
Simulation-Based Design Of Reinforced 

Concrete Walls To Prevent Sympathetic 

Detonation In Explosive Facilities
TAREK H. KEWAISY 

PhD, PE, PMP, BSCP

Principal Associate
tkewaisy@louisberger.com

AYMAN ELFOULY 
PE

Senior Structural Engineer 
elfouly@appliedscienceint.com

2018 IESSE- Structural Effects II- Methods and Applications (20699)

AHMED A. KHALIL 
PhD, PE

Senior Structural Consultant 
khalilaa@appliedscienceint.com

mailto:tkewaisy@louisberger.com


3

4

6

7

2

1

5

Introduction

Simulation Approaches and Models

Predicted Blast Responses

Future Research Work

Concluding Remarks

Questions

Study Parameters

Presentation Outline

9/20/2018

Simulation-Based Design Of Reinforced Concrete Walls To Prevent 

Sympathetic Detonation In Explosive Facilities

2



1- Introduction
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1.1 Background
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 In DOD 6055.9-STD, a dividing wall is defined as a 

"wall designed to prevent, control, or delay propagation 

of an explosion between quantities of explosives on 

opposite sides of the wall." 

 DOD 6055.09M references UFC 3-340-02 for the design 

of “dividing walls or barriers” to prevent propagation 

of explosions using separation by barriers.

 DDESB-KT Memorandum (2003) provided an Updated 

Guidance for Substantial Dividing Walls (SDW) 

including limits of application, specifics of RC wall 

construction and maximum NEWs for various sensitivity 

groups. 



1.2 Previous Research Work

9/20/2018

Simulation-Based Design Of Reinforced Concrete Walls To 

Prevent Sympathetic Detonation In Explosive Facilities
5

 In 1994, Zehrt and Acosta utilized

DYNA3D Hydrocode modeling to

simulate Substantial Dividing Wall (SDW)

response to close-range blast effects.

 Despite the limitations of the adopted

FEM approach they concluded that the

predicted fragment velocities and extents

of wall damage agree closely with the

actual test data.



1.2 Previous Research Work
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 In 1998, Bogozian and Zehrt utilized DYNA3D

Hydrocode modeling to simulate Substantial Dividing

Wall (SDW) response to close-range blast effects.

 Their work highlighted the importance of adequately

considering the gas phase of partially confined

detonations on the integrity of SDWs.

 Their FEM models over-predicted wall responses by

an order of magnitude due to uncertainties of blast

loading and FEM modeling.



1.3 Current Research- Objectives

 Investigate the adequacy of a design-oriented analytical

approach that can be used to design new and/or evaluate

Reinforced Concrete (RC) walls used to prevent propagation of

detonation in explosive facilities.

 Illustrate the applicability of the approach to compute the blast

rating of sample RC walls of specific dimensions, material

properties, and boundary conditions.
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1.3 Current Research- Methodology

 The current study adopted a robust numerical technique,

Applied Element Method (AEM), to simulate the dynamic

responses and damage mechanisms of Reinforced Concrete

(RC) walls exposed to close-range blast effects.

 All study analytical models were developed and executed using

Extreme Loading for Structure (ELS) software by Applied

Science International (ASI) which incorporates the AEM

technique.
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1.3 Current Research- Methodology

 A Validation case was developed using information obtained

from a published research paper by Zehrt and Acosta to verify

the adequacy of the ELS software to simulate RC wall

response (i.e. damage and fragmentation) when subjected to

close-range blast environment.

 Once validated, ELS models were developed to investigate

three other cases involving RC walls with varying thicknesses

and exposed to blast from varying charge weights.
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2- Study Parameters
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Case-3

RC Substantial Dividing Wall

12 ft x 12 ft x 8 in

#4 @ 12 in Each way, Each Face

Horiz Rebar on the Outside

3/4 in Clear Cover to the Horiz Rebar

2 Adjacent Sides Fixed

4000 psi Concrete

60000 psi Rebar

270 lbs @ 3.0 ft from Wall and Floor

Case-2

RC Substantial Dividing Wall

12 ft x 12 ft x 10 in

#4 @ 12 in Each way, Each Face

Horiz Rebar on the Outside

3/4 in Clear Cover to the Horiz Rebar

2 Adjacent Sides Fixed

4000 psi Concrete

60000 psi Rebar

420 lbs @ 3.0 ft from Wall and Floor

2.1 Investigated Cases
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Case-1

RC Substantial Dividing Wall

12 ft x 12 ft x 12 in

#4 @ 12 in Each way, Each Face

Horiz Rebar on the Outside

3/4 in Clear Cover to the Horiz Rebar

2 Adjacent Sides Fixed

4000 psi Concrete

60000 psi Rebar

615 lbs @ 3.0 ft from Wall and Floor

Validation Case

RC Substantial Dividing Wall

12 ft x 12 ft x 12 in

#4 @ 12 in Each way, Each Face

Horiz Rebar on the Outside

3/4 in Clear Cover to the Horiz Rebar

2 Adjacent Sides Fixed

3000 psi Concrete

40000 psi Rebar

272 lbs @ 2.5 ft from Wall and Floor



2.2 Wall Configuration- Discretization

9/20/2018

Simulation-Based Design Of Reinforced Concrete Walls To 

Prevent Sympathetic Detonation In Explosive Facilities
12

1
2

1
1

1
0

9
8

7
6

5
4

3
2

1
0

0 1 2 3 4 5 6 7 8 9 10 11 12

Free End

Fr
ee

 E
n

d

Y 
(f

t)
 =

X (ft) = 

Fixed End

Fi
xe

d
 E

n
d

0.75 0.5 0.5 0.75 0.75 0.5 0.5 0.75

1
.0

0
1

.0
0

1
.0

0
1

.0
0

1
.0

0
1

.0
0

1
.0

0

1
2

.0
0

1
.0

0
1

.0
0

1
.0

0
1

.0
0

1.00

12.00

0
.5

0

1
.0

0
1

.0
0

1
.0

0

1.00 1.00 1.00 1.00 1.00 1.00

1
.0

0

0
.5

0

1
.0

0
1

.0
0

1
.0

0
1

.0
0

1
.0

0
1

.0
0

1
.0

0

1
2

.0
0

1
.0

0
1

.0
0

1
.0

0
1

.0
0

1
.0

0
1

.0
0

1
.0

0
1

.0
0

1
.0

0

#4 Horizontal Reabr

(Front Face)

#4 Vertical Reabr

(Front Face)

#4 Horizontal Reabr

(Back Face)

#4 Vertical Reabr

(Back Face)

Concrete

12"x12" grid 6"x6" grid 4"x4" grid 3"x3" grid 2"x2" grid 1"x1" grid



2.2 Wall Configuration- Reinforcement
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Front Face Rebar (#4 @ 12” EW) Back Face Rebar (#4 @ 12” EW)



2.3 Material Properties- Validation Case

Stress-Strain Curve (Concrete) Stress-Strain Curve (Reinf. Steel)
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2.4 Material Properties- Other Cases

Stress-Strain Curve (Concrete) Stress-Strain Curve (Reinf. Steel)
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2.5 Blast Loads
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o ConBlast (Confined Blast) is used to 

Model and Compute Confined/ Partially 

Confined Blast Environment using 

SHOCK & FRANG Programs.

o For each investigated case, the Blast 

Pressure Time Histories (including 

Shock & Gas Phases) were computed 

at various target locations on surface of 

the RC Wall.



2.5 Blast Loads
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12.000 t (ms) 0.00 0.841 0.851 1.711 2.570 25.000 50.00 t (ms) 0.00 0.797 0.807 1.628 2.449 25.000 50.00 t (ms) 0.00 0.767 0.777 1.578 2.380 25.000 50.00 t (ms) 0.00 0.752 0.762 1.576 2.391 25.000 50.00 t (ms) 0.000 0.752 0.762 1.563 2.364 25.000 50.00 t (ms) 0.000 0.767 0.777 1.579 2.381 25.000 50.00 t (ms) 0.000 0.797 0.807 1.628 2.449 25.000 50.00 t (ms) 0.000 0.841 0.851 1.711 2.570 25.000 50.00 t (ms) 0.000 0.901 0.911 1.829 2.748 25.000 50.00 t (ms) 0.000 0.974 0.984 1.984 2.983 25.000 50.00 t (ms) 0.000 1.062 1.072 2.174 3.276 25.000 50.00 t (ms) 0.000 1.164 1.174 2.395 3.616 25.000 50.000
11.875 P (psi) 0.0 0.0 840.0 420.0 0.0 0 0 P (psi) 0.0 0.0 905.4 452.7 0.0 0 0 P (psi) 0.0 0.0 956.9 478.4 0.0 0 0 P (psi) 0.0 0.0 982.2 491.1 0.0 0 0 P (psi) 0.0 0.0 981.8 490.9 0.0 0 0 P (psi) 0.0 0.0 954.7 477.3 0.0 0 0 P (psi) 0.0 0.0 905.4 452.7 0.0 0 0 P (psi) 0.0 0.0 840.0 420.0 0.0 0 0 P (psi) 0.0 0.0 764.1 382.0 0.0 0 0 P (psi) 0.0 0.0 682.3 341.1 0.0 0 0 P (psi) 0.0 0.0 602.8 301.4 0.0 0 0 P (psi) 0.0 0.0 532.6 266.3 0.0 0 0
11.750

11.625

11.500

11.375

11.250

11.125

11.000 t (ms) 0.00 0.721 0.731 1.483 2.235 25.000 50.00 t (ms) 0.00 0.676 0.686 2.088 2.108 2.114 50.00 t (ms) 0.00 0.645 0.655 1.892 2.018 2.084 50.00 t (ms) 0.00 0.630 0.640 1.962 2.030 2.068 50.00 t (ms) 0.000 0.630 0.640 1.864 1.991 2.068 50.00 t (ms) 0.000 0.645 0.655 1.895 2.020 2.084 50.00 t (ms) 0.000 0.676 0.686 2.088 2.108 2.114 50.00 t (ms) 0.000 0.721 0.731 1.483 2.235 25.000 50.00 t (ms) 0.000 0.782 0.792 1.595 2.399 25.000 50.00 t (ms) 0.000 0.856 0.866 1.738 2.610 25.000 50.00 t (ms) 0.000 0.945 0.955 1.919 2.882 25.000 50.00 t (ms) 0.000 1.048 1.058 2.142 3.227 25.000 50.000
10.875 P (psi) 0.0 0.0 1042.5 521.2 0.0 0 0 P (psi) 0.0 0.0 1159.6 16.1 4.0 0 0 P (psi) 0.0 0.0 1272.2 118.1 40.3 0 0 P (psi) 0.0 0.0 1333.7 65.3 23.5 0 0 P (psi) 0.0 0.0 1332.6 125.4 47.2 0 0 P (psi) 0.0 0.0 1267.0 116.3 39.3 0 0 P (psi) 0.0 0.0 1159.6 16.1 4.0 0 0 P (psi) 0.0 0.0 1042.5 521.2 0.0 0 0 P (psi) 0.0 0.0 929.5 464.8 0.0 0 0 P (psi) 0.0 0.0 819.9 410.0 0.0 0 0 P (psi) 0.0 0.0 713.4 356.7 0.0 0 0 P (psi) 0.0 0.0 614.5 307.3 0.0 0 0
10.750

10.625

10.500

10.375

10.250

10.125

10.000 t (ms) 0.00 0.615 0.625 1.673 1.882 2.053 50.00 t (ms) 0.00 0.568 0.578 1.504 1.711 2.006 50.00 t (ms) 0.00 0.537 0.547 1.425 1.610 1.975 50.00 t (ms) 0.00 0.521 0.531 1.479 1.636 1.959 50.00 t (ms) 0.000 0.521 0.531 1.418 1.588 1.959 50.00 t (ms) 0.000 0.537 0.547 1.425 1.611 1.975 50.00 t (ms) 0.000 0.568 0.578 1.504 1.711 2.006 50.00 t (ms) 0.000 0.615 0.625 1.673 1.882 2.053 50.00 t (ms) 0.000 0.676 0.686 2.044 2.096 2.114 50.00 t (ms) 0.000 0.752 0.762 1.540 2.318 25.000 50.00 t (ms) 0.000 0.841 0.851 1.708 2.566 25.000 50.00 t (ms) 0.000 0.945 0.955 1.917 2.880 25.000 50.000
9.875 P (psi) 0.0 0.0 1406.3 233.6 105.2 0 0 P (psi) 0.0 0.0 1689.5 308.9 181.5 0 0 P (psi) 0.0 0.0 1945.1 338.3 224.7 0 0 P (psi) 0.0 0.0 2076.9 295.6 198.9 0 0 P (psi) 0.0 0.0 2074.5 332.6 228.4 0 0 P (psi) 0.0 0.0 1933.8 338.2 223.8 0 0 P (psi) 0.0 0.0 1689.5 308.9 181.5 0 0 P (psi) 0.0 0.0 1406.3 233.6 105.2 0 0 P (psi) 0.0 0.0 1159.6 43.2 10.9 0 0 P (psi) 0.0 0.0 981.9 490.9 0.0 0 0 P (psi) 0.0 0.0 840.0 420.0 0.0 0 0 P (psi) 0.0 0.0 713.4 356.7 0.0 0 0
9.750

9.625

9.500

9.375

9.250

9.125

9.000 t (ms) 0.00 0.521 0.531 1.355 1.534 1.959 50.00 t (ms) 0.00 0.474 0.484 1.233 1.374 1.912 50.00 t (ms) 0.00 0.441 0.451 1.147 1.258 1.880 50.00 t (ms) 0.00 0.425 0.435 1.175 1.272 1.863 50.00 t (ms) 0.00 0.425 0.435 1.127 1.225 1.863 50.00 t (ms) 0.00 0.441 0.451 1.148 1.261 1.880 50.00 t (ms) 0.00 0.474 0.484 1.233 1.374 1.912 50.00 t (ms) 0.00 0.521 0.531 1.355 1.534 1.959 50.00 t (ms) 0.00 0.584 0.594 1.546 1.761 2.022 50.00 t (ms) 0.00 0.661 0.671 1.936 2.050 2.099 50.00 t (ms) 0.000 0.752 0.762 1.541 2.321 25.000 50.00 t (ms) 0.000 0.856 0.866 1.738 2.610 25.000 50.000
8.875 P (psi) 0.0 0.0 2075.7 371.9 261.4 0.0 0.0 P (psi) 0.0 0.0 2637.9 417.4 330.8 0.0 0.0 P (psi) 0.0 0.0 3266.7 450.4 382.0 0.0 0.0 P (psi) 0.0 0.0 3641.5 423.1 363.3 0.0 0.0 P (psi) 0.0 0.0 3634.3 452.7 392.2 0.0 0.0 P (psi) 0.0 0.0 3234.3 449.5 380.4 0.0 0.0 P (psi) 0.0 0.0 2637.9 417.4 330.8 0.0 0.0 P (psi) 0.0 0.0 2075.7 371.9 261.4 0.0 0.0 P (psi) 0.0 0.0 1584.7 292.9 160.2 0.0 0.0 P (psi) 0.0 0.0 1209.2 100.4 30.0 0.0 0.0 P (psi) 0.0 0.0 981.9 490.9 0.0 0 0 P (psi) 0.0 0.0 819.9 410.0 0.0 0 0
8.750

8.625

8.500

8.375

8.250

8.125

8.000 t (ms) 0.00 0.441 0.451 1.132 1.245 1.880 50.00 t (ms) 0.00 0.392 0.402 0.978 1.050 1.830 50.00 t (ms) 0.00 0.358 0.368 0.883 0.933 1.797 50.00 t (ms) 0.00 0.341 0.351 0.894 0.936 1.780 50.00 t (ms) 0.00 0.341 0.351 0.857 0.899 1.780 50.00 t (ms) 0.00 0.358 0.368 0.885 0.935 1.797 50.00 t (ms) 0.00 0.392 0.402 0.978 1.050 1.830 50.00 t (ms) 0.00 0.441 0.451 1.132 1.245 1.880 50.00 t (ms) 0.00 0.505 0.515 1.314 1.481 1.944 50.00 t (ms) 0.00 0.584 0.594 1.555 1.768 2.022 50.00 t (ms) 0.000 0.676 0.686 2.095 2.110 2.114 50.00 t (ms) 0.000 0.782 0.792 1.600 2.408 25.000 50.000
7.875 P (psi) 0.0 0.0 3229.7 459.3 389.9 0.0 0.0 P (psi) 0.0 0.0 4722.3 523.9 479.7 0.0 0.0 P (psi) 0.0 0.0 6430.9 561.5 531.3 0.0 0.0 P (psi) 0.0 0.0 7466.2 544.6 518.4 0.0 0.0 P (psi) 0.0 0.0 7446.0 567.1 541.5 0.0 0.0 P (psi) 0.0 0.0 6341.2 560.5 529.7 0.0 0.0 P (psi) 0.0 0.0 4722.3 523.9 479.7 0.0 0.0 P (psi) 0.0 0.0 3229.7 459.3 389.9 0.0 0.0 P (psi) 0.0 0.0 2236.4 387.0 284.2 0.0 0.0 P (psi) 0.0 0.0 1584.7 286.8 156.2 0.0 0.0 P (psi) 0.0 0.0 1159.6 11.7 2.9 0 0 P (psi) 0.0 0.0 929.5 464.8 0.0 0 0
7.750

7.625

7.500

7.375

7.250

7.125

7.000 t (ms) 0.00 0.390 0.400 0.982 1.040 1.828 50.00 t (ms) 0.00 0.339 0.349 0.828 0.860 1.777 50.00 t (ms) 0.00 0.304 0.314 0.736 0.757 1.743 50.00 t (ms) 0.00 0.287 0.297 0.748 0.766 1.725 50.00 t (ms) 0.00 0.287 0.297 0.711 0.729 1.725 50.00 t (ms) 0.00 0.304 0.314 0.737 0.759 1.743 50.00 t (ms) 0.00 0.339 0.349 0.828 0.860 1.777 50.00 t (ms) 0.00 0.390 0.400 0.982 1.040 1.828 50.00 t (ms) 0.00 0.455 0.465 1.207 1.309 1.893 50.00 t (ms) 0.00 0.535 0.545 1.443 1.589 1.973 50.00 t (ms) 0.000 0.628 0.638 1.832 1.950 2.066 50.00 t (ms) 0.000 0.734 0.744 1.516 2.287 25.000 50.000
6.875 P (psi) 0.0 0.0 5752.1 519.9 484.3 0.0 0.0 P (psi) 0.0 0.0 9079.7 583.9 563.7 0.0 0.0 P (psi) 0.0 0.0 13117.1 618.9 606.1 0.0 0.0 P (psi) 0.0 0.0 15524.7 600.6 589.4 0.0 0.0 P (psi) 0.0 0.0 15494.0 623.2 612.5 0.0 0.0 P (psi) 0.0 0.0 12899.4 618.0 604.9 0.0 0.0 P (psi) 0.0 0.0 9079.7 583.9 563.7 0.0 0.0 P (psi) 0.0 0.0 5752.1 519.9 484.3 0.0 0.0 P (psi) 0.0 0.0 3499.6 422.0 359.5 0.0 0.0 P (psi) 0.0 0.0 2336.8 325.7 236.3 0.0 0.0 P (psi) 0.0 0.0 1599.4 144.1 71.4 0 0 P (psi) 0.0 0.0 1210.8 605.4 0.0 0 0
6.750

6.625

6.500 t (ms) 0.00 0.348 0.358 0.950 0.996 1.786 50.00 t (ms) 0.00 0.296 0.306 1.280 1.303 1.734 50.00 t (ms) 0.00 0.260 0.270 0.853 0.873 1.698 50.00 t (ms) 0.00 0.241 0.251 0.742 0.760 1.679 50.00 t (ms) 0.00 0.241 0.251 0.705 0.722 1.679 50.00 t (ms) 0.00 0.260 0.270 0.673 0.690 1.698 50.00 t (ms) 0.00 0.296 0.306 0.709 0.732 1.734 50.00 t (ms) 0.00 0.348 0.358 0.847 0.891 1.786 50.00 t (ms) 0.00 0.415 0.425 1.058 1.148 1.853 50.00 t (ms) 0.00 0.495 0.505 1.310 1.467 1.934 50.00 t (ms) 0.000 0.590 0.600 1.619 1.817 2.028 50.00 t (ms) 0.000 0.697 0.707 1.454 2.202 25.000 50.000
6.375 P (psi) 0.0 0.0 7146.9 514.2 486.0 0.0 0.0 P (psi) 0.0 0.0 12035 279.2 265.0 0.0 0.0 P (psi) 0.0 0.0 15549.2 519.7 507.3 0.0 0.0 P (psi) 0.0 0.0 16615 576.2 565.3 0.0 0.0 P (psi) 0.0 0.0 16603.7 599.2 588.7 0.0 0.0 P (psi) 0.0 0.0 15521 630.3 619.8 0.0 0.0 P (psi) 0.0 0.0 11725 630.2 616.1 0.0 0.0 P (psi) 0.0 0.0 6998.5 577.2 550.2 0.0 0.0 P (psi) 0.0 0.0 3929.3 488.8 433.5 0.0 0.0 P (psi) 0.0 0.0 2346.8 383.5 286.9 0.0 0.0 P (psi) 0.0 0.0 1547.7 251.2 129.8 0 0 P (psi) 0.0 0.0 1100.5 550.3 0.0 0 0
6.250

6.125

6.000

5.875

5.750

5.625

5.500 t (ms) 0.00 0.305 0.315 0.752 0.779 1.743 50.00 t (ms) 0.00 0.251 0.261 0.736 0.753 1.689 50.00 t (ms) 0.00 0.213 0.223 0.774 0.791 1.651 50.00 t (ms) 0.00 0.193 0.203 0.777 0.792 1.631 50.00 t (ms) 0.00 0.193 0.203 0.770 0.784 1.631 50.00 t (ms) 0.00 0.213 0.223 0.747 0.763 1.651 50.00 t (ms) 0.00 0.251 0.261 0.675 0.691 1.689 50.00 t (ms) 0.00 0.305 0.315 0.735 0.761 1.743 50.00 t (ms) 0.00 0.373 0.383 0.938 0.997 1.811 50.00 t (ms) 0.00 0.455 0.465 1.216 1.340 1.894 50.00 t (ms) 0.000 0.551 0.561 1.517 1.698 1.989 50.00 t (ms) 0.000 0.659 0.669 1.396 2.122 25.000 50.000
5.375 P (psi) 0.0 0.0 10741.4 608.8 592.6 0.0 0.0 P (psi) 0.0 0.0 16262 585.9 575.0 0.0 0.0 P (psi) 0.0 0.0 18409.7 538.9 528.7 0.0 0.0 P (psi) 0.0 0.0 21383 524.9 516.1 0.0 0.0 P (psi) 0.0 0.0 21383 529.5 520.6 0.0 0.0 P (psi) 0.0 0.0 18410 555.9 545.9 0.0 0.0 P (psi) 0.0 0.0 16262 623.5 613.3 0.0 0.0 P (psi) 0.0 0.0 10741 619.4 603.6 0.0 0.0 P (psi) 0.0 0.0 5549.3 537.2 500.6 0.0 0.0 P (psi) 0.0 0.0 2943.0 416.7 340.6 0.0 0.0 P (psi) 0.0 0.0 1820.9 289.9 178.6 0 0 P (psi) 0.0 0.0 1216.2 608.1 0.0 0 0
5.250

5.125

5.000

4.875

4.750

4.625

4.500 t (ms) 0.00 0.278 0.288 0.716 0.736 1.716 50.00 t (ms) 0.00 0.222 0.232 0.815 0.833 1.661 50.00 t (ms) 0.00 0.183 0.193 0.822 0.835 1.621 50.00 t (ms) 0.00 0.162 0.172 0.820 0.830 1.600 50.00 t (ms) 0.00 0.162 0.172 0.814 0.824 1.600 50.00 t (ms) 0.00 0.183 0.193 0.797 0.810 1.621 50.00 t (ms) 0.00 0.222 0.232 0.749 0.766 1.661 50.00 t (ms) 0.00 0.278 0.288 0.700 0.719 1.716 50.00 t (ms) 0.00 0.348 0.358 0.880 0.925 1.786 50.00 t (ms) 0.00 0.431 0.441 1.164 1.267 1.869 50.00 t (ms) 0.000 0.527 0.537 1.483 1.646 1.965 50.00 t (ms) 0.000 0.636 0.646 2.070 2.073 2.074 50.000
4.375 P (psi) 0.0 0.0 13825.0 615.0 602.8 0.0 0.0 P (psi) 0.0 0.0 17663 519.6 508.7 0.0 0.0 P (psi) 0.0 0.0 23602.8 491.5 483.3 0.0 0.0 P (psi) 0.0 0.0 29589 479.9 473.4 0.0 0.0 P (psi) 0.0 0.0 29589 483.6 477.1 0.0 0.0 P (psi) 0.0 0.0 23603 506.7 498.6 0.0 0.0 P (psi) 0.0 0.0 17663 560.1 549.7 0.0 0.0 P (psi) 0.0 0.0 13825 624.8 612.8 0.0 0.0 P (psi) 0.0 0.0 7004.5 556.8 529.1 0.0 0.0 P (psi) 0.0 0.0 3475.2 433.4 370.1 0.0 0.0 P (psi) 0.0 0.0 2020.2 296.7 196.6 0 0 P (psi) 0.0 0.0 1307.0 2.4 0.8 0 0
4.250

4.125

4.000

3.875

3.750

3.625

3.500 t (ms) 0.00 0.269 0.279 0.762 0.782 1.707 50.00 t (ms) 0.00 0.213 0.223 0.910 0.928 1.651 50.00 t (ms) 0.00 0.173 0.183 0.905 0.917 1.611 50.00 t (ms) 0.00 0.151 0.161 0.915 0.925 1.589 50.00 t (ms) 0.00 0.151 0.161 0.910 0.919 1.589 50.00 t (ms) 0.00 0.173 0.183 0.881 0.894 1.611 50.00 t (ms) 0.00 0.213 0.223 0.843 0.860 1.651 50.00 t (ms) 0.00 0.269 0.279 0.746 0.766 1.707 50.00 t (ms) 0.00 0.339 0.349 0.907 0.949 1.778 50.00 t (ms) 0.00 0.423 0.433 1.191 1.286 1.861 50.00 t (ms) 0.000 0.519 0.529 1.526 1.671 1.957 50.00 t (ms) 0.000 0.628 0.638 1.366 2.094 25.000 50.000
3.375 P (psi) 0.0 0.0 14684.2 581.1 568.9 0.0 0.0 P (psi) 0.0 0.0 18371 455.4 444.7 0.0 0.0 P (psi) 0.0 0.0 26321.3 434.0 426.6 0.0 0.0 P (psi) 0.0 0.0 33492 414.4 408.6 0.0 0.0 P (psi) 0.0 0.0 33491.6 417.8 412.0 0.0 0.0 P (psi) 0.0 0.0 26321 448.3 440.9 0.0 0.0 P (psi) 0.0 0.0 18371 496.8 486.2 0.0 0.0 P (psi) 0.0 0.0 14684 590.9 578.8 0.0 0.0 P (psi) 0.0 0.0 7600.9 535.4 509.4 0.0 0.0 P (psi) 0.0 0.0 3689.7 412.0 353.4 0.0 0.0 P (psi) 0.0 0.0 2093.0 265.3 176.4 0 0 P (psi) 0.0 0.0 1341.4 670.7 0.0 0 0
3.250

3.125

3.000

2.875

2.750

2.625

2.500 t (ms) 0.00 0.278 0.288 0.940 0.963 1.716 50.00 t (ms) 0.00 0.222 0.232 1.213 1.228 1.661 50.00 t (ms) 0.00 0.183 0.193 1.282 1.292 1.621 50.00 t (ms) 0.00 0.162 0.172 1.251 1.259 1.600 50.00 t (ms) 0.00 0.162 0.172 1.245 1.253 1.600 50.00 t (ms) 0.00 0.183 0.193 1.257 1.267 1.621 50.00 t (ms) 0.00 0.222 0.232 1.146 1.162 1.661 50.00 t (ms) 0.00 0.278 0.288 0.924 0.947 1.716 50.00 t (ms) 0.00 0.348 0.358 1.077 1.125 1.786 50.00 t (ms) 0.00 0.431 0.441 1.359 1.450 1.869 50.00 t (ms) 0.000 0.527 0.537 1.685 1.792 1.965 50.00 t (ms) 0.000 0.636 0.646 1.419 2.193 25.000 50.000
2.375 P (psi) 0.0 0.0 13825.0 477.1 462.8 0.0 0.0 P (psi) 0.0 0.0 17797 275.1 265.7 0.0 0.0 P (psi) 0.0 0.0 23736.6 208.1 202.2 0.0 0.0 P (psi) 0.0 0.0 29589 214.8 209.9 0.0 0.0 P (psi) 0.0 0.0 29589.0 218.5 213.6 0.0 0.0 P (psi) 0.0 0.0 23737 223.6 217.4 0.0 0.0 P (psi) 0.0 0.0 17797 316.5 306.3 0.0 0.0 P (psi) 0.0 0.0 13825 487.0 472.7 0.0 0.0 P (psi) 0.0 0.0 7004.5 436.0 406.7 0.0 0.0 P (psi) 0.0 0.0 3475.2 313.7 257.7 0.0 0.0 P (psi) 0.0 0.0 2020.2 172.2 106.4 0 0 P (psi) 0.0 0.0 1312.8 656.4 0.0 0 0
2.250

2.125

2.000

1.875

1.750

1.625

1.500 t (ms) 0.00 0.305 0.315 1.360 1.377 1.743 50.00 t (ms) 0.00 0.251 0.261 1.311 1.322 1.689 50.00 t (ms) 0.00 0.213 0.223 1.200 1.209 1.651 50.00 t (ms) 0.00 0.193 0.203 1.160 1.169 1.631 50.00 t (ms) 0.00 0.193 0.203 1.156 1.164 1.631 50.00 t (ms) 0.00 0.213 0.223 1.182 1.191 1.651 50.00 t (ms) 0.00 0.251 0.261 1.266 1.277 1.689 50.00 t (ms) 0.00 0.305 0.315 1.347 1.364 1.743 50.00 t (ms) 0.00 0.373 0.383 1.403 1.441 1.811 50.00 t (ms) 0.00 0.455 0.465 1.523 1.593 1.894 50.00 t (ms) 0.000 0.551 0.561 1.761 1.844 1.989 50.00 t (ms) 0.000 0.659 0.669 1.417 2.165 25.000 50.000
1.375 P (psi) 0.0 0.0 14871.8 235.2 224.8 0.0 0.0 P (psi) 0.0 0.0 22780 232.4 225.7 0.0 0.0 P (psi) 0.0 0.0 29359.4 277.5 271.8 0.0 0.0 P (psi) 0.0 0.0 33512 289.4 284.3 0.0 0.0 P (psi) 0.0 0.0 33512 292.3 287.2 0.0 0.0 P (psi) 0.0 0.0 29359 288.4 282.6 0.0 0.0 P (psi) 0.0 0.0 22780 260.2 253.1 0.0 0.0 P (psi) 0.0 0.0 14872 243.3 232.7 0.0 0.0 P (psi) 0.0 0.0 7037.0 251.1 227.9 0.0 0.0 P (psi) 0.0 0.0 3656.1 228.0 184.8 0.0 0.0 P (psi) 0.0 0.0 2169.9 140.3 89.3 0 0 P (psi) 0.0 0.0 1427.8 713.9 0.0 0 0
1.250

1.125

1.000

0.875

0.750

0.625

0.500 t (ms) 0.00 0.335 0.345 1.183 1.194 1.773 50.00 t (ms) 0.00 0.282 0.292 1.337 1.344 1.720 50.00 t (ms) 0.00 0.246 0.256 1.115 1.122 1.684 50.00 t (ms) 0.00 0.227 0.237 1.074 1.081 1.665 50.00 t (ms) 0.00 0.227 0.237 1.059 1.066 1.665 50.00 t (ms) 0.00 0.246 0.256 1.037 1.044 1.684 50.00 t (ms) 0.00 0.282 0.292 1.118 1.127 1.720 50.00 t (ms) 0.00 0.335 0.345 1.151 1.162 1.773 50.00 t (ms) 0.00 0.402 0.412 1.170 1.190 1.840 50.00 t (ms) 0.00 0.483 0.493 1.282 1.337 1.922 50.00 t (ms) 0.000 0.578 0.588 1.525 1.633 2.016 50.00 t (ms) 0.000 0.685 0.695 1.990 2.060 2.123 50.000
0.375 P (psi) 0.0 0.0 27943.9 362.9 356.2 0.0 0.0 P (psi) 0.0 0.0 33897 235.6 231.1 0.0 0.0 P (psi) 0.0 0.0 41982.8 349.9 345.5 0.0 0.0 P (psi) 0.0 0.0 45424 363.5 359.3 0.0 0.0 P (psi) 0.0 0.0 45424 372.5 368.3 0.0 0.0 P (psi) 0.0 0.0 41983 397.7 393.1 0.0 0.0 P (psi) 0.0 0.0 33897 370.5 364.8 0.0 0.0 P (psi) 0.0 0.0 27944 382.5 375.6 0.0 0.0 P (psi) 0.0 0.0 15695 412.4 399.8 0.0 0.0 P (psi) 0.0 0.0 6021.3 393.4 359.5 0.0 0.0 P (psi) 0.0 0.0 2929.8 301.8 235.6 0 0 P (psi) 0.0 0.0 1605.2 82.3 39.3 0 0
0.250

0.125

0.000

Idealized Blast Load Curve

Idealized Loading Regions



2.5 Blast Loads
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615 # @ 3’-0”

Pav = 8140 psi

Iav = 4660 psi.msec

272 # @ 2’-6”

Pav = 5294 psi

Iav = 2456 psi.msec



2.5 Blast Loads
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420 # @ 3’-0”

Pav = 6815 psi

Iav = 3542 psi.msec

270 # @ 3’-0”

Pav = 5469 psi

Iav = 2609 psi.msec



2.6 Performance Criteria
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Sympathetic Detonation (SD) Threshold Criteria for 

A/E of Various Sensitivity Groups

Ref: “High Performance Magazine Non-Propagation Wall Design Criteria”, Technical Report TR-2112-SHR, 

Hager, Tancreto, Swisdak, Naval Facilities Engineering Service Center, June 2002

Used in 

Current 

Study



3. Simulation Approach and Model
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3.1 UFC 3-340-02 Section 4-55

o Empirical Design Based on Testing Data

o Allows the Estimation of RC wall Thickness Based 

on Acceptable Concrete Damage.

o Concrete Damage Varies from “Minor Spall” to 

“Breach” and is Expressed in Terms of Spall 

Parameter Y.

o Spall Parameter Y depends on many factors 

including: Charge Weight & Shape, Standoff, 

Concrete Strength, and Wall Thickness.

o Acceptable Damage and Required Thickness 

Depend on Explosive’s Sensitivity Group (SG)
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3.1 UFC 3-340-02 Section 4-55
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Material DDESB KT-

Memorandum 

(SG1 to SG4)

Case-1 

(12-in) Wall

(SG1 to SG4)

Case-2 

(10-in) Wall

(SG1 to SG4) 

Case-3 

(8-in) Wall

(SG1 to SG4)

Charge Weight (TNT Equiv.) (W) (lbs) 425 615 420 270

Charge Size (L x D) (ft x ft) 0.833 x 1.040 0.833 x 1.200 0.833 x 1.040 0.833 x 0.900

Range (R) (ft) 3’-0” 3’-0” 3’-0” 3’-0”

Concrete Compressive Strength (psi) 2500 4000 4000 4000

Wall Thickness (h) (in) 12 12 10 8

Spall Parameter Y 0.355 0.361 0.404 0.464

Spall Threshold (h/R)Spall 2.617 2.567 2.208 1.801

Breach Threshold (h/R)Breach 1.053 1.030 0.872 0.710

Design Thickness: Range Ratio (h/R) 0.284 0.278 0.237 0.193

Design/ Spall Ratio (h/R)/ (h/R)Spall 10.9 % 10.8 % 10.7 % 10.7 %

Design/ Breach Ratio (h/R)/ (h/R)Breach 27.0 % 27.0 % 27.1 % 27.2 %

Expected Damage Level Breach Breach Breach Breach



3.1 UFC 3-340-02 Section 4-55
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Material DDESB KT-

Memorandum 

(SG5)

Case-1 

(12-in) Wall

(SG5)

Case-2 

(10-in) Wall

(SG5) 

Case-3 

(8-in) Wall

(SG5)

Charge Weight (TNT Equiv.) (W) (lbs) 20 28 21 15

Charge Size (L x D) (ft x ft) 0.833 x 0.376 0.833 x 0.423 0.833 x 0.382 0.833 x 0.340

Range (R) (ft) 3’-0” 3’-0” 3’-0” 3’-0”

Concrete Compressive Strength (psi) 2500 4000 4000 4000

Wall Thickness (h) (in) 12 12 10 8

Spall Parameter Y 0.789 0.794 0.879 0.995

Spall Threshold (h/R)Spall 0.678 0.669 0.532 0.395

Breach Threshold (h/R)Breach 0.306 0.303 0.256 0.208

Design Thickness: Range Ratio (h/R) 0.314 0.311 0.261 0.210

Design/ Spall Ratio (h/R)/ (h/R)Spall 46.3 % 46.6 % 49.1 % 53.2 %

Design/ Breach Ratio (h/R)/ (h/R)Breach 102.4 % 102.7 % 101.9 % 101.3 %

Expected Damage Level Major Spall Major Spall Major Spall Major Spall



Volume represented by 

springs
Element 1Element 1 Element 2Element 2

Element 1Element 1Element 1Element 1 Element 1Element 1

Normal SpringsNormal Springs Shear Springs Shear Springs xx-- zz Shear Springs Shear Springs yy-- zz

x

YZ

3.2 Applied Element Method (AEM) in 
Extreme Loading for Structures (ELS)

The continuum is discretized into Elements connected together with Nonlinear 

Springs. The springs represent Material behavior, Axial and Shear Deformations.
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Element 1Element 1 Element 2Element 2

Element 1Element 1Element 1Element 1 Element 1Element 1

Normal SpringsNormal Springs Shear Springs Shear Springs xx -- zz Shear Springs Shear Springs yy -- zz

x

YZ Reinforcing bar

3.2 Applied Element Method (AEM) in 
Extreme Loading for Structures (ELS)
Extreme Loading Software (ELS) - reinforcing bars springs
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3.2 Applied Element Method (AEM) vs
Finite Element Method (FEM)
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Tension CompressionFully path-dependent model for concrete
(Okamura and Maekawa, 1991)

3.2 Applied Element Method (AEM: 
Constitutive Material Models)
AEM - Nonlinear Material Models
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3.2 Applied Element Method (AEM: 
Constitutive Material Models)
AEM - Nonlinear Material Models
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3.3 AEM/ ELS Model- Geometry
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3.3 AEM/ ELS Model- Meshing
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4- Predicted Blast Responses
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4.1 Validation Case (12-in RC Wall / 272# @ 2’-6”)
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4.1 Validation Case (12-in RC Wall / 272# @ 2’-6”)
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4.1 Validation Case (12-in RC Wall / 272# @ 2’-6”)
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Wall Fragmentation Progression over Time

@ T = 1 msec @ T = 3 msec @ T = 5 msec

@ T = 10 msec @ T = 20 msec @ T = 30 msec



4.1 Validation Case (12-in RC Wall / 272# @ 2’-6”)
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Wall Fragmentation Progression over Time

Reported Maximum Fragment Velocity of 500 

ft/sec measured during Test-1 of C-6 Test Series 

(Naval Weapons Center Test Program 1963-1967)



4.1 Validation Case (12-in RC Wall / 272# @ 2’-6”)
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Predicted Wall Fragment Velocities 

(FEM by W. Zehrt & P. Acosta)

Predicted Wall Fragment Velocities 

(AEM by T. Kewaisy & A. Elfouly)



4.1 Validation Case (12-in RC Wall / 272# @ 2’-6”)
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Predicted Wall 

Deformation (FEM)

(W. Zehrt & P. Acosta)

Predicted Wall 

Deformation (AEM)

(T. Kewaisy & A. Elfouly)



4.1 Validation Case (12-in RC Wall / 272# @ 2’-6”)

9/20/2018

Simulation-Based Design Of Reinforced Concrete Walls To Prevent 

Sympathetic Detonation In Explosive Facilities

39

Predicted Wall 

Deformation (FEM)

(W. Zehrt & P. Acosta)

Predicted Wall 

Deformation (AEM)

(T. Kewaisy & A. Elfouly)



4.2 Case-1 (12-in RC Wall / 615# @ 3’-0”)
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Wall 

Structural

Response

History 



4.2 Case-1 (12-in RC Wall / 615# @ 3’-0”)
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Wall 

Fragment 

Velocity

Profile



4.2 Case-1 (12-in RC Wall / 615# @ 3’-0”)
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@ T = 1 msec @ T = 3 msec @ T = 5 msec

@ T = 10 msec @ T = 20 msec @ T = 30 msec

Wall Fragmentation Progression over Time



4.2 Case-1 (12-in RC Wall / 615# @ 3’-0”)
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Fragment Velocity Time Histories at Various Positions



4.3 Case-2 (10-in RC Wall / 420# @ 3’-0”)
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Wall 
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Response

History 



4.3 Case-2 (10-in RC Wall / 420# @ 3’-0”)
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Wall 
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Velocity

Profile



4.3 Case-2 (10-in RC Wall / 420# @ 3’-0”)
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Wall Fragmentation Progression over Time

@ T = 1 msec @ T = 3 msec @ T = 5 msec

@ T = 10 msec @ T = 20 msec @ T = 30 msec



4.3 Case-2 (10-in RC Wall / 420# @ 3’-0”)
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Fragment Velocity Time Histories at Various Positions



4.4 Case-3 (8-in RC Wall / 270# @ 3’-0”)
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4.4 Case-3 (8-in RC Wall / 270# @ 3’-0”)
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Profile



4.4 Case-3 (8-in RC Wall / 270# @ 3’-0”)
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Wall Fragmentation Progression over Time

@ T = 1 msec @ T = 3 msec @ T = 5 msec

@ T = 10 msec @ T = 20 msec @ T = 30 msec



4.4 Case-3 (8-in RC Wall / 270# @ 3’-0”)
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Fragment Velocity Time Histories at Various Positions



5- Concluding Remarks
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Concluding Remarks

The Simulation-Based approach can be used to optimize the 

design of RC walls to prevent sympathetic detonation in explosive 

facilities. This approach allows protective design engineers to 

achieve the targeted levels of protection based on a physics-

based rationale which promotes construction economy.

The Simulation-Based approach can be improved through 

calibration using available testing measurements and 

observations. This can lead to great savings by eliminating the 

need to perform time-consuming and costly blast testing.
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Concluding Remarks

The AEM technique implemented in ELS software can be used 

successfully to simulate highly plastic RC response to close-

range blast environment. The Software proved its capabilities 

to  adequately predict high levels of structural damage 

including fragmentation and breaching.
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Concluding Remarks

The current study utilized the Simulation-Based approach to compute 

the SD blast-rating of RC walls and based on the simulation results 

using a maximum fragment velocity (Vmax= 650 ft/sec: based on 

Impact threshold criterion for SG4), it was found that the investigated 

(12 x 12 ft) RC walls have SD blast ratings of: 

615, 420, 270 Lbs of TNT for 12-, 10-, and 8-in Walls.
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6- Future Research Work
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Future Research Work

Perform Parametric Studies to investigate the influence of 

various design parameters on the blast rating and damage 

potential of RC walls used to prevent blast propagation 

including:

1- Blast Environment (charge weight, shape, dimension, 

casing, range, cubicle size, venting area, blast computation 

software/ models)
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Future Research Work

2- Structural Design Configurations (Material strength, 

reinforcement details, cubicle/ Wall geometry, varying wall 

thickness over height, boundary conditions)

3- Numerical Simulation Technique (Constitutive material 

models, discretization, strain rate effects, end restraints, 

concrete-rebar interface)

4- Performance Criteria (fragment impact thresholds for 

various explosive sensitivity groups)
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7- Questions
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