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Figure 8.12 Effective extensional viscosity of shingle sealant material over 

the course of: (a) 5 hours with polynomial fit y = 6.50E+06x6 - 1.18E+08x5 

+ 8.50E+08x4 - 2.95E+09x3 + 4.51E+09x2 - 1.40E+08x + 1.00E+09 and R² 

= 1.00E+00; (b) 92,477 hours with y = 1.16E-15x6 - 3.05E-10x5 + 3.37E-

05x4 - 3.16E+00x3 + 2.88E+05x2 + 1.28E+09x + 1.00E+09 and R² = 

1.00E+00. 

 

•     ηe at 23oC 

----  Polynomial fit 
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CHAPTER 9 

FINITE ELEMENT ANALYSIS STUDIES OF SHINGLE-SEALANT 

STRUCTURAL RESPONSE 

The mechanical schematics of single and double adhesive strip one-layer asphalt 

roof shingle systems are shown in Figures 9.1a and 9.1b, respectively. Throughout the 

analysis, it is assumed, as per Croom et al. 2015a, that the shingle as well as the sealant 

have unit width in the z-direction (orthogonal to x and y in Figure 9.1). Furthermore, it is 

assumed that the pressure distribution of the loading does not change with time. A list of 

the BOEF model parameters, notations, and dimensional units used in this portion of the 

thesis appears in Table 9.1.  

The single sealant shingle of length 𝑙𝑠 = 𝑙1
𝑠 + 𝑙2

𝑠 + 𝑙3
𝑠, shown in Figure 9.1a, is 

modeled using several BEAM189 three-dimensional elements in ANSYS 15.0 (Figure 

9.2), with a width dimension of w, height dimension of h, and a modulus of elasticity of E. 

Regions 1s, 2s and 3s have areas of 𝐴1
𝑠 , 𝐴2

𝑠  and 𝐴3
𝑠 , and are meshed into 𝑒1

𝑠, 𝑒2
𝑠 and 𝑒3

𝑠 

BEAM 189 elements, respectively, with each region containing 𝑛1
𝑠, 𝑛2

𝑠  and 𝑛3
𝑠  nodes. The 

loading on the shingle is provided by two series of constant forces 𝐹1
𝑠 and 𝐹3

𝑠 which are 

applied between the nail line and the inner edge of the sealant strip and between the outer 

edge of the sealant strip and the end of the shingle. The values of 𝐹1
𝑠 and 𝐹3

𝑠 can be 

calculated from Eq. (14a) and (14b), where 𝑝1
𝑠 and 𝑝3

𝑠 are pressures applied to Regions 1s 

and 3s.
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  (14a) 

  (14b) 

The double sealant shingle of length 𝑙𝑑 = 𝑙1
𝑑 + 𝑙2

𝑑 + 𝑙3
𝑑 + 𝑙4

𝑑 + 𝑙5
𝑑, shown in Figure 

9.1b, is also modeled using BEAM189 three-dimensional elements (Figure 9.3) with a 

width dimension of w, height dimension of h, and a modulus of elasticity of E. Regions 1d, 

2d, 3d, 4d and 5d have areas of 𝐴1
𝑑, 𝐴2

𝑑, 𝐴3
𝑑, 𝐴4

𝑑 and 𝐴5
𝑑, and are meshed into 𝑒1

𝑑, 𝑒2
𝑑, 𝑒3

𝑑, 𝑒4
𝑑 

and 𝑒5
𝑑 BEAM 189 elements, respectively, with each region containing 𝑛1

𝑑, 𝑛2
𝑑, 𝑛3

𝑑, 𝑛4
𝑑 and 

𝑛5
𝑑 nodes. Throughout the thesis, the lengths of the single sealant shingle and the double 

sealant shingle remain constant and equal such that 𝑙 = 𝑙𝑠 = 𝑙𝑑. The loading on the double 

sealant shingle is provided by three series of constant forces 𝐹1
𝑑, 𝐹3

𝑑 and 𝐹5
𝑑 which are 

applied between the nail line and the inner edge of the inner sealant strip, between in the 

outer edge of the inner sealant strip and the inner edge of the outer sealant strip and between 

the outer edge of the outer sealant strip and the end of the shingle, respectively. The values 

of 𝐹1
𝑑, 𝐹3

𝑑 and 𝐹5
𝑑 can be calculated from Eqns. (15a), (15b) and (15c), where 𝑝1

𝑑, 𝑝3
𝑑 and 

𝑝5
𝑑 are pressures applied to Regions 1d, 3d and 5d, respectively.  

  (15a) 

  (15b) 
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  (15c) 

 The sealant strip in the single strip model of length 𝑙2
𝑠, as well as the inner and outer 

sealant strips in the double sealant model of lengths 𝑙2
𝑑 and 𝑙4

𝑑, are modeled as a series of 

LINK180 link elements. Given that the sealant strip length was not varied between the 

models, the following equalities are in effect for the lengths of Regions 2s, 2d and 4d: 𝑙2
𝑠 =

𝑙2
𝑑 = 𝑙4

𝑑, 𝑒2
𝑠 = 𝑒2

𝑑 = 𝑒4
𝑑 and 𝑛2

𝑠 = 𝑛2
𝑑 = 𝑛4

𝑑 . Furthermore, since LINK180 elements are 

attached to the nodes of BEAM189 elements in Regions 2s, 2d and 3d, the total number of 

LINK180 elements modeling each sealant strip is 𝑛2
𝑠 = 𝑛2

𝑑 = 𝑛4
𝑑. Each LINK180 element 

has an area of 𝐴𝑙, which can be obtained from Eq. (16), and a thickness of 𝑎.  

  (16) 

Four different models were created in order to simulate the structural response of 

shingle-sealant systems with respect to 150 mph 3-s gusts. Models S1 and S2 simulate the 

response of the single shingle-sealant system (Figure 9.1a, Figure 9.2) subjected to 150 

mph 3-s gusts for one hour and five hours, respectively. Models D1 and D2 simulate the 

response of the double shingle- sealant system (Figure 9.1b, Figure 9.3) subjected to 150 

mph 3-s gust for one hour and five hours, respectively.  

The values of the dimensions used for the single sealant models (Models S1 and 

S2) are listed in Table 9.2, while the values of the dimensions used for the double sealant 

models (Models D1 and D2) appear in Table 9.3. In addition, the element and node counts 

for both the single and double sealant models are listed in Table 9.4. From Croom et al. 
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2015b, it is known that the pressures acting upon Models S1 and S2 are 𝑝1
𝑠 = 507 Pa and 

𝑝3
𝑠 = 2028 Pa, while from the previous portion of the thesis, it is known that the pressures 

acting upon Models D1 and D2 are 𝑝1
𝑑 = 𝑝3

𝑑 = 507 Pa and 𝑝5
𝑑 = 2028 Pa. The pressures 𝑝1

𝑠 

and 𝑝3
𝑠 were used with Eq. (14a) and (14b) in order to calculate the forces 𝐹1

𝑠 and 𝐹3
𝑠 acting 

on Regions 1s and 3s, respectively, of the single sealant asphalt shingle (Figure 9.1a) The 

pressures 𝑝1
𝑠, 𝑝3

𝑠 and 𝑝5
𝑠 were used with Eqns. (15a), (15b) and (15c) in order to calculate 

the forces 𝐹1
𝑠, 𝐹3

𝑠 and 𝐹5
𝑠 acting on Regions 1d, 3d and 5d, respectively, of the double 

sealant asphalt shingle (Figure 9.1b). The calculated values of the forces applied to both 

the single and double sealant models appear in Table 9.5. 

Figures 9.2 and 9.3 show the as-developed finite element models for the single and 

double-sealant cases, respectively. Each of the four FEA models described above simulated 

its designated amount of time (1 hour for Models S1 and D1 and 5 hours for Models S2 

and D2), after which the stress and strain data at the edges of the sealants of the models 

(locations x = 𝑙1
𝑠, 𝑙1

𝑠 + 𝑙2
𝑠 in Figure 9.1a for Models S1 and S2; locations x = 𝑙1

𝑑, 𝑙1
𝑑 +

𝑙2
𝑑, 𝑙1

𝑑 + 𝑙2
𝑑 + 𝑙3

𝑑 and 𝑙1
𝑑 + 𝑙2

𝑑 + 𝑙3
𝑑 + 𝑙4

𝑑 in Figure 9.1b for Models D1 and D2) was extracted 

and converted to true stress and true strain, respectively. Second order polynomials were 

used to establish the correlations between each set of true stress and true strain data and 

were subsequently used with the thickness of the sealant, a, and Eq. (9) to determine the 

viscoelastic energy release rates, G, at each sealant edge for the duration of the simulations.
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Table 9.1 Asphalt roof shingle-sealant FEA model parameters and dimensional units. 

Notation Parameter 
Dimensional 

unit4 

𝑙 Length of shingle (along axis x) L 

𝑙𝑠 Length of single sealant strip shingle (along axis x) L 

𝑙𝑑 Length of double sealant strip shingle (along axis x) L 

𝑙1
𝑠 Distance between nail line and inner edge of sealant strip of 

single sealant strip shingle(along axis x) 
L 

𝑙2
𝑠 Length of sealant strip of single sealant strip shingle (along 

axis x) 
L 

𝑙3
𝑠 Length of leading edge of single sealant shingle (along axis 

x) 
L 

𝑙1
𝑑 Distance between nail line and inner edge of inner sealant 

strip (along axis x) 
L 

𝑙2
𝑑 Length of inner sealant strip (along axis x) L 

𝑙3
𝑑 Distance between outer edge of inner sealant strip and inner 

edge of outer sealant strip (along axis x) 
L 

𝑙4
𝑑 Length of outer sealant strip (along axis x) L 

𝑙5
𝑑 Length of leading edge of shingle (along axis x) L 

w Width of shingle material (along axis z) L 

H Height of shingle material (along axis y) L 

𝐴1
𝑠   Area of Region 1s of single sealant shingle (with normal axis 

y) 
L2 

𝐴2
𝑠  Area of Region 2s of single sealant shingle (with normal axis 

y) 
L2 

𝐴3
𝑠  Area of Region 3s of single sealant shingle (with normal axis 

y) 
L2 

𝐴1
𝑑  Area of Region 1d of double sealant shingle (with normal 

axis y) 
L2 

                                                 
4 F = force; L = length; T = time. 
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𝐴2
𝑑 Area of Region 2d of double sealant shingle (with normal 

axis y) 
L2 

𝐴3
𝑑 Area of Region 3d of double sealant shingle (with normal 

axis y) 
L2 

𝐴4
𝑑 Area of Region 4d of double sealant shingle (with normal 

axis y) 
L2 

𝐴5
𝑑 Area of Region 5d of double sealant shingle (with normal 

axis y) 
L2 

𝐴𝑙 Area of LINK180 element. (with normal axil y) L2 

𝑎 Thickness of the sealant L 

𝐸 Elastic modulus of shingle material FL-2 

𝐸1 Elastic modulus of sealant material FL-2 

𝐸∞ Relaxation modulus of sealant material FL-2 

𝐸2 Elastic modulus of linear damper of Kelvin Voigt in 

Standard Linear model for sealant material 
FL-2 

𝜂𝑒 Effective extensional viscosity of sealant material FTL-2 

𝑝1
𝑠 Out-of-plane surface pressure on shingle surface between 

nail line and inner edge of sealant strip of single sealant 

shingle 

FL-2 

𝑝3
𝑠 Out-of-plane surface pressure on single sealant shingle 

leading edge of single sealant shingle 
FL-2 

𝐹1
𝑠 Out-of-plane surface force applied to nodes of shingle 

surface between nail line and inner edge of sealant strip of 

single sealant shingle 

F 

𝐹3
𝑠 Out-of-plane surface force applied to nodes of single sealant 

shingle leading edge of single sealant shingle 
F 

𝑝1
𝑑 Out-of-plane surface pressure on shingle surface between 

nail line and inner edge of inner sealant strip of double 

sealant shingle 

FL-2 

𝑝3
𝑑 Out-of-plane surface pressure on shingle surface between 

outer edge of inner sealant strip and inner edge of outer 

sealant strip of double sealant shingle 

FL-2 

𝑝5
𝑑 Out-of-plane surface pressure on shingle leading edge of 

double sealant shingle 
FL-2 



 

 

 

56 

𝐹1
𝑠 Out-of-plane surface force applied to nodes of shingle 

surface between nail line and inner edge of inner sealant strip 

of double sealant shingle 

F 

𝐹3
𝑠 Out-of-plane surface force applied to nodes of shingle 

surface between outer edge of inner sealant strip and inner 

edge of outer sealant strip of double sealant shingle 

F 

𝐹5
𝑠 Out-of-plane surface force applied to nodes of shingle 

leading edge of double sealant shingle 
F 

G Applied energy release rate at sealant strip edge FL-1 

 

Table 9.2 Dimensions of Models S1 and S2. 

Dimension Value 

𝑙𝑠 0.1334 m 

𝑙1
𝑠 0.10244 m 

𝑙2
𝑠 0.0127 m 

𝑙3
𝑠 0.01826 m 

w 1.00 m 

H 0.002159 m 

𝑎 0.002794 m 

𝐴1
𝑠   0.10244 m2 

𝐴2
𝑠  0.0127 m2 

𝐴3
𝑠  0.01826 m2 

𝐴𝑙 1.233E-4 m2 

 

Table 9.3 Dimensions of Models D1 and D2. 

Dimension Parameter 

𝑙𝑑 0.1334 m 

𝑙1
𝑑 0.0521 m 

𝑙2
𝑑 0.0127 m 

𝑙3
𝑑 0.0479 m 
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𝑙4
𝑑 0.0127 m 

𝑙5
𝑑 0.008 m 

w 1.00 m 

H 0.002159 m 

𝑎 0.002794 m 

𝐴1
𝑑 0.0521 m2 

𝐴2
𝑑 0.0127 m2 

𝐴3
𝑑 0.0479 m2 

𝐴4
𝑑 0.0127 m2 

𝐴5
𝑑 0.008 m2 

𝐴𝑙 1.233E-4 m2 

 

Table 9.4 Element (BEAM189) and node counts of FEA models. 

Element Set Number of Elements Node Set Number of Nodes 

𝑒1
𝑠 410 𝑛1

𝑠 821 

𝑒2
𝑠 51 𝑛2

𝑠  103 

𝑒3
𝑠 74 𝑛3

𝑠  149 

𝑒1
𝑑 201 𝑛1

𝑑 403 

𝑒2
𝑑 51 𝑛2

𝑑 103 

𝑒3
𝑑 192 𝑛3

𝑑 385 

𝑒4
𝑑 51 𝑛4

𝑑 103 

𝑒5
𝑑 32 𝑛5

𝑑 65 

 

Table 9.5 Forces applied to single and double sealant FEA models. 

Force Value 

𝐹1
𝑠 0.063 N 

𝐹3
𝑠 0.248 N 

𝐹1
𝑑 0.063 N 

𝐹3
𝑑 0.063 N 

𝐹5
𝑑 0.250 N 
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(a) 

(b) 

 Figure 9.1 Structural model with loading and boundary conditions of (a) 

single sealant asphalt roof shingle-sealant system; and (b) double 

sealant asphalt roof shingle-sealant system. Note that axis z is 

perpendicular to axis x and y and springs denote a viscoelastic 

foundation. 
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Figure 9.3 Meshed geometries of double sealant Models D1 and D2 made up of Regions 

1d (composed of 𝑒1
𝑑 BEAM189 elements), 2d (composed of 𝑒2

𝑑 BEAM189 elements and 

𝑛2
𝑠  LINK180 elements), 3d (composed of 𝑒3

𝑑 BEAM189 elements), 4d (composed of 𝑒4
𝑑 

BEAM189 elements and 𝑛2
𝑠  LINK180 elements) and 5d (composed of 𝑒5

𝑑 BEAM189 

elements). The quantities of elements in each region are located in Table 9.4. 

Figure 9.2 Meshed geometries of single sealant Models S1 and S2 made up of Regions 

1s (composed of 𝑒1
𝑠 BEAM189 elements), 2s (composed of 𝑒2

𝑠 BEAM189 elements and 

𝑛2
𝑠  LINK180 elements) and 3s (composed of 𝑒3

𝑠 BEAM189 elements). The quantities of 

elements in each region are located in Table 9.4. 
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CHAPTER 10 

RESULTS AND DISCUSSIONS OF VISCOELASTIC SIMULATIONS 

The computed values of G for the inner and outer edges of the sealant for the 

duration of the simulations in single sealant Models S1 and S2 appear in Figure 10.1a and 

Figure 10.1b, respectively. Furthermore, Figures 10.2a and 10.2b show the stress and strain 

distributions at the final time of the simulation in single sealant Model S1. The computed 

values of G for the inner edge of the inner sealant, the outer edge of the inner sealant, the 

inner edge of the outer sealant and the outer edge of the outer sealant of the double sealant 

Models D1 and D2 appear in Figures 10.3a and 10.3b, respectively. Figure 10.4 contains a 

visual comparison of the greatest values of G, from each of the four models used, as well 

as the least and upper bounds of the experimentally estimated critical viscoelastic energy 

release rate, 𝐺𝑐. Furthermore, the values of G at the final time of Models S1 and S2 

tabulated in Table 10.1 while the final values of G for Models D1 and D2 are tabulated in 

Table 10.2.  

Several observations can be made from the simulation data. First, as shown in 

Figure 10.2, there are large gradients in the stresses and strains within each sealant layer, 

with the maxima occurring at the edges of each layer. Regarding the maximum values, the 

inner edge of the sealant always has the greatest value of G in Models S1 and S2, while the 

outer edge of the sealant always has a smaller value. Interestingly, a similar trend is 

observed for the two-sealant model when the pressures are maintained at their initial 

values. In this case, the inner edge of the inner sealant in Models D1 and D2 always has 
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the greatest value of G, while the outer edge of the outer shingle (i.e. the leading edge of 

the shingle) always has the smallest.  

By comparing the final maximum values of G from Models S1 and D1, which occur 

at t =1 hour. It is evident that the value of G is slightly over 14 times larger for Model S1 

and D1. Similarly, while comparing the maximum G results from Models S2 and D2, which 

occur at t =5 hours, it can be observed that the value of G from Model S2 is over 14 times 

larger than that of Model D2. It can be concluded from these observations that the double 

sealant model is clearly superior to the single sealant asphalt shingle system currently used 

in modern configurations. 

From Figure 10.4, it can be concluded that neither the single nor double sealant 

shingle configurations modeled will fail after an hour of 150 mph 3-s gust as the maximum 

values of G from neither Model S1 or Model D1 reach the lower bounds of 𝐺𝑐 computed 

from the post-TTSP true stress and true strain data. Furthermore, from the four simulations 

conducted, it appears that Model S2, the five hour single sealant model, is the only one to 

show that the shingle will fail, doing so in 4.1 hours if using the lower bound of 𝐺𝑐 and 4.3 

hours if using the upper bound of 𝐺𝑐. 

With regard to the simulations, two limitations are noted. First, though the results 

indicating that the single sealant strip asphalt-shingle system will fail in 4.1 to 4.3 hours, 

are based on the use of engineering strain due to limitations of the beam element models 

in ANSYS which do not change cross sectional area during the course of the simulation 

and therefore do not use true stress or true strain. 

Another limitation of the simulations is the observation that the viscosity term at 
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the final time was used in the predictions due to software limitations using the beam 

elements. In fact, the viscosity does not stay constant in the real world as it is affected by 

both stress and strain rate within the material. The value of the viscosities used is therefore 

the upper bound over the viscosity values over the time range of the simulation. A more 

accurate result can therefore be achieved if a model is made which accounts for true stress, 

true strain, and changing viscosity. 

 

Table 10.1 Final values of G at the edges of the sealant in Models S1 and S2. 

 Model S1 Model S2 

Inner Edge of Sealant Strip 152.01 J/m2 338.39 J/m2 

Outer Edge of Sealant Strip 111.10 J/m2 235.97 J/m2 

 

Table 10.2 Final values of G at the edges of the sealants in Models D1 and D2. 

 Model D1 Model D1 

Inner Edge of Inner Sealant Strip 10.67 J/m2 23.62 J/m2 

Outer Edge of Inner Sealant Strip 8.55 J/m2 18.46 J/m2 

Inner Edge of Outer Sealant Strip 8.52 J/m2 18.45 J/m2 

Outer Edge of Outer Sealant Strip 5.57 J/m2 11.25 J/m2 
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Figure 10.1 Applied energy release rate, G, at the inner and outer edges 

of the sealant for the duration of the simulations in (a) single sealant 

Model S1; and (b) single sealant Model S2. 
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Figure 10.2 (a) Stress; and (b) strain distributions in the y-direction (Figure 

9.1a) in the sealant of single sealant Model S1. 
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Figure 10.3 Applied energy release rate, G, at the inner edge of the inner 

sealant, the outer edge of the inner sealant, the inner edge of the inner sealant 

and the outer edge of the outer sealant for the duration of the simulations in 

(a) double sealant Model D1; and (b) double sealant Model D2. 
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Figure 10.4 Maximum applied energy release rate, G, for the duration 

of simulations of Models S1, S2, D1 and D2, and the lower and upper 

bounds of the critical viscoelastic energy release rate, 𝐺𝑐. 
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CHAPTER 11 

CONCLUSIONS TO SEALANT CHARACTERIZATION AND 

VISCOELASTIC SIMULATIONS 

 The characterization of viscoelastic properties of shingle sealant material was 

performed through the use of uniaxial compression testing as well as uniaxial compression 

creep testing at several temperatures and TTSP. Functions for the extensional viscosity 

were determined and used to compute the viscosities necessary to simulate the behavior of 

an asphalt roof shingle with one and two sealant strip for durations of 1 hour and 5 hour 

150 mph 3-s hurricane gusts using the Standard Linear Solid Model and FEA. The 

following conclusions were drawn from experimentation and analysis. 

1) The existing RSA III experimental facility is effective when used to measure the 

viscoelastic properties of relatively soft polymeric materials. 

2) Time temperature superposition can be effectively used with data obtained from the 

RSA III experimental facility to determine viscoelastic properties of shingle sealant 

material. 

3) Furthermore, TTSP can be used to significantly increase the amount of data which can 

be used for the derivation of viscoelastic constants. 

4) The analysis predicts that the sealant strip edge closest to the nail line will fail first in 

both single sealant systems and double sealant systems, as the energy release rate, G, 

is always greater for that edge. 

5) Neither the single nor double sealant asphalt shingle system will fail within one hour 
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of 150 mph hurricane winds.  

6) From the modeling and simulations performed, it was determined that an asphalt 

shingle using a single sealant will fail due to 150 mph hurricane loads somewhere 

between 4.1 and 4.3 hours, while a roof shingle utilizing two sealant strips will last 

significantly longer, as shown by the energy release rate values, G, calculated at the 

edges of the sealants of the two systems. These figures are highly conservative as the 

model does not account for changes in applied pressures, viscosity, or cross sectional 

are of the sealant. 

7) Based on the simulations, the an asphalt shingle with two sealant strips can be estimated 

to last more than 14 times longer, or over 58 hours.
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