www.concrete.org/publications in PDF format, 
appended to the online version of the published paper. It is also available in hard copy 
from ACI headquarters for a fee equal to the cost of reproduction plus handling at the 
time of the request.

failure mode between one-way shear and punching shear 
(WB+P). Only tests with bslab/dl > 5 were considered. The 
criteria of using only tests with ratio (bslab – lload) > 4davg was 
also included as a filter to remove tests with predominant 
one-way shear behavior. This filter increases the proportion 
of tests that could present both shear failure mechanisms at 
failure. In practice, all tests that do not satisfy this criterion 
failed as wide beams in one-way shear and could introduce a 
slight bias in the statistical analyses.

In total, Database A includes the results from 160 tests 
under different support conditions: i) 77 tests with a load 
close to a simple support (SS); ii) 20 tests with a load close 
to a continuous support (CS); and iii) 46 tests with the load 
applied on a cantilever slab (CT). Database A is available in 
the public domain42 and is inspired by previous databases of 
slabs under concentrated loads failing in shear and punching 
shear.10,11 This database was used mainly to perform param-
eter analyses of selected parameters in the tested sectional 
shear Vtest and concentrated loads at failure Ptest. To evaluate 
the effect of selected parameters, such as the clear shear 
slenderness av/dl, groups of test results where only av/dl was 
varied were taken from Database A42 to analyze this effect 
further. In this way, different subsets were organized to eval-
uate each parameter selected.
•	 Database A1 brings together test results for which the 

main parameter varied was the shear slenderness av/dl 
(75 test results from the following references: Natário,41 
Reiβen,10 Rombach and Henze,43 Lantsoght,14 Cull-
ington et al.,44 Ferreira,45 and Regan12).

•	 Database A2 brings together test results for which the 
main parameter varied was the slab width to load size 
ratio bslab/lload (26 tests from the following references: 
Reiβen,10 Lantsoght,14 and Regan and Rezai-Jarobi46).

•	 Database A3 brings together test results for which the 
main parameter varied was the transverse reinforce-
ment ratio ρt (36 tests from the following references: 
Damasceno,47 Ferreira,45 Reiβen,10 and Lantsoght14). 
The analyses related to this dataset are presented in 
Appendix B, because the influence of this parameter 
was considered secondary in this study.

Database B is also a subgroup of Database A but received 
a different classification as this database was used to evaluate 

Fig. 5—Effect of transverse reinforcement ratio ρt on shear/punching capacity and governing failure mechanism for slabs with: 
(a) load applied close to simple supports (figures adapted from Lantsoght et al.2); (b) load applied close to continuous support; 
and (c) load applied on cantilever slabs (figures adapted from Reiβen10). (Note: 1 kN = 0.225 kip.)



120 ACI Structural Journal/March 2023

the performance of shear and punching capacity predictions 
with the ACI 318-19 code expressions. In Database B, tests 
that developed flexure-induced punching (F+P) at failure 
were removed. This database contains 143 test results of 
one-way slabs under concentrated loads: i) 40 tests failed by 
punching (P); ii) 91 tests failed as wide beams by one-way 
shear mechanisms (WB); and iii) 12 tests failed by a mixed-
mode between one-way shear and two-way shear (WB+P).

PARAMETER ANALYSES ON GOVERNING SHEAR- 
FAILURE MODE

This section evaluates the influence of parameters such 
as the load position av (or shear slenderness av/dl) and slab 
width to load size ratio bslab/lload on the sectional shear and 
concentrated loads applied at failure for one-way slabs under 
concentrated loads, as well as on the transition between these 
shear failure modes. For this purpose, different subgroups of 
Database A were used.

In this study, it is assumed that the full one-way shear 
capacity may not have been reached in the tests that failed by 
punching (Vtest < Vexp) and, in the same way, the full punching 
capacity may not have been reached in the tests that failed 
as wide beams in one-way shear (Ptest < Pexp). Because of 
this, in the following analyses, the shear (VFu) and punching 
capacities (Ptest) refer respectively to: i) the corresponding 
sectional shear forces at failure due to the concentrated load; 
and ii) the maximum concentrated loads measured on the 
tests. In this text, Vtest is the total sectional shear measured at 
failure, including the self-weight influence along the entire 
slab width

	 V V v btest Fu g slab= + ⋅ 	 (1)

where vg is the shear force per unit length due to the self-
weight at the section a/2; and VFu is the sectional shear 
considering only the applied load Fu at failure. As suggested 
by Reiβen,10 this study uses VFu instead of Vtest to not include 
the influence of the effective shear width assumed in the 
calculation of Vtest.

Some analyses were inspired by the research from Reiβen,10 
who investigated the influence of similar parameters on the 
one-way shear capacity of slabs under concentrated loads 
(sectional shear reached in the tests VFu). However, to allow 
a broader insight into different shear failure mechanisms, 
both sectional shear and concentrated loads applied at 
failure are addressed in this study. Moreover, the governing 
failure mechanism is highlighted on all graphs to identify the 
transition between the failure mechanisms according to the 
parameters investigated. Therefore, these analyses provide a 
new look at the problem.

The influence of the concrete compressive strength was 
reduced by normalizing the sectional shear and externally 
applied load at failure (VFu and Ptest) to the square root of 
the concrete compressive strength √fc, such as recom-
mended in de Sousa et al.6 and in line with the one-way and 
two-way shear expressions from the ACI 318-19 code19 (fc 
is the average compressive strength of concrete measured 
on cylinder specimens). Additionally, the sectional shear and 
externally applied load at failure (VFu and Ptest) were also 

normalized to the effective depth dl. Therefore, the ratio  
VFu/dl∙√fc is a measure of the tested shear capacity on which 
the effect from the concrete compressive strength and the 
effective depth was removed to compare different experi-
mental programs better.

Shear slenderness av/dl
The shear slenderness av/dl is a well-known parameter 

influencing the shear capacity of beams and wide members 
loaded over the entire width.6 For ratios av/dl < 2, the shear 
capacity of RC beams without stirrups is enhanced as a result 
of arching action between the load and the support. Figure 6 
shows the relation between the normalized shear VFu and 
concentrated load at failure Ptest as a function of av/dl to the 
Database A1. Lines connect tests in which only the ratio av/
dl was varied. The symbols identify the governing failure 
mechanism based on the cracking pattern and reported infor-
mation from the original references.

Figure 6(a) shows that both shear and punching failures 
were observed for tests with av/dl < 3. On the other hand, all 
tests with av/dl > 5 failed by punching (P) or a mixed mode 
between shear and punching (P or WB+P). The tests on 
which a punching failure occurred with av/dl < 3 are mainly 
slabs with thickness h < 125 mm (4.92 in.). Therefore, the 
governing failure mechanism also seems to be influenced by 
the absolute slab thickness, in addition to the ratio av/dl.

As already pointed out by Reiβen,10 an increase in the 
effective shear width with the shear slenderness cannot be 
confirmed based on Fig. 6(a). Contrarily, the normalized 
sectional shear at failure (regardless of governing failure 
mechanism identified) seems to decrease for most tests as 
av/dl increases.

In this study, the normalized failure load Ptest was also 
evaluated in detail (Fig. 6(b)). The highlights in green indi-
cate sets of tests on which an increase of av/dl resulted in 
an increase of Ptest. In other words, it was identified that, 
although the measured sectional shear VFu decreased for 
most tests (Fig. 6(a)), the failure load Ptest increased for 
some tests. Notably, for the cases where the failure load 
Ptest increased for an increasing ratio of av/dl, the test with a 
higher ratio of av/d failed in punching (Fig. 6(b)—data points 
in blue). Therefore, tests critical for punching may benefit 
from the less-uneven distribution of shear forces around the 
load when the shear slenderness increases. Tests critical in 
one-way shear commonly fail at a lower concentrated load 
when the shear slenderness increases.

In this study, the increase of the failure loads Ptest by 
increasing the ratio av/dl may be better explained by 
looking at the ratio a/lspan. Loads applied at the slab center 
have an a/lspan = 0.5 and no shear demand difference between 
the front and back faces of the critical perimeter. Tests with 
lower av/dl have a 0 < a/lspan < 0.5 and a higher difference 
between the shear demand at the front and back faces of the 
critical perimeter, also called non-proportional loading of 
the punching perimeter. In other words, the tests with higher 
av/dl—and hence, higher a/lspan—benefit from the most 
balanced shear demand around the critical perimeter. Tests 
with lower av/dl fail when the most heavily loaded sides of 
the critical perimeter (between the front and back faces of 
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the load) reach their full capacity. In the tests S35B-2 from 
Reiβen10 (Fig. 4), for instance, the critical shear crack is 
visibly more clearly at the front face of the load, indicating 
that failure started at the front face.

Slab width-load size ratio bslab/lload
Figure 7 shows how the ratio of bslab/lload influences the 

sectional shear (Fig. 7(a)) and failure load (Fig. 7(b)) of 
one-way slabs under concentrated loads from Database A2. 
Figure 7 shows that the sectional shear at failure increases 
until a certain threshold when the ratio bslab/lload is increased 
(by increasing the width of the tested specimen). In the 
tests from Regan and Rezai-Jorabi46 and from Lantsoght,14 
the threshold value occurred when the slabs started to fail 
by punching instead of by one-way shear. In the tests from 
Reiβen,10 a change in the rate of increase of sectional shear 
(change in slope of lines) was observed when the failure 

mode changed from one-way shear to punching shear or a 
mixed failure mode.

These findings are in line with Lantsoght et al.36 and 
Reiβen,10 who observed that by increasing the slab width 
until a certain value, the shear capacity does not increase 
anymore, meaning that the effective contributing width to 
the sectional shear capacity has an upper limit. It can also 
be noted that the sectional shear at failure increased almost 
linearly with bslab/lload for the three experimental programs 
until a certain point. Notably, the threshold value for the tests 
from Regan and Rezai-Jarobi46 was reached for a smaller 
value of bslab/lload compared to the tests from Lantsoght14 and 
Reiβen.10 This occurs because the slabs tested by Regan and 
Rezai-Jarobi46 had a considerably lower thickness than those 
tested by the other authors (dl = 83 mm [3.24 in.] compared 
to dl = 265 mm [10.34 in.] on average). Therefore, it can be 
concluded that the transition from one-way shear failures to 

Fig. 6—Influence of shear slenderness av/dl on normalized: (a) sectional shear; and (b) failure loads for one-way slabs under 
concentrated loads using Database A1 with 75 test results.

Fig. 7—Influence of slab width-load size ratio bslab/lload on: (a) sectional shear; and (b) failure load of slabs under concentrated 
loads from Database A2. (Note: 1 kN = 0.225 kip; 1 MPa = 145 psi; 1 mm = 0.0394 in.)
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punching failures does not depend exclusively on bslab/lload, 
but also on the slab thickness.

EVALUATION WITH ACI SHEAR AND PUNCHING 
SHEAR PROVISIONS

The code provisions from ACI 318-1919 for one-way and 
two-way shear (punching) were modified in the last revi-
sion.19,48,49 Equations (2) to (4) depict the current expressions 
used to evaluate the nominal shear and punching resistances 
of reinforced concrete members without shear reinforcement 
(that is, shear stress per unit area along the control section 
or control perimeter). Between the main modifications: i) 
the size effect parameter λs was included in both shear and 
punching expressions; and ii) the longitudinal reinforcement 
ratio ρl was directly considered in the one-way shear equa-
tions48,49 (equations in SI units; fc′ in MPa; dl, davg, and b0 in 
mm).
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The one-way shear capacity of one-way slabs under 
concentrated loads is usually checked by assuming that a slab 
strip with a width equal to the effective shear width contrib-
utes to the sectional shear capacity Vc of the slab (Fig. 8(a)). 
The punching capacity Pc is usually checked by considering 
a control perimeter b0 contributing to the punching resis-
tance (Fig. 8(b)). Therefore, the shear and punching capaci-
ties are determined by

	 V v b dc predicted c shear eff l, ,= ⋅ ⋅ 	 (5)

	 P v b dc predicted c punch avg, ,
= ⋅ ⋅

0
	 (6)

For punching, the control perimeter b0 used shall be 
the smallest, considering the different layouts possible. 
Figure  8(b) shows some possible configurations for the 
control perimeter for a given load position. In practice, 
depending on the load position with regard to the free edges, 
slab width, and boundary conditions, one or another layout 
will govern. For example, the control perimeter with two 
sides is commonly the smallest for simply supported slabs 
with a reduced slab width (Fig. 8(b.2)). For loads close to 
a free edge, the control perimeter with three sides usually 
governs (Fig. 8(b.3)).

This study evaluated a set of one-way slabs under concen-
trated loads, including 143 test results from the literature, 
with the ACI shear and punching shear expressions (Data-
base B). The effective shear width (Fig. 8(a)) and control 
perimeter (Fig. 8(b)) required for such evaluations were 
defined according to previous recommendations and guide-
lines from the literature.2,50

Fig. 8—(a) Definition of slab strip or effective shear width beff that contributes to sectional shear capacity Vc based on litera-
ture review for: (a.1) simply supported and continuous slabs and (a.2) cantilever slabs; and (b) definition of possible control 
perimeters depending on load position and slab geometry for: (b.1), (b.2), and (b.3) simply supported and continuous slabs; 
(b.4), (b.5), and (b.6) cantilever slabs.
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Figure 9 shows that undesirable predictions were found 
for the shear and punching capacities predicted with the ACI 
318-19 code expressions.19 In Fig. 9, Vtest and Ptest repre-
sent the achieved sectional shear and achieved applied load 
at failure. Vpredicted and Ppredicted represented the predicted 
sectional shear and predicted punching capacity with the 
ACI 318-1919 expressions. For instance, the one-way shear 
capacity predicted for the slabs tested with av/dl < 3 could 
be overly conservative (Fig. 9(a)). Moreover, unsafe predic-
tions of sectional shear capacity could be found in tests with 
av/dl > 5, which typically failed by punching (Fig.  9(a)). 
When evaluating the punching capacity with the ACI 
318-1919 expressions (Fig. 9(b)), the predictions for tests 
with large slab width compared to the load size (bslab/lload > 
12.5) are satisfactory in safety and accuracy (1< Ptest/Pc,pre-

dicted < 2.5). However, for tests with bslab/lload < 12.5 that failed 
by punching (P) or a mixed mode between one-way shear 
and punching shear (WB+P), the predictions of punching 
capacity overestimated the tested capacity. This result is 
generally unsatisfactory because the punching expressions 
were devised to provide a conservative estimate of punching 
capacity (assuming reinforcement yielding at failure51). 
In practice, one-way shear and punching shear capacities 
must be evaluated together to determine the most critical 
applied load for a given slab (Fpredicted). This means that the 
load Fpredicted,shear correlated to the sectional shear capacity 
Vpredicted needs to be compared to the load Fpredicted,punching 
correlated to the punching capacity Ppredicted. This compar-
ison can be easily made, as shown in Fig. 9, by defining a 
strength ratio SR = max(Vtest/Vpredicted; Ptest/Ppredicted). This 
comparison helps define the most critical  relation between 
tested and predicted resistances. The reader should note that 
most publications do not discuss this aspect of the problem. 
In summary, it is not a problem for design or assessment 
if the predictions of one-way shear capacity are unsafe if 
the predictions of punching capacity are governing (which 
means predicting a safer load capacity). However, Fig. 9(c) 
shows that despite being on the safe side, most predic-
tions combining shear and punching predictions are overly 
conservative.

Therefore, there is a need for improved approaches, partic-
ularly for the sectional shear of one-way slabs based on the 
effect of parameters such as the shear slenderness av/dl.

PROPOSED APPROACH FOR ONE-WAY SHEAR 
CAPACITY PREDICTIONS

Two coefficients are proposed to be combined with the 
one-way shear expression from ACI. These coefficients 
were derived based on statistical regression analyses and 
the observations performed in the literature review. The 
coefficient μ1,shear is related to the improved shear capaci-
ties of members for concentrated loads close to the support, 
here assumed for distances av < 2dl. This factor considers 
the enhanced shear capacities due to the formation of direct 
compressive struts transferring the load directly to the 
supports beyond the inclined crack formation2,36 (arching 
action). The improved shear capacities are accounted for 
by multiplying the unitary shear capacities vc,shear from ACI 
318-1919 with the factor μ1,shear, as originally proposed by 
Regan52 and adopted in the European code17 and fib Model 
Code 201053
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For loads close to the support in slabs (for instance, av 
< 2dl), the one-way shear capacity could also be evaluated 
as the shear capacity of non-slender beams. For such cases, 
the ACI 318-1919 recommends using strut-and-tie models. 
However, three-dimensional models would be necessary for 
slabs under concentrated loads, which are not addressed in 
the code. Consequently, it is common to use the same equa-
tions devised for slender members to evaluate the one-way 
shear resistance of slabs.

The coefficient μ2,shear has two functions: i) it increases 
the effective shear width beff when av < 2dl based on the 
enhanced horizontal load spreading of shear forces for loads 
close to the support; and ii) it decreases the predicted effec-
tive shear width (beff,prop) for loads farther away from the 
support. The latter was necessary to avoid unsafe capacity 

Fig. 9—Relation between tested and predicted resistances for one-way slabs under single concentrated loads using 143 test 
results that failed by different mechanisms: (a) one-way shear predictions; (b) punching capacity predictions; and (c) combining 
predictions of one-way shear and punching shear capacities.
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predictions for tests that may develop punching failure 
mechanisms.37,54 Figure 10 shows the linear and non-linear 
regression analyses performed to derive the coefficient µ2,shear 
for different support conditions. Figure 10(a) represents the 
calibration of μ2,shear for the cantilever slabs (46 test results 
from Database B), and Fig. 10(b) depicts the calibration of 
μ2,shear for loads close to the simple or continuous support 
(97 test results from Database B).

Equations (8) and (9) give the semi-empirical factors 
μ1,shear and μ2,shear (dimensionless values) for the one-way 
shear expressions and beff,prop (SS is simple support, CS is 
continuous support, and CT is cantilever support). These 
coefficients are simplified from the results of the regression 
analysis.
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The sectional shear capacity using the proposed recom-
mendations is given by

	 V v b dc proposed c shear shear eff prop l, , , ,
= ⋅( )⋅ ⋅µ

1
	 (10)

PROPOSED APPROACH FOR PUNCHING 
CAPACITY PREDICTIONS

This study assumes that the punching capacity predic-
tions for one-way slabs under concentrated loads should be 
based on simple expressions, similar to those provided in 
the current ACI 318-19.19 Based on the literature review and 
statistical analyses, two aspects should be considered when 
evaluating the punching capacity with the ACI code expres-
sions: i) the enhanced nominal punching capacity in the 

portion of the control perimeter closer to the support (front 
face of the load) as originally proposed by Regan13; and 
ii) the lower contribution of the lateral sides of the control 
perimeter (parallel to the free edges of the slabs) (refer to 
Fig. 11).

According to the proposed approach, the punching 
capacity can be estimated by the following expressions

	
P v b d vc proposed c punch eff punch x avg c punch ef, , , , , , ,

= ⋅( )⋅ ⋅ +µ
1 0 1 ff

x avg c punch y punch avgb d v b d⋅ ⋅ + ⋅ ⋅ ⋅( )⋅ 
0 2 0 2

2
, , , ,

µ
	(11)

The contribution of the side b0x,2 can be neglected for canti-
lever slabs (Fig. 11(c)). The factor μ1,punch is equal to μ1,shear. 
The factor μ2,punch is derived based on statistical analyses and 
simplified to
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vc,punch,eff considers the influence of self-weight over the 
shear stresses on the critical perimeter55 in the span direc-
tion. This study assumes that in one-way slabs, the self-
weight acts only in the span direction and hence, it solely 
affects the shear stresses from the critical perimeter in the 
slab width direction55 (b0,x1 and b0x,2). Therefore, the distrib-
uted loads from the self-weight (vsw) are subtracted from the 
calculated unitary punching capacity (vc,punch) in the corre-
sponding edges from the critical perimeter (perpendicular to 
the shear span)

	 v v vc punch eff c punch sw, , ,= − 	 (13)

However, for the small-scale experimental slabs evaluated 
in this study, the effect of considering vc,punch,eff is negligible.

Fig. 10—Calibration of μ2,shear for: (a) cantilever slabs; and (b) slabs with concentrated load close to simple or continuous 
support.
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RESULTS
Figure 12 shows the relation between experimental and 

predicted resistances with the shear and punching expres-
sions from ACI 318-1919 to Database B. Using the proposed 
correction factors (μ1 and μ2) to estimate the sectional 
shear capacity Vpredicted improved the accuracy consider-
ably (Fig.  12(a)). The average ratio Vtest/Vpredicted changed 
from 2.09 with a coefficient of variation of 66.4% to an 
average ratio equal to 1.32 with a coefficient of variation 
equal to 17.5% (similar to the statistics from the one-way 
shear expressions applied to members loaded over the entire 
width49). The average ratio Ptest/Ppredicted changed from 
1.13 with a coefficient of variation of 29.5% to an average 
ratio of 1.42 with a coefficient of variation of 24.2% using 
the proposed factors. Therefore, both approaches led to 
improved levels of accuracy and precision, regardless of the 
governing failure mechanism.

DISCUSSIONS
Many publications related to one-way slabs under concen-

trated loads focus on evaluating only one of the possible 
shear failure mechanisms: the one-way shear failure as 
wide beams.9,18,34,35 Despite most of the tests being rated as 
failing in this way, looking at only one failure mechanism 
can induce some bias in the interpretations of test results 
and limit the understanding of the problem. Punching fail-
ures are frequently most critical when the shear slenderness 
av/dl > 5 (Fig. 9(a)) and the ratio bslab/lload > 12 (Fig. 9(b)). 
Therefore, this study tries to provide a most comprehensive 
look at the problem and warns that both one-way shear and 
punching shear failure mechanisms shall be discussed for 
such kinds of slabs. At this point, it is not critical to know 
from which value of av/dl, for instance, which failure mech-
anism governs, because both failure mechanisms shall be 
evaluated in design. Nevertheless, design approaches must 
consider that the governing failure mechanism and ultimate 
capacity can vary according to these parameters.

Fig. 11—Sides enhanced or disturbed due to ratio av/dl and bslab/lload: (a) simply supported or continuous slabs; and (b) canti-
lever slabs.

Fig. 12—Comparison between experimental and predicted resistances with ACI expressions with and without correction factors 
(μ) for: (a) one-way shear according to ratio av/dl; and (b) punching shear according to ratio av/dl.
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The detailed evaluation of the cracking pattern of one-way 
slabs under concentrated loads allowed the authors to identify 
the parameters that influence the transition between one-way 
shear and two-way shear failure modes. These parameters 
were mainly the shear slenderness av/dl and the slab width-
load size ratio bslab/lload. The effective depth (dl), the load 
eccentricity a/lspan, as well as the transverse reinforcement 
ratio ρt (refer to Appendix B) also lead to changes in the 
tested loads (Vtest and Ptest) and failure mode. However, the 
results did not follow a homogeneous behavior by varying 
the last parameter (ρt), so further research is necessary.

Previously, other studies demonstrated experimentally that 
for the case of slabs subjected to concentrated loads, there 
is a limiting width bslab after which no further increase in 
maximum load occurs for increasing width.10,14,46 However, 
the cause for the transition of the failure mode from one-way 
shear to punching was unclear. This study demonstrated 
by identifying the failure mechanisms of such slabs that 
punching failures tend to become more critical by increasing 
the bslab/lload. Consequently, a higher one-way shear capacity 
cannot be achieved if the test fails prematurely by punching. 
Moreover, it was shown that the bslab/lload for which the 
punching capacity becomes the weakest failure mechanism 
depends on the slab thickness. In this way, it is reason-
able that most approaches for defining the effective shear 
width14,53,54 do not predict a higher contributing width by 
increasing the slab width after a certain value of bslab.

Most approaches in the literature predict that the effec-
tive shear width increases as the shear slenderness av/
dl increases.12,53 If the shear slenderness is not considered 
in the unitary shear capacity expressions vc, the sectional 
shear capacities Vc will increase for increasing values of the 
shear slenderness av/dl. As first demonstrated by Reiβen,10 
this study also found a predominant tendency to decrease 
the shear capacity VFu by increasing the shear slenderness 
(Fig.  6(a)). However, if one considers a decrease in the 
unitary shear  resistance for increasing values of the shear 
slenderness av/dl,6,25 such as performed by Natário9 using 
the Critical Shear Crack Theory expressions,25 then it can 
be demonstrated that the effective shear width increases 
with the shear slenderness until certain limits. Because the 
ACI 318-19 code does not include the influence of the shear 
slenderness parameters in the shear and punching expres-
sions, it is more adequate to consider the effective shear 
width increases only until a certain point, usually within 
the region where arching action can favor the load transfer. 
After a certain value of av/dl, the effective shear width should 
decrease to avoid unsafe predictions of sectional shear 
capacity for slabs critical in punching.

Figure 12 shows that both one-way shear and punching 
shear expressions from the current ACI code can provide 
satisfactory predictions of the capacity when using appro-
priate approaches to define the effective shear width and 
the punching perimeter. However, it can be noted that the 
predictions of the sectional shear capacity (Vtest/Vpredicted) are 
more accurate and precise than the respective punching shear 
approach. In practice, this occurs because most tests failed 
as wide beams in one-way shear. The punching failures 
occurred only locally around the load on the front side of the 

load and differed from concentric punching failures. Conse-
quently, the approach based on the sectional shear capacity 
(which is based on the assumption of a local failure between 
the load and the support) is more consistent. In theory, the 
punching shear approach can also be calibrated to reach 
the same level of accuracy as the one-way shear approach. 
However, to achieve this, it would be necessary to include 
more parameters in the punching shear approach, such as 
the effective depth davg and the load eccentricity a/lspan. In 
this study, only two main parameters for both approaches are 
proposed for simplicity.

CONCLUSIONS
One-way slabs under concentrated loads may fail by 

one-way shear (as wide beams), punching shear, or a mixed 
failure mode between them. In the literature, the test results 
were frequently addressed by evaluating only the one-way 
shear failure mechanism9,18,34,35 or the punching shear mech-
anism.56 Therefore, the understanding of the problem was 
commonly discussed using a narrower background. In this 
study, the main characteristics of the one-way and two-way 
shear failure mechanisms were reviewed and discussed to 
allow a broader insight into the mechanics of the problem. 
Besides, comparative analyses were carried out using the 
ACI 318-19 code expressions with most traditional design 
rules to verify the sectional shear capacity and punching 
capacity of a database of test results. An enhanced approach 
to define the effective shear width and the effective shear 
resisting control perimeter was proposed. From this study, 
the following conclusions can be drawn:
•	 Different shear failure mechanisms may occur according 

to parameters such as the shear slenderness av/dl, slab 
width-load size ratio bslab/lload, and transverse reinforce-
ment ratio ρt. The authors identified that the first two are 
the most important parameters influencing the transition 
from one-way to two-way shear failure.

•	 From the literature review and by bringing together test 
results from several references, it was identified that: 1) 
both shear and punching failure modes may occur for 
av/dl < 3, but punching failures are most frequently the 
governing failure mechanism for av/dl > 5; 2) the tested 
shear capacity Vtest of slabs under concentrated loads 
usually does not increase by increasing the shear slen-
derness av/dl; and 3) punching is the governing failure 
mechanism for one-way slabs with bslab/lload > 12.

•	 The ultimate capacity of one-way slabs under concen-
trated loads increases only until a certain limit by 
increasing the ratio bslab/lload. This behavior occurs 
because there is an upper limit for the effective shear 
width, as verified by other authors,35,36 and also because 
punching failure becomes the governing failure mecha-
nism for slabs after a specific value of bslab/lload.

•	 While the transverse reinforcement ratio plays a marked 
influence on the cracking pattern and transverse distri-
bution of shear forces on the slab width, uniform conclu-
sions on the effect of this parameter could not be formu-
lated. Therefore, further experiments are required to 
study the influence of the transverse reinforcement ratio 
on the transition between shear and punching failures.
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•	 The proposed correction factor (μ1,shear) to account for 
the enhanced shear capacity of slabs under concentrated 
loads close to the support improved the precision of the 
one-way shear expressions from ACI 318-19 signifi-
cantly without the need for complex three-dimensional 
strut-and-tie models or finite element analyses. More-
over, the second factor related to the shear slenderness 
av/dl (μ2,shear) improves the predictions of the sectional 
shear capacity Vpredicted for tests that may be critical in 
punching. In this way, safe and accurate predictions of 
shear capacity can be achieved using only the one-way 
shear expressions, regardless of the most critical failure 
mechanism of the slabs.

In summary, the design and assessment of one-way slabs 
under concentrated loads must consider that shear and 
punching failure modes can occur. Moreover, the evalu-
ation of test results from the literature needs to be carried 
out more comprehensively by studying the governing shear 
failure mechanism, evaluating the corresponding sectional 
shear and failure loads, and linking these observations to the 
distribution of shear stresses around the load and near the 
support so that the mechanics of the problem can be better 
understood.
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Appendix A. GPR maps with variable scanning rates 
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Fig. A1. B06A: (a) 4 scans/ft; (b) 8 scans/ft; (c) 12 scans/ft; (d) 16 scans/ft; (e) 20 scans/ft 
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Fig. A2. B06S: (a) 4 scans/ft; (b) 8 scans/ft; (c) 12 scans/ft; (d) 16 scans/ft; (e) 20 scans/ft 
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Fig. A3. C08A: (a) 4 scans/ft; (b) 8 scans/ft; (c) 12 scans/ft; (d) 16 scans/ft; (e) 20 scans/ft 
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Fig. A4. B06V: (a) 4 scans/ft; (b) 8 scans/ft; (c) 12 scans/ft; (d) 16 scans/ft; (e) 20 scans/ft 
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Fig. A5. C07A: (a) 4 scans/ft; (b) 8 scans/ft; (c) 12 scans/ft; (d) 16 scans/ft; (e) 20 scans/ft 
 


