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ABSTRACT   

 
Reinforced concrete buildings are frequently exposed to seismic loadings. This condition 

generates either uniaxial or biaxial unbalanced moment on slab-to-column connections. The 

design of such connections varies greatly between most international codes. This paper 

investigates the effect of the unbalanced moment on the punching shear strength of two-way 

interior slab-to-column connections. For this purpose, a nonlinear finite element analysis using 

ANSYS-V19.2 software package was performed. Thirteen High-Performance Concrete (HPC) 

slabs with different eccentricities were analyzed. During this context, a number of three large 

scale specimens made of HPC were firstly tested experimentally to validate the used model. 

The interaction diagram between the unbalanced moment and the punching shear strength was 

developed and then compared against those resulted by different international codes (ACI 318-

19, CSA A23.3-04, EC2-04, BS8110-97, and ECP 203-2018). The results showed that by 

increasing the unbalanced moment, the punching shear strength is significantly decreased and 

the failed surface from the column face is pulled toward the column. Moreover, the normalized 

moment-shear relationship showed a linear interaction diagram.  

 
Keywords: Slabs, Punching Shear, Unbalanced moment, High-performance concrete (HPC), 

International Codes. 
   

INTRODUCTION 
 
Punching shear behavior of reinforced concrete slab-to-column connections subjected to 

concentric loading have been studied since the 1950s, and a large amount of experimental 

research is available [1–22]. Although interior slab-to-column connections design is often 
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controlled by direct shear transfer, this condition should not be assumed without considering the 

sources of the unbalanced moment (moment transfer). The unbalanced moment can occur 

when the pattern loads are to be considered, when the span lengths of the adjacent bays differ, 

or when the slab-column frame is used to resist lateral loads.  

The transference of the unbalanced moments in such connections reduces the punching 

strength and the international code provisions [23–27] assume that this reduction can be 

determined by increasing the shear stress at different control perimeters. The previous research 

in support of these provisions was conducted by Hanson and Hanson [28]. For interior slab-to-

column connection with square column, Hanson and Hanson stated that 40% of the unbalanced 

moments are transferred by shear stresses and the remaining 60% are transferred by flexural 

stresses. Although disagreeing distribution percentages were reported by researchers including 

Moe [29] and ACI-ASCE Committee 326 [30], the provisions remain unchanged since the 

1970s. 

The effects of the unbalanced moment on slab-to-column connections have remained of interest 

to many researchers to this day. However, these researchers have deviated away from the 

common linear shear stress distribution assumptions depending of the prediction methods 

based on truss, beam, and membrane analogies. These methods were developed based on 

results of experimental tests in which specimens were subjected to combined gravity vertical 

loads and unbalanced moments. An extensive review exists in the literature [31– 40] shows that 

the experimental data available on the punching behavior of interior slab-to-column connections 

under eccentric loading is limited. 

In recent years, there has been increased use of high-performance concrete (HPC) in flat slabs 

of high-rise buildings where both strength and durability are important considerations. An 

efficient use of high-performance concrete moving toward thinner cross section slabs. Punching 

shear is usually the governing failure mode for such slabs. A great effort was devoted to 

understand and manipulate the fundamental parameters related to shear behavior of HPC 

beams [41]. However, limited attention was directed to study the punching characteristics of 

HPC slabs.  

This paper presents the results of three experimental tests carried out on large-scale two-way 

HPC slabs subjected to combined vertical gravity load and unbalanced moment. The behavior 

of these slabs is described and discussed in terms of cracking patterns, failure modes, ultimate 

loads toughness, and vertical displacements. Expanded finite element program was conducted 

to further investigate the effect of the unbalanced moment. Furthermore, the interaction diagram 

between vertical shear and the unbalanced moment was developed.  
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EXPERIMENTAL WORK 
 
Test Specimens 

Three square reinforced high-performance concrete (HPC) slabs without transverse 

reinforcement were cast and tested to investigate the influence of the unbalanced moment on 

the punching shear strength of these slabs and later to validate the numerical model that can 

predict the punching shear strength of such slabs. All slabs had the same thickness of 120 mm 

and the same dimensions of 1700 x 1700 mm with clear span 1600 for each side. The 

dimensions and reinforcement details of the tested slab are shown in Figs. 1 and 2. The first 

specimen was loaded by concentric loading applied directly on the slab through a steel plate. 

Both the second and third specimens were loaded by uniaxial and biaxial loading of e/t=0.83 (t= 

slab thickness); respectively.  To generate this loading type, a column with cantilever was cast 

with the specimens so that the eccentricity could be created when the load is applied on the 

cantilever. The load was applied through a steel plate of dimensions 150 x 150 x 40 mm. The 

steel plate was fixed to the specimens by gypsum to assure uniform distributed pressure at the 

loading surface. All slab specimens had a constant flexural reinforcement ratio of 1.675 % (15 D 

16 mm in both directions) arranged in the tension side only. Table 1. summarizes the main data 

and the slab designations for the tested specimens.  
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Fig. 1: Reinforcement details for specimens of concentric loading (SC-0). 
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Fig. 2: Reinforcement details for specimens of uniaxial and biaxial loading. 
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Table 1: Test matrix. 

 
Materials 

The concrete components used in this experimental work had been found to be appropriate to 

produce high-performance concrete in previous investigation of Horszczaruk [42]. The mix 

design processes mainly the characteristics: high compressive strength, high tensile strength, 

ductility, and durability.  The concrete was produced using 450 kg/m3 of Portland cement CEM I 

52.5R., continuously graded crushed basalt with nominal particle size of 16 mm, 535 kg/m3 

quartz sand having a fineness modulus of 2.5, and water to binder ratio of 0.3 (w/b). Silica fume 

containing 92% SiO2 and having a specific surface area of 19,000 m2/kg was added in the 

mixing process to enhance its mechanical properties. Polypropylene fibers of length 12 mm, 

diameter 25 μm, density 0.9 g/cm3, tensile strength 0.35 GPa, and modulus of elasticity 35 GPa 

was used with volumetric ratio to 1.0%. The concrete mixture compositions are given in Table 2. 

The concrete compressive (𝑓𝑐'), and splitting tensile (𝑓𝑡) strengths were determined on 150 × 

300 mm cylinders based on the ASTM C39 [43] and ASTM C 496 [44] standard test methods; 

respectively. These results are summarized in Table 1. In order to determine the yield stress 

and the tensile strength of the longitudinal reinforcement, direct tensile tests using universal 

testing machine were performed on three coupons from the same steel batch and the results 

were 407 MPa and 611 MPa on average; respectively. 
 

Test Setup and Instrumentation 

 
All specimens were positioned and tested as showed in Figs. 3 and 4. The boundary conditions 

of the specimens were simply supported on the four edges. Test specimens were instrumented 

to measure the applied load, central deflection, and reinforcement strains. The central deflection 

of the slabs was measured using a linear variable differential transformer (LVDT) gauges with a 

length of 100 mm. The developed tensile normal strain on the steel bars was measured by an 

electrical strain gauge of 6 mm length positioned at the maximum stressed section at the edge 

of the loading steel plate. The slabs were loaded incrementally considering the load control 

scheme in several steps at a loading rate ranged from 0.1 to 0.2 kN/s up to failure. 

Table 2: Concrete mix proportions.  

Cement  

(kg/m3) 

Coarse 

aggregate 

(kg/m3) 

Fine 

aggregate  

(kg/m3) 

W/B*  

Silica 

fume  

(kg/m3) 

Super-

plasticizer  

(kg/m3) 

Fiber 

volumetric 

ratio 

 (%) 

450 1279 535 0.3 45 4.5 1 

* W/B is the water/ binder ratio, B = cement + silica fume 

Specimen Loading type 
Eccentricity 

 𝒇𝒄
′
(MPa) 𝒇𝒕 (MPa) 

𝒆𝒙 𝒕⁄  𝒆𝒚 𝒕⁄  

SC-0 Concentric loading 0 0 60.53 6.14 

SU-0.83 Uniaxial loading 0.83 0 60.21 6.05 

SB-0.83 Biaxial Loading 0.83 0.83 61.02 6.34 
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Fig. 3: Test setup for specimen with concentric loading. 

 

             
a- Specimen SU-0.83                                 b- Specimen SB-0.83 

 
Fig. 4: Test setup for specimens with eccentric loading. 

 
The acting load was measured by a load cell of 1000 kN capacity. After each loading step, the 

vertical central deflection and the developed normal strains in the longitudinal steel bars were 

recorded and stored using an automatic data logger unit (TDS-150). 

 
EXPERIMENTAL RESULTS 
 
The exhibited modes of failure, the cracking and ultimate loads, deflection behavior, and steel 

strains are selectively considered and compared for test specimens. Table 3. summarizes the 

main results obtained from experimental work.  
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Table 3: Main results obtained from experimental work.  

 
Crack Pattern and Modes of Failure 

Fig. 5 shows the observed final crack patterns at the bottom surface for the tested specimens. 

The flexural cracks initiated radially around the loading area in the three specimens. With further 

loading, significant difference in performance was related to the flexural cracks' propagation. 

Crack propagation in specimen SC-0 with concentric loading was toward the corners of the slab 

with an approximate uniform distribution on the four corners of the slab. On the other hand, for 

specimen SU-0.83 with uniaxial loading, the density of the flexural cracks was much greater in 

the half side subjected to the compression force due to the unbalanced moment. For specimen 

SB-0.83 with biaxial loading, more flexural cracks were propagated toward only one corner that 

represents the compression force resulted from the biaxial unbalanced moment. By reaching 

the ultimate load, a sudden penetration of the slab top layer occurred beneath the applied load. 

The failure mode of all specimens was punching failure with top penetration of the load and with 

occurrence of tangential cracks in the bottom fiber of the slabs. For all tested specimens, the 

main steel strain did not reach yield. The failed surface had almost complete circle in specimen 

SC-0, while the failed surface was about half circle and quarter circle in specimens SU-0.83 and 

SB-0.83; respectively. That’s because the unbalanced moment exerts additional punching 

stresses in the compression side. The distance from the outer edge of the failed surface to the 

column face was about 3.0 d for specimen SC-0.83, while the distance was about only 1.6d for 

both specimens SU-0.83 and SB-0.83 (where d is the effective depth of the slab and equals 100 

mm). This means that, the unbalanced moment works on pulling the critical shear crack toward 

the loading area.  

 
Cracking and Ultimate Loads 
 
The test result of first flexural cracking and the ultimate load just before failure for all specimens 

are illustrated graphically in Fig. 6. Applying additional shear stresses due to the unbalanced 

moment, led to a significant decrease in flexural cracking and ultimate loads of the specimens. 

Specimen of uniaxial loading SU-0.83 decreased by about 25.9% and 18.2 % in the terms of 

flexural cracking load and ultimate load; respectively, as compared to specimen of concentric 

loading SC-0. Specimen SB-0.83 of biaxial loading decreased by about 31.8 % and 24.8 % in 

the same terms.  

Specimen 
Loading 

type 

Eccentricity 𝑽𝒖 

(kN) 

Max. 

deflection 

(mm) 

𝑴𝒙 

(kN.m) 

𝑴𝒚 

(kN.m) 
𝑴′ = √𝑴𝒙

𝟐 + 𝑴𝒚
𝟐 

𝒆𝒙 𝒕⁄  𝒆𝒚 𝒕⁄  

SC-0 
Concentric 

loading 
0 0 396 9.01 0 0 0 

SU-0.83 
Uniaxial 

loading 
0.83 0 324 8.04 32.4 0 32.4 

SB-0.83 
Biaxial 

Loading 
0.83 0.83 298 8.0 29.8 29.8 42.14 
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Fig. 5: Crack patterns after failure at bottom surface of all tested Specimens. 
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Fig. 6: Cracking and ultimate load for all tested specimens. 

 
Load-deflection Behavior 
 
The load-deflection behavior of the tested HPC specimens is shown in Fig. 7. In general, it can 

be observed that the load-deflection for all slabs can be divided into two stages. The first stage 

from zero loading up to the ultimate load (Pre-Peak stage). In this stage the load-deflection 

behavior can be represented by bilinear behavior bounded by cracking point and ultimate point. 

The second stage starts just after reaching the ultimate load (Post- Peak stage). The upper 

loading steel plate penetrated the top fiber of the specimen causing a sudden drop of the load to 

a certain value, then an approximate horizontal plateau was occurred representing the residual 

load of the specimen. The residual load may be due to the membrane action of the longitudinal 

steel and the remaining tension strength of concrete. For the considered specimen, the applied 

moment decreased the stiffness of the specimens by about 5.9 % and 19.3 % for specimens 

SU-0.83 and SB-0.83; respectively. The maximum central deflections just before punching 

failure for specimens SC-0, SB-0.83 and SB-0.83 were 9.03 mm, 8.04 mm, and 8.0 mm; 

respectively. 

 

Fig. 7: Load-central deflection for all tested specimens. 
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Toughness 
 
Toughness (energy absorption capacity) is usually defined as the area under the load-deflection 

curve up to the ultimate load. However, to make the best use of the total load-deflection curve 

this area was taken up to the point of residual strength as seen in Fig. 8. The residual strength 

was existing in the load - deflection curves for most pervious researchers such as Ruiz, et al  .

[45] . The difference among the tested specimens can be shown in Fig. 9. It can be noticed that 

applying unbalanced moments lead to a decrease in the energy absorption capacity for 

specimens failed in punching shear. This means that the failure become more brittle and 

catastrophic.  

Energy

Deflection

L
o
ad

absorption

Point of residual strength

 

Fig. 8: Definition of the energy absorbed and the point of the residual strength 

 
Fig. 9: Energy absorption bar chart for all tested specimens. 

 

FINITE ELEMENT SIMULATIONS 
 
A numerical analysis using ANSYS-V19.2 finite element package had been performed. The 

applied load was iterated step by step using the Newton-Raphson method.  

 
Modeling of Concrete 
 
The eight-nodded brick element SOLID65 was used to model the HPC concrete. This element 

has three degrees of freedom at each node translation in the nodal x, y and z directions. The 

element has the capability of plastic deformation, cracking in three orthogonal directions and 

crushing [46]. A schematic of the element was shown in Fig. 10-a. In the element formulation, 

the multi-linear isotropic material uses von Mises failure criterion along with the William and 
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Warnke [47] model to define the failure of the concrete. The compressive uniaxial stress-strain 

relation of concrete model is assumed according ACI 318 – 19 [23] code equations as following:  

𝑓 =  
𝐸𝑐𝜀

1 + (
𝜀
𝜀𝑜

)
2     (𝑀𝑃𝑎)                      (1) 

𝜀𝑜 =
2𝑓𝑐

′

𝐸𝑐

    (𝑀𝑃𝑎)                                  (2) 

𝐸𝑐 = 3320√𝑓𝑐
′ + 6900   (𝑀𝑃𝑎)         (3) 

Where the stress 𝑓  at any is strain 𝜀 in MPa and 𝜀𝑜 is the strain corresponding to the peak 

stress, and 𝐸𝑐 is the young modulus calculated for high strength concrete according to ACI 318-

19 [23]. The uniaxial tensile cracking stress, was taken from the experimental results for each 

specimen. Polypropylene fibers (PP fibers) were modeled as smeared rebars in SOLID65 

element uniformly distributed in the three orthogonal directions. Preliminary trials were carried 

out to determine the shear transfer coefficients and the tension stiffening factor in case of the 

fibers presence and were found 0.7 for shear transfer coefficient for an open crack (𝛽𝑡), 1.0 for 

shear transfer coefficients for a closed crack (𝛽𝑐) and 1.0 for the tension stiffening factor. 

Modeling of Reinforcement Bars and Loading Plate 
 
Reinforcement was always modeled by link elements or being smeared in concrete element 

ignoring the dowel action effects of the reinforcement [46]. In this study, the reinforcement was 

modeled by a solid element to consider the dowel action effect. SOLID185 element was used to 

model the reinforcement and the loading plates. The element is defined by eight nodes having 

three degrees of freedom at each node translation in the nodal x, y and z directions. The 

element has plasticity, stress stiffening, large deflection, and large stain capabilities [46]. A 

schematic of the element was shown in Fig. 10-b. Bilinear isotropic idealization for the 

reinforcement was adopted with the tangent modulus where  is the young modulus of steel. The 

bond between concrete and reinforcement was assumed to be perfect. Steel plates were used 

at the load locations in the finite element models to provide a more even stress distribution over 

the load areas. SOLID 185 element is also used to model the steel plates. An elastic modulus 

equal to 200,000 MPa and Poisson’s ratio of 0.3 were used for the plates. The steel plates were 

assumed to be linear elastic materials. 

  

a) SOLID 65 element b) SOLID 185 element 

Fig.10: 3D solid elements used in the study.  
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Geometry and Meshing 

Fig. 11 presents the 3d non-linear finite element mesh for the used model. The numerical 

specimens were high performance reinforced concrete slabs of  mm dimensions and loading 

steel plate of  mm. For simplicity, the load was applied on a column with double cantilevers, so 

that the eccentricity in both directions could be simulated when needed. The column was 

modeled by using the concrete solid element SOLID65 having the uniaxial compressive strength 

(𝑓𝑐
′) and uniaxial tensile strength (𝑓𝑡) equal toto have enough rigidity to prevent the cracking and 

the crushing of the concrete [46], which ensures that, the failure is occurred only in the slab. 

 

 

a- Elevation view  

  
b-  Top view c- Reinforcement mesh (SOLID185) 

 

a- Isometric view 

 
Fig. 11: Geometry and meshing of the used model. 

 

SOLID 185 SOLID 65 
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VERIFICATION AGAINST EXPERIMENTAL WORK 
 

The comparison between numerical model and the experimental tests is presented in Table 4 

as well as Figs. 12 and 13. In general, all numerical models have accurately predicted the 

ultimate load and represented well the nonlinear load-deflection response up to the ultimate 

load. The numerical load-deflection curves are slightly stiffer than the experimental curves. The 

observed failure modes on the experimental tests were successfully predicted as given by the 

experimental test specimens.  

 

Table 4: Comparison between experimental tests and finite element results in terms of 
flexural cracking and ultimate loads. 

 

Specimen 

Finite element 
prediction 

Experimental tests Ratio 

Vcr (kN) Vu (kN) Vcr (kN) Vu (kN) 
𝑉𝑐𝑟,𝐹𝐸

𝑉𝑐𝑟,𝐸𝑋𝑃

 
𝑉𝑢,𝐹𝐸

𝑉𝑢,𝐸𝑋𝑃

 

SC-0 77 411 85 396 0.90 1.04 

SU-0.83 70 330 63 324 1.11 1.02 

SB-0.83 62 293 58 298 1.06 0.98 

Average 1.085 1.013 

Standard deviation 0.025 0.025 

Coefficient of variance (COV) 0.023 0.025 

 

  

Specimen SC-0   Specimen SU-0.83 

 

 Specimen SU-0.83 

Fig. 12: Load-deflection verification of the 3-D FE model. 
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Specimen SC-0   Specimen SU-0.83 

 

 Specimen SU-0.83 

Fig. 13: Crack pattern verification of the 3-D FE model (Bottom view). 

 
EFFECT OF THE UNBALANCED MOMENT ON PUNCHING STRENGTH 
 
In order to further investigate the influence of the unbalanced moment on the punching shear 

capacity of HPC slabs, a series of specimens with different load eccentrics for either uniaxial 

and biaxial loading were considered and conducted by the numerical model. Table 5 shows the 

considered specimen and the results. The presence of the unbalanced moment in the slab-

column connection significantly reduces the punching load capacity of the slab. This can be 

observed also in the load-deflection curves as shown in Figs. 14 and 15. For the uniaxial 

loading, the reduction of the punching capacity for the specimen of e/t=2.5 was about 44 % as 

compared to the specimen of concentric loading. For the biaxial loading, the reduction was 

about 56 % for the same specimen. This means that applying the unbalanced moment in both 

directions had a significant decrease on the punching capacity. Increasing the unbalanced 
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moment value increases the intensity of cracks at the same loading level and reduces the slab 

stiffness.  

Table 5: Summary of the results for all finite element case studies. 
 

 

 

Fig. 14: Load- central deflection curves for HPC specimens of uniaxial loading. 
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e/t=2.08

e/t=2.5

Loading 
type 

Eccentricity 𝑽𝒖 

(kN) 

Max. 

deflection 

(mm) 

𝑴𝒙 

(kN.m) 

𝑴𝒚 

(kN.m) 
𝑴′ = √𝑴𝒙

𝟐 + 𝑴𝒚
𝟐 

𝒆𝒙 𝒕⁄  𝒆𝒚 𝒕⁄  

Concentric 
loading 

0 0 405 7.8 0 0 0 

Uniaxial 
loading 

 

0.42 0 367 8.09 18.35 0 18.35 

0.83 0 330 8.34 33 0 33 

1.25 0 297 7.50 44.55 0 44.55 

1.67 0 269 7.44 53.8 0 53.8 

2.08 0 248 6.76 62 0 62 

2.5 0 230 6.60 69 0 69 

Biaxial 
Loading 

 

0.42 0.42 330 7.68 16.5 16.5 23.33 

0.83 0.83 293 6.76 29.3 29.3 41.44 

1.25 1.25 245 5.85 36.75 36.75 52.04 

1.67 1.67 218 5.36 43.6 43.6 61.66 

2.08 2.08 198 5.32 49.50 49.50 70.00 

2.5 2.5 178 5.02 53.4 53.4 75.52 
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Fig. 15: Load- central deflection curves for HPC specimens of biaxial loading. 

 
MOMENT-SHEAR INTERACTION DIAGRAM 
 
The interaction diagrams between the punching load and the unbalanced moment for uniaxial 

and biaxial loading were developed as seen in Figs. 16 and 17. The interaction diagram showed 

approximately linear relationship for both uniaxial and biaxial loading. All considered codes 

equations had also a linear interaction diagram with conservative results for HPC slabs. It worth 

mentioning that, the British standard code equation BS8110-97 is the least conservative one.  

 

Fig. 16: Interaction diagram between the punching shearing load and the unbalanced 
moment (Uniaxial loading). 
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Fig. 17: Interaction diagram between the punching shearing load and the unbalanced 
moment (Biaxial loading). 

 
CONCLUSIONS 
 
In the current study, the effects of unbalanced moment (Uniaxial or biaxial) on the punching 

capacity of high-performance concrete (HPC) slabs have been investigated. Based on the 

geometry of the tested slabs, the following conclusions are drawn : 

1. The existence of the unbalanced moment has a significant reduction on the punching 

capacity of HPC slabs. The punching capacity was reduced by about 43 % and 57 % for 

e/t=2.5 for uniaxial loading and biaxial loading; respectively. 

2. The unbalanced moment works on pulling the critical shear crack toward the loading 

area, and hence the punching resistance is reduced. 

3. Increasing the unbalanced moment value increases the intensity of cracks at the same 

loading level and reduces the slab stiffness.  

4. Unbalanced moments lead to decrease in the energy absorption capacity for specimens 

failed in punching shear. 

5. The mathematical manipulation of the trend for the interaction between the punching 

capacity and the unbalanced moment yielded best fit regression linear form. 
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