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Abstract

Concrete hinges can withstand extremely high loads and rota-
tions, while requiring only minimal maintenance. Their use is 
widespread, mainly in bridge construction, but they also find 
applications in the prefabrication of tunnel segments. With the 
right design and implementation, they can meet the highest re-
quirements for the durability and resistance of a structure. How-
ever, the existing models and design procedures are relatively 
outdated. The models are based solely on empirical assump-
tions, whereas the shear resistance of the joint itself plays only 
a marginal role. The following paper aims to compare existing 
design models against experimental results in order to find the 
most suitable design approach that reliably captures the perfor-
mance of a hinge under a shear load. An experimental program 
was developed in which 9 samples of concrete hinges were test-
ed for different levels of axial loads and degrees of reinforce-
ment. The results of the experiments were then compared with 
the selected design models, and a numerical nonlinear analysis 
was conducted. 
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1 INTRODUCTION 

The shear resistance of concrete structures is a heavily debated is-
sue, especially for common structures, such as slabs or beams. Corre-
spondingly, a vast number of experimental programs and regulations 
for the design of these structures exist. Shear failure is one of the most 
dangerous types of failures due to its brittle nature and the possible 
progressive collapse of a whole structure, particularly when the fail-
ure occurs prior to the yielding of the main reinforcement. In bridg-
es, concrete hinges are often treated as a secondary structure, so that 
sufficient attention is not dedicated to their design. One of the reasons 
for overlooking their design is the fact that during a standard work-
ing load of a bridge, the shear force applied to a hinge is several times 
lower than the axial and bending inner forces, although this may not 
apply to extraordinary design cases, such as a seismicity design. 

The main problem is that all the existing design models are main-
ly based on empirical parameters and lack a clear physical substance. 
The main emphasis is placed on determining the limit rotation and the 

bending resistance. The shear resistance, however, is calculated only 
as a fraction of the limits of the axial resistance.

The existing design approaches can be divided into four catego-
ries based on their foundational design model. The first substantial 
category comprises regulations based on the Leonhardt model (Marx 
and Schacht, 2010), which includes a German model, the Dutch NEN 
6723 regulation (NEN: NEN 6723, 1995); and the Swedish BVVVTK 
Bro 08 regulation (BVVVTK Bro 08 VV, 2008). The British CS 468 
regulation (formerly BE 5/75) slightly differs from the German mod-
el and represents a more conservative design approach (CS 468, 
2020). The last two categories consist of the M. Herzog model (Her-
zog, 2005) and the French Règles BAEL 91 model (Règles BAEL 91, 
1999). None of the models listed above derive their shear resistance 
from their structural or material strength, but base their definition on 
the maximum allowable shear stress. This value depends only on the 
axial force at the hinge throat regardless of the geometry, reinforce-
ment or material properties. An overview of the design formulas ac-
cording to the individual models is given in the following table:
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According to the overview in Table 1, only the M. Herzog model 
takes into consideration the geometry and reinforcement of the hinge 
throat to some extent. The calculation of the resistance according to 
these models does not correspond with today’s European standards or 
the current state of knowledge in the field of the shear resistance of 
concrete structures.

Based on the current state of the knowledge and with regard to the 
nature of the redistribution of the stress and failure mode during the 
shear loading of a concrete hinge, it is possible to use a theory hereinaf-
ter referred to as the “extended shear friction theory” (ESF) (Fib. Special 
Activity Group 5, 2011). This theory takes into account all the relevant 
mechanisms involved in the transfer of the shear forces in a shear crack. 
These include the adhesive bonds, aggregate interlocking, friction, and 
dowel effect of the reinforcement. The contribution of these mecha-
nisms to the overall resistance is a function of the shear slip in the crack, 
degree of reinforcement, and surface roughness. Depending on these pa-
rameters, at least two main scenarios can be distinguished for a design.

– Scenario 1: Brittle behaviour (“rigid” bond-slip)

	 	

This type of failure usually occurs at unreinforced or poorly re-
inforced interfaces, where the degree of reinforcement ranges from 
0 ≤ ( ≤ 0.05%. At small values ​​of a shear slip, the contribution of the 
adhesive bonds and friction dominate, while the contribution of the 
reinforcement and friction is almost negligible. With an increasing 
deformation, the effect of the adhesion rapidly decreases. The lim-
it value of the slip in this case is 0.05 – 0.1 mm. After exceeding this 
limit, the aggregate and cement matrix in the crack is mostly lost. In 
the case of unreinforced interfaces, the failure occurs around these 
slip value limits. The resulting collapse is sudden and brittle. The 
Coulomb shear friction hypothesis can be used as an appropriate fail-
ure criterion to describe the resistance resulting from the friction and 
adhesive bond, the latter of which is reasonably related to the tensile 
strength of the concrete in design Eq. (1) (Randl, 2013).

	 TRd = ca 
. fctd + μδn ≤ 0.5 . υ . fcd	 (1)

Where:
ca 	 is the coefficient of the adhesive bond 
fctd 	 design tensile strength of the concrete, fcd = fck /γc
υ 	 reduction factor for the strength of a diagonal concrete strut,
υ 	 = 0.55.(30 ⁄ fck)

1⁄3 v (MPa)
μ 	 – friction coefficient of shear interface
δn 	� – compressive stress due to external normal force (mini-

mum guaranteed value)

Tab. 1 Shear resistance according to the existing design models

Model type Label Reinforcement Shear resistance

German model – F. Leonhard
Dutch model – NEN 6723
Swedish model -BVVVTK Bro '08

VR,N
VR.N

If: V ≥ 0.125 N

British model – BE 5/75 VR.B -VR.B

French model - BAEL 91 modifiées 99 VR.F - VR = 0.25 N

M. Herzog model VR.H -

where: a is the length of the hinge throat
N - normal axial force at the hinge throat
fyk - yield strength of the reinforcement 
As – area of reinforcement at the hinge throat

The values of the adhesive bond coefficient vary between 0.025–0.5, 
depending on the roughness of the shear interface. For reinforced inter-
faces, if the adhesive bond breaks down due to high shear loading, Sce-
nario 1 is no longer applicable, and the design approach according to 
Scenario 2 therefore must be used. The adhesion and interlocking effect 
are replaced by three components, namely, the friction, the aggregate in-
terlocking, and the bending resistance of the reinforcement at the inter-
face (Randl, 2013).

– Scenario 2: Ductile behaviour (“non-rigid” bond-slip)

	 	

In this scenario a ductile failure can be observed, and a “non-rigid” 
bond slip occurs. In this case the shear resistance consists of several 
components. The contribution of the reinforcement or connectors in the 
interface slowly activates with the increasing deformation. With large 
slips, the resistance even increases due to the “kinking effect” of the 
reinforcement. The failure of the reinforced interface has a more duc-
tile character with the slip value ranging between 0.5-1.5 mm. The ex-
act contribution of the individual mechanisms mainly depends on the 
quality of the concrete, the roughness of the interface, and the amount 
and type of the reinforcement. With high values of surface roughness, 
the component of the friction and aggregate interlock dominates, while 
conversely, at smooth interfaces, the contribution of the reinforcement 
predominates. In the case of concrete hinges, the conditions for the 
transmission of frictional forces will generally be very good, and the 
very rough interface could be considered, although the interface pa-
rameters depend to a large extent on the construction method and the 
concreting process applied for the hinge. The upper value of the shear 
resistance is limited by the resistance of the diagonal concrete strut in 
both scenarios. The Design equation for the diagonal compressive con-
crete strut used in Eq. (1) is applicable only for the truss structures such 
as slabs or girders therefore an applicability of this equation for the con-
crete hinges needs to be investigated further. The experimental inves-
tigation of the compressive concrete strut and assessment of existing 
design models can be found in (Halvoník, 2018). The design formula 
for the transferable shear stress in the shear crack at the hinge throat ac-
cording to Scenario 2 is as follows (Randl, 2013):

	
	

	 	 (2)

Where:  
cr – coefficient of aggregate interlocking
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centre, and the Type-3 sample had 6 ϕ8 bars placed in two rows. An 
overview of the test specimen types is in Table 2. Both sides of the 
hinge were strengthened by an additional reinforcement in order to 
avoid a transverse tension failure of the hinge, see Fig. 1a-1g. 

2.1 Setup of the Test

The setup of the test consisted of a pair of steel supports where 
the specimens were placed. The loading was carried out using a pair 
of hydraulic presses. A vertical press was placed directly on the floor 
in the gap between the steel supports. On the other hand, a horizon-
tal press was placed on one of the steel supports between a pair of 
horizontal beams that were interconnected with a pair of prestress-
ing rods. To prevent the beams from being lifted during the loading, 
a set of cross beams was used to anchor them to the floor. Additional 
secondary support components, such as friction bearing or centering 
pads, were added after the specimen and the main steel frame were 
already set up, see Figs.2 and 3. A force cell with a capacity of 2000 
kN was used for the vertical press and one with a capacity of 500 kN 
for the horizontal press. Any displacements that occurred were mea-
sured with digital displacement gauges placed on the side of the test 
specimen. The loading was carried out in steps. First, the full axial 
force was applied. Then the shear force was applied in increments of 
10 kN/step until failure. The values were recorded after each loading 
step and after the stabilization of the deformations. Each type of spec-
imen was tested at three levels of axial force and the value of the nor-
mal stress in the joint neck (50 kN, 300 kN and 450 kN), respectively. 
Higher values ​​of the normal stress in the neck could not be achieved 
due to the limitations of the assembly and the measuring instruments 
used. The specimens were loaded only with centric pressure to elimi-
nate any bending stress on the joint neck.

κ1 – �coefficient of efficiency for tensile force that can be activated 
in the reinf. κ1 = δs / fy ≤ 1.

κ2 – �coefficient for flexural resistance of the reinforcement (dowel 
action)

α – angle of reinforcement
ρ – �degree of joint reinforcement (ρ = As / Ac; As = steel cross-sec-

tion, Ac = shear plane)
fyd – design yield strength of the reinforcement, fyd = fyk / γs
fcd – �design compression strength of the concrete, fcd = fck /γc
σn – �compressive stress due to external normal force (minimum 

guaranteed value)
υ – �reduction factor for strength of the diagonal concrete strut:  

υ = 0.55 · (30 / fck) 1/3 ≤ 0.55
βc – coefficient allowing for the angle of the diagonal concrete

2 �DESCRIPTION OF THE EXPERIMENTAL 
PROGRAM

The scope of the experimental program we conducted was to ver-
ify the applicability of the selected design models for calculating the 
shear resistance of the hinges and to verify their safety and reliabili-
ty for designs. In the experimental program, nine concrete hinge test 
specimens subjected to normal and shear forces were tested. The test 
specimens were concrete prisms, which were 620 mm high with a 
bottom cross section of 400 x 250 mm. At the midpoint of the prism´s 
height, the cross-section was symmetrically reduced to a rectangle 
with dimensions of 225 x 75 mm, thus creating a hinge throat. The 
height of the throat was 2 cm. Three types of specimens were used in 
the experiment. Each type differed in the degree of reinforcement and 
the position of the rebars in the neck. The Type-1 sample was non-re-
inforced. The Type-2 sample was unreinforced with 3ϕ8 bars in the 

Fig. 1 Test specimen 

Tab. 2 Parameters of the test specimens 

Specimen type Number (pc) fc  (MPa) reinforcement Degree of reinf. ρ (%) dmax (mm) Position of reinf.

TYP-0 3

33.46

0 ϕ8 0.0 16

TYP-3 3 3 ϕ8 0.89 16

TYP-6 3 6 ϕ8 1.79 16
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The sample was tested in a horizontal position, so that the verti-
cal deformations would correspond to the deformations that would 
be caused by the shear force in the joint neck. The deformations were 
measured with digital displacement gauges (LVDT) in three axes, 
with two gauges located on each measurement axis, one on the right 
and one on the left side of the specimen, see Figs. 3a, 3b.

3 RESULTS

The test results confirmed the theoretical assumptions according 
to the shear friction theory, namely:

– �Samples with a higher degree of reinforcement achieved high-
er resistance at the same level of axial force than the specimens 
where the degree of reinforcement was lower. 

– �The force-deformation diagram in Fig.4 shows that at high-
er levels of axial force, i.e., 300 and 450 kN, the increase in 
strength was more pronounced than at lower values ​​of the axial 
force. At a normal load of 450 kN, it was possible to achieve a 
ratio of the axial force to the shear force of up to 1: 1.

– �For samples without a reinforced neck (type T0), the failure 
was not indicated by an increase in deformation, and significant 

yielding could not be observed due to the insufficient reinforce-
ment of the hinge throat. 

Any cracks could not be measured or monitored during the test, 
so they were only examined after the failure of the specimen. For this 
reason, it was not possible to determine any changes in their width 
or to determine their shape and inclination before failure. Based on 

Fig. 1 Test specimen 

Fig. 3 Setup of the monitoring points

Fig. 4 Test results: force-shear slip diagram
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the proposed geometry and method of loading, the formation of a 
shear crack was assumed only at the hinge throat. The assumptions 
proved to be correct. This crack passed through the neck of the joint 
at an angle of 75 ° - 90°. Two types of cracks were observed. The first 
type occurs when a crack is formed at an angle of 75° and continues 
crossing diagonally through the hinge throat. This crack occurred in 
all the specimens without a reinforced hinge, see Fig. 5. The second 
type of failure occurred in the specimens with a reinforced neck. The 
cracks evolve at an angle generally greater than 75°. As in the previ-
ous case, them start on the active side of the lower edge of the throat, 
but their progress is parallel to the throat axis. The crack passes to 
the other side approximately in the middle of the neck at an angle of 
40 °– 45°and then continues along the edge until the end, see Fig. 6. 
An additional crushing near the hinge area occurred at the shear fail-
ure due to a slip of the hydraulic press, which resulted in the for-
mation of additional cracks in the throat. For this reason, it was not 
possible to accurately identify the crack that occurred at the time of 
the sample´s failure. The magnitude of the normal force did not affect 
the shape of the crack.

4 EVALUATION OF THE EXPERIMENTS

The experimental values of the shear force were compared with the 
computational resistance according to the existing models for the design 

of concrete hinges and with the resistance calculated according to ESF. 
The mean values of the material parameters were used in the calcula-
tion.

4.1 Existing models for the design of notched joints

In this case, the value of shear resistance mainly depends on the 
magnitude of the axial force at the hinge area. An overview of design 
formulas according to the individual models is given in Table 3. The 
comparison of the shear force at the time of failure during the experi-
mental measurements and the calculated shear resistance is in the fol-
lowing table:

It may be deduced from the given values that the German, British 
and French models significantly underestimate actual shear capacity. 
The accuracy of these models declines with an increasing degree of 
reinforcement, as they do not take this parameter into account in any 
way. The same trend can be observed with samples loaded with a low 
axial force, where the quality of the concrete or the parameters of the 
shear interface are also not taken into consideration. 

The opposite problem can occur if these models are used with 
cases of high values ​​of the axial force when the calculated shear re-
sistance can exceed the strength parameters of the material and thus 
overestimate the resistance of the concrete strut. However, it should 
be noted that these models have been used for bridge designs for 

Fig. 5 Shape of the shear crack – unreinforced hinge

Fig. 6 Shape of the shear crack – reinforced hinge

Tab 3 Comparison of the experimental and design resistance according to the existing models

Type VR.test (kN) VR.N (kN) VR.B (kN) VR.F (kN) VR.H (kN)

T-0-50 65.41 13.14 17.52 13.14 35.48

T-3-50 91.17 13.99 18.65 13.99 81.28

T-6-50 116.05 13.60 18.13 13.60 123.73

T-0-300 237.16 77.18 102.91 77.18 208.38

T-3-300 254.52 73.43 97.91 73.43 241.77

T-6-300 339.88 76.79 102.38 76.79 294.34

T-0-450 358.10 112.97 150.63 112.97 305.03

T-3-450 426.18 115.83 154.44 115.83 356.25

T-6-450 456.14 113.62 151.49 113.62 393.79
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over 60 years and that no hinge failure thus far has been record-
ed. By following the complete calculation procedure, including the 
design of the geometry and reinforcement, the principles for the 
correct conceptual design of bridges and the ranges of loads and de-
formations common to bridge construction, the use of any of these 
models is safe in terms of shear resistance. The Herzog model (Her-
zog, 2005) shows the same trends as the German or French mod-
els. However, the values of shear resistance when compared to the 
results of the experimental measurements are much more accurate 
than in the previous case. At low levels of the axial force, this mod-
el even slightly overestimates the actual shear resistance. This mod-
el was developed specifically for the design of the railway bridge in 
Rupoldingen, Germany; therefore, it gives a very accurate estimate 
of the shear resistance only for a certain range of the degree of rein-
forcement and the axial force in the hinge. One of the assumptions 
of this model is that it considers the full value of the shear resis-
tance of the connectors in the neck. However, according to the shear 
friction theory, this assumption is incorrect, because the full shear 
strength of steel is not activated at such levels of low shear defor-
mations.

4.2 �Shear resistance using extended shear friction 
theory (ESF)

The scope and field of application of the extended shear friction 
theory (ESF) corresponds to the nature of the stress to which a con-
crete hinge is subjected. To verify this assumption, the experimental 
values ​​of shear force were compared with the resistance according 

to ESF. The calculation of the shear resistance is different for rein-
forced and unreinforced elements, respectively, if the failure has a 
ductile (ESF-D) or brittle character (ESF-B), see Formulas (1) and 
(2). The interface parameters used in the calculations were taken from 
(Randl, 2013). A “very rough” sliding interface with a roughness co-
efficient of Rt ≥ 3.0mm was used. This type of interface is closest 
to the monolithic intact interface used in the test specimens. Since 
these parameters were obtained experimentally and their values ​​have 
been experimentally verified, the only indefinite parameter remains 
the compressive strength of the concrete. In contrast to conventional 
shear interfaces, there is a three-axial stress state at the hinge throat. 
This fact was not considered; therefore, a comparison of the results 
was performed using both the mono-axial and triaxial compressive 
strengths of the concrete. The tri-axial strength was obtained by mul-
tiplying the strength fck with the factor F, where F is calculated ac-
cording to (3):

	 	 (3)

	 	 (4)

	 	 (5)

Where: a,b are the width and length of the hinge throat 
c,d are the width and length of the connected prism

It can be observed that at the shear interfaces where there is a 
high level of normal stress, friction is a crucial component of the 
overall resistance. The experimental shear force already exceeded 
the design resistance 2 to 3 times at the level of the normal stress 
value at 75% of the compressive strength of the concrete. The resis-
tance according to ESF is limited by the resistance of the concrete. If 
the value of the mono-axial strength of concrete is used, the design 
values are significantly underestimated and do not correspond with 
the experiment. Assuming the unique geometry of a concrete hinge, 
the fact that the failure of the specimens occurred only in the area 
of ​​the neck and that a tri-axial state of stress is created in this area, 
it is reasonable to use the increased strength of the concrete in the 
calculations. It should be noted that according to previous research 
on concrete hinges, a normal stress 4-6 times higher than the com-
pressive strength of concrete can be observed. The conservative val-

Fig. 7 Comparison of experimental and design resistance according 
to the existing models

Tab 4 Shear resistance according to ESF

VR,test (kN)
VR (kN)

ESF-B-V1 ESF-D-V1 ESF-B-V2 ESF-D-V2 EN 1993-1

T0B-50 65.41 56.37 42.23 56.37 43.98 0.0

T3B-50 91.17 - 70.43 - 72.01 43.50

T6B-50 116.05 - 93.17 - 94.59 87.0

T0A-300 237.16 144.96 144.96 235.68 223.17 0.0

T3A-300 254.52 - 144.96 - 246.03 43.50

T6B-300 339.88 - 152.19 - 271.52 87.0

T0B-450 358.10 152.19 152.19 335.90 321.76 0.0

T3B-450 426.18 - 152.19 - 351.46 43.50

T6B-450 456.14 - 152.19 - 351.46 87.0
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ue of this strength can be calculated, for example, according to STN 
EN 1992. By using a higher compressive strength in the calcula-
tions, a better correlation with the experiment may be observed, see 
Fig. 8. Due to the limitations of the test setup, it was not possible to 
achieve a higher level of normal stress than the monoaxial compres-
sive strength of the concrete in the throat.

5 NUMERICAL VERIFICATION OF RESULTS

For numerical verification of the results, the Atena 3D 
v.5.6.1.17830 program was used. A 3D FEM model of the speci-
men, including the reinforcement and the anchor plates, was created. 
“Brick” elements were selected for all the concrete parts. Tetrahedral 
elements were used only for the support steel plates.

The size of the finite elements was appropriately selected and op-
timized during the analysis. The stiffness of the test assembly was not 
considered. The steel plates were 40 mm thick and made of an isotro-
pic, elastic material (CC3DElastIsotropic) with an artificially increased 
modulus of elasticity of 2100 GPa to evenly redistribute the load ap-
plied. Interface elements (GAP) were used to simulate the interaction of 
the support plates and the concrete surface of the sample so that only the 
compressive load could be transmitted. The reinforcement was modeled 
in the form of a 1D element with a bilinear stress-strain working law 
and with complete cohesion. The load applied and the deformation of 
the specimen were tracked by monitoring points. The load was applied 
through steel support plates in the form of a controlled deformation. 

Atena uses a cumulative loading method. In the first step, axial 
force was applied at a rate of 10kN per step until the desired value 

of the axial load was reached. Subsequently, the transverse deforma-
tion increments at a speed of 0.01 mm/step in the first 20 load steps 
and then 0.02 mm/step to failure. A standard Newton-Raphson meth-
od was used for the solution.

The recommended material model for the concrete is the fracture 
plastic CC3DNonLinCementitious2 model, where the compressed ar-
ea is defined by plasticity and the tensile failure by fracture mechan-
ics. An alternative to this material is CC3DNonLinCementitious3. 
This material model is a more advanced version of the previous one 
and has an increased deformation capacity of concrete at a triaxial 
stress (Červenka et al., 2018). For each specimen, the calculations 
were performed for both material models, see Fig. 10. It can be seen 
there that for the first material model, the failure occurred at defor-
mations of around 0.3 mm, while in the case of the second model, 
the deformations were significantly greater. The numerical analysis 
confirmed the theoretical assumptions mentioned above, and a good 
agreement with the test results was also achieved.

However, significant deviations in the deformations occurred in 
the case of some of the specimens, for example, in the case of the T3-
450 and T6-450 samples. These deviations were probably caused due 
to the faster loading during the test. Also, the course of the deforma-
tions using the CC3DNonLinCementitious3 material model shows a 
significantly better agreement with the experiment. The Atena pro-
gram permits displaying the course and orientation of any cracks in 
the finite elements. A crack fixation factor of 1 was used in the cal-
culations. The following figure shows orientation of the cracks in the 
FEM model and the attributable test specimen. 

Fig. 8 Comparison of the experimental and design resistance 
according to ESF

Fig. 9 3D model of the concrete hinge in the Athena program

Fig. 10 Comparison of the experimental results with the numerical 
analysis –450 kN series Fig. 11 Comparison of the orientation of the shear crack 
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6 CONCLUSION

The experimental program consisted of tests of the shear resis-
tance of concrete hinges loaded with a centric axial and shear force. 
The aim of the experimental program was to verify the validity of ex-
isting models for the design and assessment of the shear resistance of 
concrete hinges. At the same time, the applicability of the extended 
shear friction theory was reviewed. Test results from similar experi-
ments applicable to this type of construction could not be found, so 
that the scope of the data acquired is partly limited by the low val-
ue of the axial load. Therefore, the conclusions are drawn only on the 
basis of the data obtained from the experimental program performed.

1. �A comparison of the experimental and theoretical resistance ac-
cording to the existing models showed that the resistance cal-
culated according to these models significantly underestimates 
the actual resistance of the samples tested by approximately 
3-4 times. Likewise, these models do not in any way take into 
account the interface parameters, where the M. Herzog model 
is the only exception.

2. �The comparisons of the test results with calculation according 
to the design model based on the extended shear friction the-
ory showed a better level of agreement with the experiment, 
while underestimating this resistance by approximately two-

fold, but only. A design based on this theory enables consider-
ing the nature of the concrete failure and the method of loading, 
as well as some material and geometric parameters of the slid-
ing interface.

3. �It was proposed to modify the input parameters, namely, the 
compressive strength of the concrete with respect to the tri-axi-
al stress in the hinge throat. The effect of this modification was 
that the difference between the theoretical and experimental re-
sistance decreased by 10-30%.

4. �The experiment shows that a three-axial stress state has an ef-
fect on the shear resistance of concrete hinges. However, the 
experimental setup did not allow reaching a higher normal 
stress at the hinge throat. It is thus not yet possible to draw de-
finitive conclusions.
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