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Abstract. For concrete deck of large steel-concrete composite road bridges cracking occurs due to tension 
because of negative bending moments at the support area, at the same time traffic load with high wheel 
loads passes the deck spanning between transverse beams. They induce cyclic shear loading in the cracked 
concrete deck. In composite bridges the application of prefabricated concrete elements has led to 
economical designs with a benefit in construction time. In this case, the prefabricated concrete elements 
are supported by the transverse beams when the on-site concrete is poured. For this construction, the 
concrete is subjected to tension forces resulting from the global load-carrying effect, which needs to be 
superimposed with local effects as wheel loads acting as shear fatigue loading. In this paper, the fatigue 
strength of cracked concrete deck under tension and shear fatigue loading is discussed. 

1 INTRODUCTION 
In coming years numerous large road bridges with spans of 50 - 60 m and more need replacement in 

Germany. For this span range, steel composite structures proved to be an economical concept for the 
superstructures. Recently, pre-fabricated concrete elements have increasingly been used for the erection of 
the concrete deck leading to a more economic and faster manufacturing of the decks. In this case a 
transversely oriented steel structure is required to support the prefabricated concrete elements. One 
development in recent years, which is the focus of the research described here, is the arrangement of 
transverse beams also as cantilever for supporting the prefabricated elements and thus predominantly 
concrete decks spanning longitudinally. As an example of this construction Heidingsfeld viaduct is shown 
in Figure 1.  

  
Figure 1. Heidingsfeld viaduct (A3) in construction stage 

As a result of the global structural behaviour, for the design of composite bridges with transverse beams, 
the concrete deck is subjected to tension due to the negative bending moment in the support area. Due to 
the tensile stress in the concrete, cracks often appear over the entire height of the concrete deck even in the 
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serviceability state. These cracks are passed by cyclic wheel loads inducing transverse forces in the concrete 
deck. In this case, the global tensile effects in the deck need to be superimposed with local cyclic shear 
loading transferred between the cross beams. The results of a current research project funded by the 
Ministry of Transport and Digital Infrastructure [1] addressing this situation are presented in the paper. 

2 REINFORCED CONCRETE SLABS UNDER TENSILE STRESSES WITHOUT 
SHEAR REINFORCEMENT UNDER FATIGUE LOADING 

Whilst the static behaviour of cracked reinforced concrete decks without shear reinforcement under 
direct shear loading has already been investigated by an experimental test programme [2] and the 
corresponding rules were included in Eurocode 4 (EC4-2, 6.2.2.5 (3)) [3], the fatigue behaviour still needs 
clarification. The influence of vertical fatigue shear loading on the behaviour of cracked concrete decks has 
not yet been investigated sufficiently. Separation cracks are induced by tensioning of the concrete. As a 
result of repeated shear stress the state of the concrete may change, e.g. a failure starting from the tension 
cracks might be initiated. In addition, the cracks may reduce the dowel effect of the longitudinal reinforcing 
bars to a greater extent, and the bond zone between concrete and reinforcing steel may also fail. 

To determine the load-bearing behaviour of longitudinally reinforced concrete decks under tensile 
stress without shear reinforcement, a test matrix has been developed to determine S-N diagrams under 
vertical shear fatigue loading, see chapter 4. First, for each test series a static test is realised in order to 
determine the maximum load capacity and to compare the behaviour under static and fatigue loading. Then, 
fatigue tests are conducted in order to determine a S-N-diagram. The outcome of these tests will be further 
discussed in this paper. 

3 SHEAR STRENGTH OF REINFORCED CONCRETE MEMBERS WITHOUT 
TRANSVERSE REINFORCEMENT 

3.1 Mechanisms of the shear force transfer 
The shear force transfer in reinforced concrete members without shear reinforcement has several load-

bearing components that influence and superimpose each other. A number of publications and dissertations 
[2], [4], [5], [6] point out the following load-bearing effects, see Figure 2 and Figure 3: 

• Shear force transfer in the non-cracked concrete of the compression zone due to bending Vc,c 
• Dowel action of the longitudinal reinforcement Vc,d 
• Aggregate interlock forces Vc,r leading to crack interlocking 
• Residual tensile strength of concrete in the fracture process zone 
• Direct compression strut in the area of supports 

  

Figure 2. Bending shear crack in a beam without shear 
reinforcement according to [7] 

Figure 3. Mechanisms of shear force transfer according 
to [7] 
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3.2 Normative rules according to EN 1992 and 1994 
The verification of the fatigue strength of structural components of reinforced concrete without shear 

force reinforcement of EN 1992 [8], [9] is based on the CEB Bulletin 188 [10] and the fib Model Code 
1990 [11] and 2010 [12]. The rules are based on the assumption that the cracking behaviour under fatigue 
loading is similar to that under static loading. There is a relationship between static and alternating stress 
capacity, i.e. the verification under fatigue is carried out by a reduction of the static load-bearing capacity 
[6]. 

The static vertical shear force bearing capacity of a structural component without shear force 
reinforcement is calculated according to EN 1992-2 [8], [9] as given by equation (1). The influence of a 
normal force is considered in this equation by the stress σcp. 

VRd,c = �CRd,c∙k∙�100∙ρl∙fck�1/3
+ k1∙σcp� ∙ bw∙ d   (1) 

With a minimum of: 

VRd,c ≥ �vmin + k1∙σcp� ∙ bw ∙ d  (2) 

where:  
fck: Characteristic compressive cylinder strength of concrete at 28 days [N/mm²] 
k: k = 1 + √200 / d; d in [mm] 
d: effective depth of a cross-section [mm] 
ρl: ρl =  Asl  (bw∙d⁄ ) ≤ 0,02 [-]  
Asl: is the area of the tensile reinforcement, which extends (lbd + d) beyond the section 

considered 
bw: is the smallest width of the cross-section in the tensile area [mm] 
σcp: σcp = NEd  Ac⁄ < 0,2 ∙ fcd  

for tensile stress in composite members acc. to EN 1994-2 [3] (tensile stress σcp < 0):
 σcp = NEd  Ac⁄ > -1,85 N/mm²  
NEd: is the axial force in the cross-section due to loading or prestressing [N] (NEd > 0 for 

compression). The influence of imposed deformations on NEd may be ignored. 
Ac: Is the area of concrete cross section [mm²] 

The values of CRd,c, vmin and k1 are given in the corresponding National Annex. The recommended value 
for CRd,c is 0,18/γc that for vmin is given by eq. (3) and that for k1 is 0,15.  

vmin = 0,035 ∙k3/2 ∙ fck
1/2  (3) 

According to the German National Annex DIN EN 1992-1-1 NA [8] and EN 1994-2 [3]: The recommended 
value for CRd,c is 0,15/γc that for vmin is given by eq. (4) and (5) and that for k1 is 0,12.  

vmin = 0,525/γc ∙k3/2∙fck
1/2  for d ≤ 600 mm (4) 

vmin = 0,0375/γc ∙k3/2∙fck
1/2  for d > 800 mm (5) 

For 600 mm < d ≤ 800 mm interpolation is allowed.  
 
In EN 1992-2 [8], [9] therefore, the minimum and maximum shear forces occurring are related to the 

static vertical shear force bearing capacity. For structural elements without a shear force reinforcement a 
sufficient resistance to fatigue may be assumed, if the conditions according to equation (6) or (7) are met. 
By graphing the equations, a Godman diagram [8] is obtained that clearly displays the permissible ranges, 
as shown in Figure 4. 
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For VEd,min/VEd,max ≥ 0:  �VEd,max�
�VRd,c�

 ≤ 0,5 + 0,45 ∙ �VEd,min�
�VRd,c�

 ≤ 0,9 up to C50/60 
≤ 0,8 greater than C55/67 (6) 

For VEd,min/VEd,max < 0: �VEd,max�
�VRd,c�

 ≤ 0,5 - �VEd,min�
�VRd,c�

  (7) 

where: 
VEd,max: is the design value of the maximum applied vertical shear force under frequent load 

Combination 
VEd,min: is the design value of the minimum applied shear force under frequent load combination 

in the cross-section where VEd,max occurs 
VRd,c: is the design value for shear-resistance according to eq. (1) 

  
Figure 4. Godman-diagram according to EN1992 [8] Figure 5. S-N diagram according to the fib model code 

[11], [12] and Ueda/Okamura [15] 

The influence of tensile axial stresses (i.e. with cracked cross-sections) has not yet been considered in 
the verification under fatigue. Since neither experimental data nor a mechanical model are available, a more 
stringent verification of the crack width is currently required (see [13] and DIN EN 1994-2/NA, NDP to 
7.4.1 (4) [3]).  

3.3 S-N diagram according fib model code 1990 [11] and 2010 [12] and Ueda/Okamura [15] 
The fatigue check of reinforced concrete components without shear force reinforcement is considered 

to have been carried out if the number of load cycles during the service life n is less than or equal to the 
maximum tolerable number of cycles to failure N.  

n ≤ N (8) 

In Model Code 1990 [11] and 2010 [12], a linear relationship is assumed between the ratio of the 
maximum load to the static shear force bearing capacity and the number of failure cycles N, see Figure 5. 
The number of cycles to failure are determined as follows: 

log N = 10 ∙ (1 - Vmax Vref⁄ ) (9) 

where: 
Vmax: is the maximum shear force under the relevant representative values of permanent loads 

including prestress and maximum cyclic loading 
Vref:  Vertical shear capacity of a component without shear reinforcement; Vref = VRd,c 
 Model Code 1990: Vref = 0,12 ∙ ξ ∙ (100 ∙ ρ ∙ fck)1 3⁄  ∙ bred ∙ d  

Model Code 2010: VRd,c = kv ∙ �fck γc�  ∙ z ∙ bw  
ξ: ξ = 1 + √200 / d; d in [mm] 
ρ: Degree of longitudinal reinforcement  
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fck: Characteristic concrete compressive strength [N/mm²]  
(Model Code 1990: fck ≤ 50 N/mm²; Model Code 2010: √fck ≤ 8 N/mm²) 

bred: Width of the cross-section minus clamping channels [mm] 
d: effective depth of a cross-section [mm] 
kv: Components without significant normal force stress with fyk ≤ 600 N/mm², fck ≤ 70 

N/mm² and dg ≥ 10 mm (Level I):   

kv = 
180

1000 + 1,25 z 

Level II: 

kv = 
0,4

1 + 1500εx
 ∙ 

1300
1000 + kdg ∙ z 

kdg: kdg = 32
16+dg

 ≥ 0,75  

dg: Largest grain size of the aggregate [mm] 
z: lever arm z = 0,9 d 
εx: mid-depth strain at the control section;  

εx = 1
2∙ ES ∙ AS

∙ �MEd

z
 + VEd + NEd �1

2
± ∆e

z
�� ≤ 3,0 ∙ 10-3 

NEd: axial (normal) force (positive for tension) 
 
This approach was extended by Ueda and Okamura [15] on the basis of their own experiments to 

consider influences from the ratio R of the minimum to maximum load on the total number of cycles, see 
eq. (10). The relationship is shown graphically in Figure 5. 

log (Vmax Vref)⁄  = -0,036 ∙ (1 - R2) ∙ log N  (10) 

where: 
R:  R = Fmin/Fmax  

Fmin: minimum applied force under cyclic load 
Fmax:  maximum applied force under cyclic load 

4 EXPERIMENTAL TEST PROGRAM AND PROCEDURE 

4.1 Overview of the experimental tests 
For a more detailed investigation of the load-bearing behaviour of the cracked concrete slabs under 

vertical shear force loading, fatigue tests are conducted. 9 tests with identical geometry are tested under 
fatigue loading with variable stress ratio to define a basic S-N diagram (series S), see Table 1. In addition, 
a static test is also carried out allowing a direct link to previous research findings (see [2]). Based on the 
static test the applied load in the fatigue tests may be determined, as the fatigue strength is dependent on 
the static strength. All fatigue tests are conducted with a frequency of the transverse load of 3,5 Hz and a 
ratio of minimum to maximum applied load (R = Fmin/Fmax) of 0,1.  
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Table 1: Test series S: static and cyclic tests with varied parameters. 

Series number Axial stress R = Fmin/Fmax Maximum transverse load Fmax  Frequency f [Hz] 
S-01 σN = fctm Ac - Fult Static loading 
S-02 σN = fctm Ac 0,1 0,6* 

0,7 
3,5 

S-03 σN = fctm Ac 0,1 0,7 3,5 
S-04 σN = fctm Ac 0,1 0,7 3,5 
S-05 σN = fctm Ac 0,1 0,65 3,5 
S-06 σN = fctm Ac 0,1 0,6 3,5 
S-07 σN = fctm Ac 0,1 0,6 3,5 
S-08 σN = fctm Ac 0,1 0,65 3,5 
S-09 σN = fctm Ac 0,1 0,42* 

0,5* 
0,7 

3,5 

S-10 σN = fctm Ac 0,1 0,55* 
0,65 

3,5 

* This load level did not cause any signs of failure of the specimen. Thus, the loads were increased in order to initiate 
failure of the specimen. 

 

4.2 Geometry of the test specimens  
The aim of the tests is to cause shear failure of the test specimen. However, the shear and bending 

capacity depend on the same parameters such as concrete compressive strength, longitudinal reinforcement 
ratio and the geometry of the specimen [16]. Therefore, the load capacity of shear and bending failure are 
directly related. As a result, it is necessary to determine these parameters very carefully to really achieve 
shear failure. For this purpose, the geometry especially the shear slenderness a/d must be chosen in harmony 
with the longitudinal reinforcement ratio. In particular, the shear slenderness a/d should be in a range 
leading neither to a bending failure (a/d < 6) nor to a shear failure as a result of a direct compression strut 
into the support (a/d > 2,0 (EN 1992 [8], [9] or 3,0 [17]). 

Kani [17] compared the loads in case of shear 
failure and of bending failure. The quotient of 
flexural to shear failure can be given as a function 
of the longitudinal reinforcement ratio and the 
shear slenderness. The range, in which shear force 
failure becomes decisive, is referred to by Kani as 
the "valley of diagonal failure". In this case, the 
bending tensile reinforcement usually are not fully 
utilised.  

A similar procedure was carried out as a 
parametric study to determine the failure mode of 
the test specimens depending on the shear 
slenderness and the longitudinal reinforcement 
ratio. Thus, the failure mode may be determined for 
different levels of shear slenderness and ratios of 
longitudinal reinforcement. The utilisation may be 
calculated as a function of those, see Figure 6. In 
order to achieve the widest possible parameter 
range, a/d must be chosen as small as possible, but 
at the same time failure due to a direct compression 

 
Figure 6. Shear valley for the selected test specimen 

geometry as a function of the shear slenderness a/d and 
the longitudinal reinforcement ratio. [1] 

strut into the support should be avoided. Therefore, a/d has to be chosen as large as possible: a shear 
slenderness of a/d = 4 has been selected. 
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Finally, the reinforcement for the standard specimen is selected with 5 Ø 20 mm at 8 cm spacing 
according to ZTV-ING [18]. With the selected degree of longitudinal reinforcement, a shear failure can be 
assumed with a shear slenderness of 4. The final geometry of the test specimen (standard specimen, series S) 
is given in Figure 7. 

 
Figure 7. Geometry of the test specimen (standard specimen, test series S). 

4.3 Test procedure  
Prior to the start of the beam tests the compressive and tensile strengths were determined. Based on the 

tensile concrete strength the axial force was defined as N = 2 fctm AC. In the first step of the beam tests, the 
tensile axial force is introduced to the test specimen leading to separation cracks. Therefore, a completed 
crack pattern is achieved. Afterwards the test specimen is unloaded. In the next step, the normal force is 
increased to the planned axial force (for test series S: N = fctm AC) and kept constant during the rest of the 
test. Finally, the transverse load is increased stepwise up to the upper load limit during fatigue tests or until 
failure in static tests. In fatigue tests, the cyclic transverse loading is started afterwards. The upper load 
limit in the fatigue tests is determined based on the results of the static reference test.  

4.4 Experimental test setup 
Figure 8 shows the test setup. The axial tensile 

force as well as the shear load are applied to the test 
specimen by a frame construction. For the 
application of the axial tensile force, reinforcement 
rods with a rolled-up thread are used, that are guided 
through the test specimen and connected to the 
frame. The vertical shear load is applied to the 
centre of the test specimen via a portal frame with 
hydraulic cylinder, resulting in a symmetrical 
system with equal shear slenderness on both support 
sides. 

 
Figure 8. Test set-up 
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5 RESULTS OF THE BEAM TESTS OF SERIES S 

5.1 Static beam test S-01 
In a first step, separation cracks were generated under pure tensile stress and then relieved again. A 

tensile normal force of N = 2 fctm AC was applied in order to induce separation cracks. Separation cracks 
were generated at regular intervals and with a crack width of 0,2 mm. 

In the second step, the normal force was kept constant at N = fctm AC during the rest of the test. 
Subsequently the transverse load was applied. Figure 11 shows the deflection in mid span over the machine 
load (see Figure 9). Up to the maximum, the load was increased continuously (Figure 11, ①) and almost 
linear, until the maximum load was reached (Figure 11, ②). The shear crack occurred suddenly and 
without prior notice (see Figure 13). After the shear crack occurred, the load dropped. The load increased 
then again (Figure 11, ③). The strains with Fibre Bragg Grating-sensors (FBG-sensors) along the lower 
reinforcement layer increased strongly in the area of the shear crack (see Figure 10 and Figure 12, sensor 
D10). The loads were still transferred via the dowel action of the longitudinal reinforcement. Subsequently, 
a transverse crack occurred on the bottom of the specimen (see Figure 14), which led to the failure of the 
bond between the concrete and reinforcement and finally the failure of the specimen (Figure 11, ④). 

 
 

Figure 9. Measurement of the deflection in field centre. Figure 10. Measurement of the strain in the lower 
reinforcement. 

  
Figure 11. Load-deflection diagram (test S-01). Figure 12. Strain due to transverse loading in the lower 

reinforcement vs. deflection in field centre (test S-01). 
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Figure 13. Failure of test specimen S-01 (static test). Figure 14. View from below (test S-01). 

5.2 Fatigue beam tests S-02 to S-10 
In the fatigue tests, also separation cracks were generated in the first step by purely axial loading. A 

tensile axial force of N = 2 fctm AC was applied. Separation cracks were generated at regular intervals and 
with an average crack width of 0,2 mm. In the next step, the axial force was kept constant at N = fctm AC for 
the rest of the test. Subsequently the transverse load was applied in a cyclic constant amplitude mode. In 
the following, the course of test S-08 is presented exemplarily. Figure 15 shows the deflection in the centre 
span over number of load cycles. Before the first shear crack occurred at approximately 83.200 load cycles 
on side III, the deflection remained constant. When the shear crack occurred (Figure 15, ①), the deflection 
increased. The strain in the area of the shear crack increased strongly (sensor D06 in Figure 16). In the 
further course of the test, the deflection remained almost constant (Figure 15, ②), but the shear crack 
opening increased (see Figure 15). At approximately 666.455 load cycles, a second shear crack appeared 
on side IV, cf. Figure 17, leading strongly increasing deflections (Figure 15, ③) as well as the strains in 
sensor D10 (see Figure 16). Finally, also a transverse crack occurred at the bottom of the specimens leading 
to the failure of the bond between the reinforcement and concrete and thus the failure of the specimen (see 
Figure 18).  

  
Figure 15. Deflection in field centre vs. load cycles (test 

S-08). 
Figure 16. Strain in the lower reinforcement due to 

transverse loading vs. load cycles (test S-08). 
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Figure 17. Failure of test specimen S-08 (fatigue test). Figure 18. View from below (test S-08). 

6 ANALYSIS AND EVALUATION OF THE TEST RESULTS 

6.1 Failure mode and influence of separation cracks  
In the static test, the shear crack developed independently of the separation cracks. The failure mode 

corresponds to the results from the static tests of Ehmann [2]. Here the separation cracks are crossing the 
shear crack and are not influencing the path of the shear crack. For the corresponding conducted static test 
S-01 (see Figure 13), the same behaviour was observed. In the fatigue tests, the shear crack has also 
developed independently of the separation cracks (see e.g. Figure 17). A comparison shows, that the failure 
mode of the static and fatigue tests is similar. As a result, it may be assumed that the behaviour under fatigue 
loading is directly linked to static load capacity. Therefore, static and fatigue tests are evaluated together in 
the S-N-diagram.  

6.2 S-N diagram 
Figure 19 compares the test results in the S-N-diagram according to the fib model code 1990 [11] and 

2010 [12] and Ueda/Okamura [15]. The number of load cycles before the first shear crack is plotted on the 
vertical axis. It can be confirmed that [10], [11] represent a lower bound and [12] an upper bound for the 
number of load cycles: The test results lie between the two approaches. The test results also show a high 
scattering, which may also be due to the scattering in the static strength of each test specimen as the fatigue 
strength highly depends on the static strength.   

In Figure 19 some tests are referred to as "run-outs". This refers to the tests S-02, S-09 and S-10. The 
loading procedure of test S-09 is shown exemplary in Figure 20 as a force-time diagram. This test was 
started with an upper load of 42% of the static load capacity (0,42 Fmax/Fstat). When after 3 million load 
cycles no signs of failure were visible (Figure 20 ①), the load was increased to 0,5 Fmax/Fstat. Even at this 
level, no failure occurred either, see Figure 20 ②. Therefore, after 1,9 million load cycles, the load was 
again increased to 0,7 Fmax/Fstat, at which failure occurred (Figure 20 ③). The S-N-diagram in Figure 19 
shows the three load levels as individual tests, so that test S-09 is found at 0,42, 0,5 and 0,7 F/Fstat. In test 
S-10 and S-02 a similar scenario took place: with a maximum load of 0,55 (S-10) resp. 0,6 Fmax/Fstat (S-02), 
there were no signs of failure at 3 million (S-10) resp. 2,1 million load cycles (S-02), so the load was 
increased to 0,65 (S-10) resp. 0,7 Fmax/Fstat (S-02). Thus, test specimen S-10 resp. S-02 is both marked as a 
run-out at 0,55 resp. 0,6 F/Fstat and shown at 0,65 resp. 0,7 F/Fstat in Figure 19.  

Transverse crack
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Figure 19. S-N diagram according to the fib model code 

[11], [12] and Ueda/Okamura [15] with test results of 
series S from [1] 

Figure 20. Force-time diagram for test specimen S-09 

7 SUMMARY AND OUTLOOK 

In this paper, tests of reinforced concrete slabs under tensile stresses without shear reinforcement under 
shear loading were discussed. Fatigue tests as well as a static tests as reference tests were conducted. With 
the results of the static test, the fatigue loading has been specified, as it is directly connected to the static 
strength. The test results showed that the failure mechanisms under static and fatigue loading are similar: 
the separation cracks did not open during fatigue loading. The shear crack was crossing the separation 
cracks and had developed independently. Further, the test results were evaluated in S-N-diagrams according 
to the fib model code [11], [12] and Ueda/Okamura [15]. The comparison showed that the results lie in 
between both approaches. As a conclusion, the fib model code [11], [12] represents a lower limit function 
for the fatigue strength and Ueda/Okamura an upper one.  

Further tests with varying axial forces and longitudinal reinforcement ratios are underway. 
Furthermore, an additional test series with prefabricated concrete elements is going to be conducted soon. 
Also, additional tests are planned in order to analyse the effect of realistic varying loading conditions in 
bridges to check the applicability of the Palmgren-Miner-rule. 
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