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Abstract. Most existing deck slabs of concrete bridges show a lack of design shear capacity ac-
cording to the current european standard EC2-1 [1]. Retrofitting is hardly possible. Fortunately, no
structural failures of properly designed bridge decks are known. Thus, increasing the design shear ca-
pacity of bridge decks seems to be possible. This paper presents results from slab tests and statistical
evaluations of a shear database which justify a significant increase in design shear for concrete bridge
decks.

1 INTRODUCTION
Since not all existing bridge decks are de-

signed for today’s standard and theoretical load
scenarios and the costs of retrofitting are high,
research on the structural behaviour of RC slabs
without stirrups is of special interest. In differ-
ent european reasearch labs tests on RC slabs
without transverse reinforcement under concen-
trated wheel loads were conducted and the load-
bearing behaviour was analysed. The shear
force in the slab is dominated by the wheel
loads. The test results showed much higher
shear bearing capacities than compared to the
theoretical values vRd,c given by european stan-
dard EC2-1 [1].

vRd,c = CRd,c · k · (100 · ρl · fck)
1
3 · d (1)

with CRd,c = 0.12

The results of the specimens go along with
the fact that fortunately no structural failures
of properly designed concrete bridge decks are

known. A possible reason for the existing dif-
ferences in the value of resistance can be found
considering the basis of (eq. 1). The shear de-
sign of concrete structures without transverse
reinforcement according to EC2-1 [1] has been
verified by a statistical evaluation of a shear
database containing several hundreds of beam
tests [2]. While beams are statically determined
and show a brittle failure, concentrated loads on
RC slabs can be transferred to a greater area in
the slab. Thus, it is questionable whether the
results of beam experiments are applicable to
slabs which show a two-dimensional, statically
indeterminate structural behaviour.
The goal of the research presented in the fol-
lowing was to derivate an adjusted shear de-
sign model for RC slabs without transverse re-
inforcement under concentrated loads assisted
by testing. A database of RC slabs established
by Reissen in 2016 [3] and extended by Henze
in 2019 [4] was used. This paper focuses on the
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complexity of analysing the gathered database
information statistically and with respect to an
adequate reliability level. The design assisted
by testing method is based on the procedure
given in Eurocode 0 Annex D.8 [5].

2 TEST SERIES AT HAMBURG UNI-
VERSITY OF TECHNOLOGY

According to european standard EC1-2 [6]
bridge decks are subjected to uniformly dis-
tributed variable loads, which don’t exceed a
value of qk = 12 kN/m2 combined with wheel
loads ofQk = 150 kN . The latter dominates the
internal shear force. In addition, the distance
between the wheel load and the support influ-
ences the shear bearing capacity due to a direct
load transfer in the support region, which is de-
fined by a shear slenderness of av/d < 2.0 ac-
cording to EC2-1 [1]. Thus, in 2017 a test series
with 14 full-scale cantilevered slabs (3.25m ×
4.50m, thickness h = 0.25m, effective depth
d = 0.215m) without transverse reinforcement
has been conducted at the Hamburg Universi-
tiy of Technology (TUHH) to study the load
bearing behaviour [7]. The slabs were stressed
by 1 and 2 block loads with a contact area of
0.4m× 0.4m (figure 1).

Figure 1: Test specimen at TUHH.

Since the location of the load relative to the
support was assumed to have a significant im-
pact on the load-bearing capacity (see figure
1) the most effective approach to analyse the
structural behaviour of the slab was to merely
varify the ratio av/d. Thus, wheel loads with
a ratio of av/d = 1 . . . 6 were subjected to the

cantilevered RC slabs.
All specimens provided significantly greater
load bearing capacities than the design value for
shear resistance according to the standard [1].
For all single loads outside of the support re-
gion the maximum load was approximately
Fu = 500 . . . 600 kN . Moreover the tested
slabs didn’t fail in the support region, as as-
sumed in common bridge design, but close to
the block load. In this way, the structural failure
appears to be very similar to punching.
Figure 2 shows the crack patern of a can-
tilevered slab loaded by a concentrated force
with av = 5 d. The area of the fracture is domi-
nated by the oblique cracks. Therefore the area
of fracture is significantly higher on the bottom
side of the slab than on the upper side.

Figure 2: Crack patterns of a cantilever slab loaded by a
block load with av/d = 5 [7].

The test series led to the conclusion that
an increase of the theoretical shear resistance
according to eq. 1 should be possible. To
transfer this assumption to a theoretical resis-
tance model the existing factor CRd,c is ad-
justed. Also, since RC slabs fail locally due
to shear, the relevant design section should be
shifted from the support to a section close to the
concentrated load itself. The modified verifi-
cation method is predominantly based on these
two conclusions. Other relevant research results
were used as criteria to refine the given database
by Reissen [3].
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3 STATISTICAL EVALUATION OF A
DATBASE

So far there was no method derived that al-
lowed an augmented shear resistance for RC
slabs without stirrups under concentrated loads
with respect to an adequate reliability level. The
analysis below describes the main ideas behind
the approach to adjust the resistance model us-
ing design assisted by testing method according
to EC0 Annex D.8 [5]. Also, difficulties of the
procedure and limitations for a general use are
outlined.

3.1 Database
Reissen established a database ’KONP1’

with 184 slab tests in 2016 [3] containing in-
formation about the structural system, mea-
surements of the specimens, subjected loads,
concrete properties and ratio of reinfocement.
Henze extended this database by 14 additional
tests [9]. For the statistical evaluation, in a first
step, the extended database is refined by en-
gineering and statistical criteria taking particu-
larly the research results from the TUHH into
account.

3.2 Procedure
Before the actual reliability evaluation can

be conducted it is necessary to overcome uncer-
tainities by defining criteria from an engineer-
ing point of view and by means of statistical
tests. The refined database can then be used to
statistically determine a resistance model with
regard to reliability. Thus, the analysis basically
consists of 3 steps:

1. Development of a design model accord-
ing to eq. 1 based on research results.

2. Collection and evaluation of available
data using engineering and statistical cri-
teria.

3. Evaluation of a sufficent reliability level
of the modified design method.

The steps 1 and 2 are presented in figure
3. Beside statistical criteria the relevant design

section must be defined. Since the failure ap-
peared locally close to the block load a section
in 0.5 d distance from the edge of the load to
the support was chosen [4] whereas d defines
the effective depth of the slabs.

research results
test series at TUHH, 2017 (14 tests)

adjusted checking model for shear

database on RC slabs
Reisen (2016), Henze (2018) (198 tests)

distincly higher shear
bearing capacities

local failure

relevant design section (0.5d from block load)

action effects:
internal 

shear force (leFEM)

modified
shear resistance

engineering criteria (45 tests) 

statistical criteria

goodness-
of-fit

statistical
outliers

analysis of
variances

refined database on RC slabs
(37 tests)

Figure 3: Floatchart for an engineering and statistical
evaluation of a database for reliability analysis.

The internal shear force vFEM can be
specified using linear-elastic FE-method (shell
model) with a finite element size that does not
exceed a length of 10 cm or 0.5 d. Non-linear
FE calculations are not permitted. For the sub-
sequent evaluation of reliability the ratio γ ac-
cording to eq. 2 is analysed. vRd,c is the theo-
retical shear resistance defined by eq. 1.

γ =
vFEM
vRd,c

(2)

3.3 Engineering selection citeria
When deriving a design model assisted by

testing several uncertanties have to be consid-
ered and deminished by engineering criteria.
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First of all, one has to select tests which are well
performed and well documented. Further, some
uncertainties that are not necessarily captured
by objective statistical analysis methods but im-
pact the overall result of the reliability analysis
can e.g. derive from different failure modes of
the specimens. To overcome such or other sys-
tematic failures, research information and other
engineering background knowlege is used to re-
fine the given database ’KONP1’ [3]. To cap-
tion the two-dimensional load transfer the RC
slabs must have a minimum width of more than
b = 2.40m. To additionally reduce uncertain-
ties due to size effects only specimens with a
slab thickness of h = 0.20m are taken into
account. Another important factor that influ-
ences the load bearing behaviour is the direct
load transfer close to support. The research re-
sults at TUHH showed a direct load transfer for
a ratio av/d < 3.0 [4]. Thus, tests with a shear
slenderness av/d < 3.0 are excluded. It has to
be noted that according to the european stan-
dard [1] the region for the direct load transfer
is significantly smaller. At last, tests that are
influenced by edge distance or have staggered
reinforcement are neglected. In table 1 all engi-
neering requirements are listed .

Table 1: Criteria for engineering selection

No. criteria
KONH1 b ≥ 2.40m
KONH2 h ≥ 0.20m
KONH3 av/d ≥ 3.0
KONH4 no influence of edge distance
KONH5 reinforcement not staggered

The selection criteria were fulfilled by 45
specimens from 6 different test series. Thus, the
following research labs were of special interest
for the reliabilty evaluation.

• Muttoni, A.; Rodriguez, R. V.: Lausanne,
2006 (10m×4.20m haunched cantilever
slabs; 1 or 2 block loads) [10]

• Rombach, G. A.; Latte, S.: Hamburg,
2011 (3.0m × 3.0m single-span slabs

with cantilevers; 1 block load and line
load) [11]

• Hegger, J.; Reissen K.: Aachen, 2013,
2016 (single-span slabs and single-span
slabs with cantilevers, partly haunched;
1 block load, partly with line load) [3],
[12], [13], [14]

• Natario, F.; Muttoni, A.: Lausanne, 2014
(3.0m×3.0m two sided cantilever slabs;
1 block load) [15]

• Rombach, G.A.; Henze, L.: Hamburg,
2017 (4.50m × 3.25m cantilever slabs;
1 or 2 block loads) [7]

3.4 Statistical selection criteria
Additionally to engineering criteria an ob-

jective statistical examination of the database
is conducted (see also [16]). The underly-
ing distribution function of samples of tests
is not always distinctly derivable. The EC0
Annex D.8 procedure [5] relies on normal or
lognormal distribution for all variables. Thus,
the hypothesis whether the specimens of one
research lab can be described by the normal
distribution is checked using a goodness-of-fit
test. Overall the refined database consists of
45 test specimens, while the number of speci-
mens from the same research lab varies from 1
to 11. Goodness-of-fit tests for small samples
can be checked using the Kolmogorov-Smirnov
test (KS-test) with concideration of the work of
Lilliefors or Abdi and Molin [16]. The tables
according to Adbi and Molin [18] have to be
used to define the critical value Z since mean
and standard deviation of the samples are used
instead of values of the basic population.
To execute the KS-test the relative bearing ca-
pacities γ = vFEM,i/vRd,c,i of a sample are
taken. By means of a rank two cumultative fre-
quencies Fj,i−1 andFj,i (eq. 3, 4) can be esti-
mated.

Fj,i−1 =
(i− 1)

nj
(3)

Fj,i =
i

nj
(4)
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It is then examined whether the frequency dis-
tribution of the normal distribution Φ(uj,i) is in
between the range defined by the cumultative
frequencies. The null hypothesis can not be re-
jected if the maximum deviation z calculated
according to eq. 5 does not exceed the critical
value Z.

z = max

{
|Fj,i − Φ(uj,i)|
|Fj,i−1 − Φ(uj,i)|

(5)

The critical value Z depends on the sample size
and a defined confidence level of 1 − α = 0.95
for a two-sided test. Table 2 shows the results
of the KS-test and the critical values according
to Abdi and Molin [18].

Table 2: Statistical data for all research labs

Sample nj µj σj z Z
Rodriguez 2006 5 2.81 0.56 0.273 0.343
Rombach 2009 1 - - - -
Natario 2014 8 2.46 0.16 0.175 0.288
Hegger 2013 10 2.91 0.45 0.161 0.262
Reissen 2016 11 2.81 0.48 0.176 0.251
Henze 2017 10 2.46 0.38 0.193 0.262

The null hypthesis can not be rejected for any
of the samples, hence all 45 tests remain in the
database.
Additionally, it is tested whether the maximum
or minimum value of a test series differs signif-
icantly from the other specimens. The test for
statistical outliers by Grubbs with the use of eq.
6 is conducted [19]. Especially outliers caused
by measuring errors can be detected with this
test [16].

zj,min =
µj − xj,min

σj

zj,max =
xj,max − µj

σj
(6)

At last, it is statistically tested whether all test
samples belong to the same population. There-
fore means µj and variances σ2

j of the samples
are tested for significant differences. Here the

Bartlett-test in combination with the F-test is
used [16]. While the null hypothesis cannot be
rejected for the Bartlett-test, the F-test leads to
the result, that the distribution of the test series
conducted by Natario [15] shows a significantly
different variance σ2

j and needs to be excluded
from the other samples (see also table 2). As
a result, 8 test specimens are not further con-
sidered. The remaining 37 tests can be merged
to form the database for the reliability analysis.
The statistical data is given in table 3.

Table 3: Statistical data of the refined database

n = 37 µ = 2.75 σ = 0.47
v = 0.17 x5% = 1.98

3.5 Evaluation
Subsequent to the before mentioned analysis

of the database the reliability analysis can be
conducted. The refined database mainly con-
sists of type d) tests in which uncertainties of
the resistance model are analysed. For these
types of tests the shear design assisted by testing
procedure given in EC0 Annex D.8.3 [5] can be
applied. Relevant steps are presented in figure
4. The ratio γmod = vFEM/vRd,c,mod is anal-
ysed. Thus in step 1 and 2 the experimental val-
ues re,i are compared to the theoretical values
rt,i given by eq. 1. The evaluation of beam tests
according to ACI database [2] to validate the
shear resistance relies on the fact that the design
shear capacity is defined as the 5%-quantile of
the mean internal forces of all tests. The 5%-
quantile of the modified safety factor then dis-
plays the target value of 1.0. Using this infor-
mation the factor CRd,c is modified by the 5%-
quantile value x5% to define rt,i = vRd,c,mod,i.
The follwing two equations present the trans-
formation into the further regarded ratio γmod.

x5% = µ− 1.645 · σ = 1, 97 (7)

γmod =
vFEM

x5% · vRd,c
=

vFEM
vRd,c,mod

(8)

In [2] another factor xAb is added to consider
that the database of RC beams is not exactly de-
scribed by the normal distribution.
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Figure 4: Flowchart for design assisted by testing method
given by EC0 Annex D.8.3. [5].

Exactly 5% of the test specimen should dis-
play failure. This factor is not needed for the
research presented here since it was made sure
by hypothesis testing, that the test results can be
displayed by the normal distribution. If the tests
conducted by Natario [15] were included, a fac-
tor xAb = 1.025 would be calculated. A linear
regression is conducted only for the factorC∗Rd,c
of the existing function according to eq. 1. It is
not examined whether other basic variables are
presented correctly in the function for vRd,c.
While in step 3 and 4 the variation of the test re-
sults are estimated, another important step dur-
ing the EC0 reliability analysis is the evalua-
tion of compatibility of the theoretical function
compared to the test results. Deviations be-
tween test points and the funtion re = b · rt
define the scatter.
In figure 5 it can be seen that the test results
scatter around the modified theoretical value
with a variance of Vδ = 0.171, a usual value.

Figure 5: Scatter of the test points (re,i, rt,i).

This scatter arises mostly from inconsisten-
cies in the empirical formula eq. 1 for shear.
(German Committee for Reinforced Concrete
vol. 617 [2]: Vδ = 0.198; vol. 515 [16]:
Vδ = 0.174)
In the following step 6, the coefficent of varia-
tion for the basic variables needs to be defined.
Here the use of prior knowlege is reasonable,
since the basic variables used in the database do
not properly display the statistical population.
The table in step 6 (figure 4) shows classical
standard deviations according to [2] and [20]
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that are used for the reliabilty evaluation. At
last, in step 7 to 9, the characteristic and design
values are calculated using the coefficients of
variation of the errors Vδ and the basic variables
VX,i which for small values can be combined
after their linear regression as shown in eq. 9.

V 2
r = V 2

δ + [(
1

3
· Vfcm)2 + (

2

3
· Vd)2] (9)

Based on the Probabilistic Model Code of the
JCSS [21] a safety index of β = 4.4 for brit-
tle failure is used to calculate the design value
r∗d. In the last step 9, a specific safety factor for
shear resistance is calculated and used to define
the finally modified factor C∗Rd,c.
The reliability analysis results in a modified fac-
tor C∗Rd,c = 0.161 which is 34% greater than the
standard value CRd,c = 0.12. Including the test
series of Natario [15], a slightly higher factor of
C∗Rd,c = 0.168 was calculated due to a smaller
standard deviation for this test series.

4 CONCLUSIONS
The reliability analysis of a database of RC

slabs without transverse reinforcement under
concentrated single loads consists of three ma-
jor steps: gathering of research data, refinement
of the test data by means of engineering and
a statistical criteria concluded by a reliability
analysis.
By means of well-defined engineering criteria
(153 tests sorted out) combined with additional
statistical methods (further 8 tests sorted out)
the amount of data can be selected for a reli-
ability analysis. The function vRd,c according
to EC2 [1] (see eq. 1) was analysed using the
design assisted by testing method given in EC0
Annex D.8.3 [5]. As a result, the factor CRd,c =
0.12 according to the standard can be increased
by 34 % to a modified value C∗Rd,c = 0.16.
As in all statistical evaluations the approach
should only be considered valid for the parame-
ters covered by the database, which are amongst
others defined by the criteria in Table 2. Addi-
tionally other loads on the RC slabs must be low
compared to the single load. The slabs should
have a reinforcement ratio of ρl = Asl/(b · d) ≈

1%.
The shear resistance of concrete bridge decks
under wheel loads could be enhanced signifi-
cantly by means of statistical investigations and
consideration of reliabilty. The presented inves-
tigations led to a more economic and more real-
istic design rule.

REFERENCES
[1] EN 1992-1-1:2004. Eurocode 2: Design

of concrete Structures - Part 1: General
rules and rules for buildings.

[2] Reineck K.H., Dunkelberg D. 2017: ACI-
DAfStb databases 2015 with shear tests
for evaluating relationships for the shear
design of structural concrete members
without and with stirrups. German Com-
mittee for Reinforced Concrete, vol. 617,
Berlin.

[3] Reißen, K. 2016: Zum Querkraft-
tragverhalten von einachsig gespannten
Stahlbetonplatten ohne Querkraftbe-
wehrung unter Einzellasten. Phd. Thesis,
RWTH Aachen.

[4] Henze, L. 2019: Querkrafttragverhal-
ten von Stahlbeton-Fahrbahnplatten. Phd.
Thesis, Hamburg University of Technol-
ogy.

[5] EN 1990:2002/A1:2005. Eurocode - Basis
of structural design

[6] EN1991-2: 2003. Eurocode 1: Basis of
design and actions on structures - Part 2:
Traffic loads on bridges

[7] Rombach G., Henze L. 2017. Test of RC-
slabs under concentrated loads close to
support - test series 2015-2017. test re-
port (in German), Hamburg University of
Technology, DOI: 10.15480/882.1443.

[8] Reineck, K.- H., et al. 2013. ACI-DAfStb
database of shear tests on slender rein-
forced concrete beams without stirrups.
ACI Structural Journal Vol. 110, Issue 5,
pp. 867 -48.

7



Günter Axel Rombach, Maike Harter and Lukas Henze

[9] Rombach, G. and Henze, L. 2017. Shear
capacity of concrete slabs without shear
reinforcement under concentrated loads
close to support. in: FIB Symposium
2017: High tech concrete: Where technol-
ogy and engineering meet, pp. 676-683.
(Hordijk D.A., Lukovic M. (ed.), Maas-
tricht.

[10] Muttoni, A., Vaz Rodrigues, R. 2006.
Large scale tests on bridge slab can-
tilevers subjected to traffic loads. FIB
Congress June 5-8: Session 3, ID3-36
Naples, Italy.

[11] Latte, S. 2011. Zur Tragfähigeit von
Stahlbeton-Fahrbahnplatten ohne
Querkraftbewehrung. Phd. Thesis,
Hamburg University of Technology, DOI:
10.15480/882.1052.

[12] Reißen, K., Hegger, J. 2013a. Experi-
mentelle Untersuchung zur mitwirkenden
Breite für Querkraft von einfeldrigen
Fahrbahnplatten. Beton- und Stahlbeton-
bau, vol. 8, no. 2, pp. 96-103.

[13] Reißen, K., Hegger, J. 2013b. Experi-
mentelle Untersuchungen zum Querkraft-
tragverhalten von auskragenden Fahrbah-
nplatten unter Radlasten. Beton- und
Stahlbetonbau, vol. 8, no. 5, pp. 315-324.

[14] Reissen, K., Claßen, M. and Hegger, J.
2017. Shear in reinforced concrete slabs
- Experimental investigations in the ef-
fective shear width of one-way slabs un-
der concentrated loads and with different
degrees of rotational restraint. Structural
Concrete, pp. 1-13.

[15] Natário, F.; Fernández Ruiz, M., Muttoni,
A. 2014. Shear strength of RC slabs un-
der concentrated loads near clamped lin-
ear supports. Engineering Structures (76),
pp. 10-23.

[16] Staller, M. A. 2001. Analytische und
numerische Untersuchungen des Durch-
stanztragverhaltens punktgestützer

Stahlbetonplatten. German Committee for
Reinforced Concrete, vol 515, Berlin.

[17] Massey, F.J. 1951. The Kolmogorov-
Smirnov test for goodness of fit. Journal of
the American Statistical Association, vol.
46, pp. 68-78.

[18] Abdi, H., Molin, P. 2007. Lilliefors/ Van
Soest’s test of normality. Encycloedia of
Measurement and Statistics, pp. 540-544.

[19] Grubbs, F. E. 1950. Sample criteria for
testing outlying observations. Annals of
Mathematical Statistics, vol. 21, pp. 27 -
58.

[20] Hegger, J.; Beutel, R., Hoffmann S. 1999:
Statistische Auswertung von Versuchen
– Beurteilung von Bemessungsansätzen.
Beton- und Stahlbetonbau, vol. 94, no. 11,
pp. 457 – 465.

[21] Faber, M. et al. 2001: Probabilistic
Model Code Part I - Basis of design.

8



Günter Axel Rombach, Maike Harter and Lukas Henze

SYMBOLS
Latin letters

av distance between the edge of the
wheel load and the support

Asl cross sectional area of reinforce-
ment

b width of the cross section
d effective depth of the cross
fck characteristic compressive cylinder

strength of concrete
Fj,i−1 lower cumultative frequency
Fj,i upper cumultative frequency
Fu ultimate load
h depth of the cross section
i rank
k coefficient
kn characteristic fractile factor for a

sample
kd,n design fractile factor for a sample
n number of specimens
qk characteristic uniformly distributed

variable action
Qk characteristic variable single action
Q =

√
ln(V 2 + 1)

r function for the resistance
re experimental resistance value
rt theoretical resistance value
v variance
vFEM internal shear force
V coefficient of variation
Vr overall coefficient of variation for

reliability analysis
xj test value of the sample
x5% 5%-quantile
xAb factor to achieve 5% failure for all

test specimens
z calculated value of the regarded

sample for different statistical tests
Z critival value for different statistical

tests (KS-test, Grubbs, F-test)

Greek letters

αx weighting factor
β reliability index
γ relative load-bearing capacity
γr corrected partial factor for resis-

tance
δ error term
∆ logarithm of the error term δ
∆̄ estimated value for ∆
µj mean of sample results
ρl = Asl/(b · d) reinfocement ratio
σj standard deviation from sample re-

sults
Φ(uj,i) cumultative distribution function of

the standard normal distribution

Indices

d design value
i . . . n number of specimens
j . . . n number of test series
k characteristic value
min minimum value
max maximum value
mod modified
rt resistance
X basic variable
δ error term
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