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DEMONSTRATION TEST OF THE KEYWORKER BLAST SHELTER: 
MINOR SCALE 

A 100-man Keyworker blast shelter was constructed and tested at the pre

dicted 75-psi peak overpressure level in the MINOR SCALE Event in June 1985 at 

the White Sands Missile Range, New Mexico. The MINOR SCALE Event was a high

explosive test simulating the airblast effects of an 8-KT nuclear weapon. The 

reinforced concrete shelter was designed by the US Army Engineer Division, 

Huntsville and the US Army Engineer Waterways Experiment Station under the 

sponsorship of the Federal Emergency Management Agency. The experiment was 

conducted to verify the structural design of the shelter. Also, the surviv

ability of mechanical air-moving equipment inside the shelter and occupant 

survivability were investigated. 

The structure experienced minor damage during the test. Permanent roof 

deflections were 1/8 inch or less. The mechanical equipment incurred no dam

age, and in-structure shock in the shelter was within acceptable limits for 

occupants. The test indicated that the shelter will safely protect personnel 

when subjected to the design peak overpressure of 50 psi from a 1-MT nuclear 

weapon. 

Recommendations resulting from the experiment included the retesting of 

the structure using a High-Explosive Simulation Technique (REST) test to in

duce significant damage to the shelter. 
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CONVERSION FACTORS, NON-SI TO SI (METRIC) 
UNITS OF MEASUREMENT 

Non-SI units of measurement used in this report can be converted to SI 

(metric) units as follows: 

Multiply 

cubic feet 

degrees (angle) 

feet 

g's (standard free fall) 

inches 

kilotons (nuclear equivalent 
of TNT) 

megatons (nuclear equivalent 
of TNT) 

pounds (force) per square inch 

pounds (mass) 

pound (mass) per cubic foot 

tons (2,000 pounds, mass) 

By 

0.02831685 

0.01745329 

0.3048 

9.80665 

25.4 

4.184 

4.184 

6.4757 

0.4535924 

16.01846 

907.1847 

v 

To Obtain 

cubic metres 

radians 

metres 

metres per second squared 

millimetres 

terajoules 

petajoules 

kilopascals 

kilograms 

kilograms per cubic metre 

kilograms 



DEMONSTRATION TEST OF THE KEYWORKER BLAST SHELTER: 

MINOR SCALE 

SECTION 1 

INTRODUCTION 

1.1 BACKGROUND 

At the time this study was initiated, several civil defense policy 

options were being analyzed for the protection of industrial capability and 

key workers. One option under consideration called for a program of construc

tion of blast shelters to protect key workers remaining in high-risk areas dur

ing a national security crisis. The Federal Emergency Management Agency 

(FEMA) tasked the US Army Engineer Division, Huntsville (HND) to develop Key

worker shelter designs. The US Army Engineer Waterways Experiment Station 

(WES) assisted HND in the structural design of a 100-man, reinforced concrete 

Keyworker blast shelter. Structural design criteria required that the struc

ture survive a peak overpressure of 50 psi* from a 1-MT nuclear weapon. The 

structural design criteria and the levels of initial and residual radiation 

associated with the threat weapon dictated an earth-covered, or buried, 

structure. 

The Vulnerability of Shallow-Buried Structures computer code (VSBS6) was 

developed at WES (Kiger, Slawson, and Hyde 1984) and incorporates the ability 

of soil backfill to transfer load from the midspan of the roof to the sup

ports, thereby reducing the flexural capacity of the roof slab required to 

resist a given ground surface loading. The use of VSBS6 resulted in a 40 per

cent reduction in required roof thickness from the original conventional 

design. WES also performed static and dynamic tests on scale models of the 

blast shelter and roof slab elements that resulted in design improvements in 

the following areas: interior support details, concrete specifications, back

fill specifications, and depth of burial (Slawson and others 1985); roof slab 

shear reinforcement details (Woodson 1985); roof slab principal reinforcement 

details (Woodson and Garner 1985); and roof-wall connection details (Woodson 

and Slawson in preparation). 

* A table of factors for converting non-SI units of measurement to SI 
(metric) units is presented on page v. 
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An earlier phase of the research program was the development and proto

type testing of a blast door and entryway for the shelter (Hyde and Kiger 

1985). The entryway and door system were tested in the 1983 DIRECT COURSE 

event at White Sands, NM. The study resulted in a reinforced concrete blast 

door that can be constructed at a cost of about $1,000 and that can withstand 

peak pressures of at least 160 psi from long-duration loadings with insignifi

cant damage. The final phase of the research program called for a full-scale 

demonstration test on an operational shelter in the MINOR SCALE event. In 

preparation for the prototype demonstration test, WES conducted a series of 

yield effects tests (Slawson, Garner, and Woodson 1986) to determine the peak 

overpressure required in the 8-KT nuclear simulation to result in the same 

damage as expected from the design threat (1 MT at 50 psi). The yield effects 

test and analyses indicated that the prototype shelter should be placed near 

the 75-psi peak overpressure level in the MINOR SCALE event on 27 June 1985 at 

White Sands Missile Range (WSMR), NM. This report discusses the prototype 

demonstration test. 

1.2 OBJECTIVES 

The primary objective of the test was to verify the design of the rein

forced concrete Keyworker blast shelter. This included testing of roof pene

trations, blast valve, mechanical air-moving equipment (fans and ducts), die

sel generator, bunks, sump drainage system, entryway, and blast door. Also, 

occupant survivability was investigated, and measurements were taken inside 

the shelter for excessive carbon monoxide and noise levels. 

1.3 SCOPE 

A prototype Keyworker blast shelter was designed by HND with support from 

WES. The structure was constructed at White Sands Missile Range by personnel 

of Field Command, DNA (FCDNA); WSMR; HND; and WES at the predicted 75-psi peak 

overpressure level for the MINOR SCALE event. The shelter contained a diesel 

generator, mechanical air-moving equipment (intake fan, ductwork, and exhaust 

fan), blast valve, lighting, and bunks. Instrumented "anthropomorphic" 

mannequins were positioned in the standing, sitting, and supine positions. 

Their movement was documented using accelerometers and high-speed photography 

to provide data on occupant survivability. The diesel generator and mechani

cal equipment were tested pre- and posttest to investigate equipment 

survivability. 
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SECTION 2 

CONSTRUCTION, INSTRUMENTATION, TEST CONFIGURATION, 

AND MATERIAL PROPERTIES 

2.1 STRUCTURAL AND CONSTRUCTION DETAILS 

The prototype reinforced concrete blast shelter had the following struc-

tural parameters: 

1. Clear span of 10 feet 11.5 inches. 

2. Clear height of 8 feet 6 inches. 

3. Wall and floor thickness of 9 inches. 

4. Roof thickness from 9.25 inches at the endwall to 11.25 inches at 
midlength (2-inch crown). 

5. 
6.375 to 
centroid 
from top 

Effective depth at roof midspan that varied with the roof crown from 
8.375 inches (distance from the tension face of the concrete to the 
of the compression steel, d', of 2.375 to 4.375 inches; measurements 
face of roof). 

6. Tensile steel ratio at roof midspan that varied from 0.012 to 0.009 
(since the distance from the compression face of the concrete to the centroid 
of the tension steel, d, varied); compression steel ratio that varied from 
0.004 to 0.003 at roof midspan. 

7. Tensile steel ratio at roof support of 0.001 and compression steel 
ratio of 0.0036. 

8. Roof span-to-thickness ratio (L/t) that varied from 14.2 to 11.7. 

9. Roof span-to-effective depth ratio (L/d) varied from 20.6 to 15.7. 

10. Transverse steel ratio of approximately 0.002 in the roof, walls, and 
floor. 

11. All reinforcing steel of American Society for Testing and Materials 
(ASTM) Grade 60. 

12. Design concrete compressive strength of 3,000 psi. 

13. Depth-of-burial (DOB) of 4 feet (1 foot of concrete sand and 3 feet 
of blow sand on roof). 

14. Backfill around the structure consisting of blow sand with a 2-foot
thick ,concrete-sand blanket around the walls of the shelter. 

Roof reinforcement consisted of No. 6 truss bars and No. 6 straight bars 

spaced at 6 inches on center. A truss bar was a bar bent such that it was lo

cated in tension zones, i.e., bottom face of the roof slab at midspan and top 

face near the roof support. Two truss bars, a top straight bar, and a bottom 

straight bar comprised the reinforcement in a typical 18-inch section of the 

roof slab. Exterior wall principal reinforcement consisted of No. 5 vertical 
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bars spaced at 6 inches on center in each face of the wall. No. 3 single-leg 

stirrups were spaced at 12 inches on center with alternate rows staggered 

6 inches in the exterior walls. Interior wall principal reinforcement con

sisted of No. 3 vertical bars spaced at 12 inches on center with no stirrups. 

Construction drawings for the shelter were provided by HND. Major de

tails of the shelter are given in Appendix A. A floor plan and an elevation 

view of the Keyworker shelter are shown in Figure 1. 

Construction of the Keyworker blast shelter began in December 1984 and 

was completed by 1 June 1985. Some work was required later in June to com

plete the inside of the shelter, such as, installation of the fans, ductwork, 

butterfly valve (manual blast valve in the exhaust stack), and instrumenta

tion. The long construction time was due to material procurement delays, ad

verse weather conditions, and the quantity of other construction that WSMR had 

scheduled in preparation for MINOR SCALE. The construction procedure was as 

follows: 

1. Excavation for the fully buried structure. 

2. Forming for the floor slab. 

3. Placing floor steel. 

4. Placing concrete in the floor slab. 

5. Placing interior wall steel and forms. 

6. Placing interior forms for the exterior walls and installing the 
penetration for the emergency exit. 

7. Placing exterior wall steel and outside forms and installing the 
blast door. 

8. 

9. 
the roof 

10. 

11. 

12 . 

13. 

14. 

15. 

16. 

17. 

18. 

19. 

Placing steel and forms for lower part of entryway. 

Placing steel decking (nonremovable roof slab forms) and installing 
penetration for the exhaust stack. 

Placing concrete in interior walls. 

Placing roof steel and interface-pressure gage mounts. 

Placing concrete in the roof slab and exterior walls. 

Stripping all form work and installing the diesel generator. 

Forming the steps in the stair wells and placing the reinforcement. 

Placing concrete in the steps. 

Placing the inside forms, steel, and outside forms for the entryway. 

Placing concrete in the entryway and stripping forms. 

Installing interface-pressure gages. 

Placing backfill and free-field instrumentation. 
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20. Installing airblast-pressure gage mounts and gages at ground level. 

21. Finishing inside of shelter: installing butterfly valve, exhaust 
fan, intake fan, ductwork, bunks, wiring, lighting, insulated stud wall around 
generator, and acoustical louver in the stud wall; painting the interior of 
the shelter; and installing the structure accelerometers and deflection gages. 

Construction photographs are shown in Figures 2 through 16. 

2.2 IN~TRUMENTATION 

Test data were recorded on 32-channel Sangamo Model 4700 FM magnetic tape 

recorders located in an instrumentation trailer in the North Park approxi

mately 6,000 feet from the Keyworker blast shelter. A zero-time channel was 

recorded on each data tape to establish a common time reference for the data. 

The data were recorded at 120 in/s, digitized at 200 kHz, and plotted and are 

presented in Appendix B. Recorded electronic data included airblast pressure, 

interface pressure, soil stress, free-field accelerations, structure accelera

tions, mannequin accelerations, and structure deflections. In addition to the 

electronic data, the response of the mannequins and blast door were monitored 

by high-speed photography. Instrumentation locations are shown in Figures 17 

and 18. A pretest photograph of the anthropomorphic mannequins is shown in 

Figure 19. 

2.2.1 Airblast-Pressure Gages 

Ten Kulite Model XT-190 airblast-pressure (AB) gages with ranges of 

200 psi were used to measure blast pressure at nine locations on the ground 

surface around the shelter and at one location on the outside face of the 

blast door. 

2.2.2 Interface-Pressure Gages 

Thirty-seven Kulite Model VM-750 interface-pressure (IF) gages with 

ranges of 200 psi were located at 32 locations on the shelter roof and at 

5 locations on the side wall facing ground zero to measure roof and wall 

interface pressures. 

2.2.3 Soil-Stress Gages 

Ten Kulite Model LQV-080-LR soil-stress (SE) gages were used to measure 

the vertical free-field stress at eight locations in front of the ground-zero 
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wall and two locations near the top of the west sidewall. These gages had 

ranges of 200 psi. 

2.2.4 Accelerometers 

Thirty-four Endevco accelerometers were used to measure free-field, 

structure, and mannequin accelerations. Model 2262C gages were used to mea

sure vertical (AFV) and horizontal (AFH) free-field accelerations at the roof 

and floor levels of the shelter 3 feet from the wall facing ground zero • 
. 

These gages had ranges of 25 g's. Twelve gages were used to measure vertical 

(AV) and horizontal (AH) floor accelerations. Nine gages were used to measure 

vertical (ARV) and horizontal (ARH) roof accelerations. The structure accel

erometers were Model 2262CA with ranges of 200 g's. For free-field and struc

ture acceleration measurements, horizontal was defined as parallel to a radial 

line from ground zero through the center of the shelter. Triaxial accelera

tion measurements were made on the mannequins using Model 2262CA accelerome

ters with ranges of 100 g's. Mannequin 1 was lying on a top bunk (head 

towards ground zero) with the accelerometers mounted in its chest cavity. 

Mannequin 2 was sitting on a bottom bunk (back towards ground zero and feet on 

floor) with the accelerometers mounted in its chest cavity. Mannequin 3 was 

standing (slightly leaning backwards against a bunk with its left side towards 

ground zero) with the accelerometers mounted on the outside of its left ankle. 

Accelerometers measured vertical (AZ), horizontal (AX) in the direction of 

ground zero (AY for Mannequin 3 only), and horizontal (AY) accelerations per

pendicular to the direction of ground zero (AX for Mannequin 3 only). Also, 

Mannequins 1 and 3 each contained four omnidirectional, mechanical accelerome

ters designed to indicate whether a peak acceleration of at least 10, 40, 200, 

or 800 g's had been experienced. Locations of accelerometers on mannequins 

are shown in Figure 20. 

2.2.5 Deflection Gages 

Roof and wall deflection measurements were made using Celesco Model PT-

101-10A-7559 high-frequency position/ displacement transducers with a range of 

10 inches. Gages were located at roof and floor midspans in all three bays of 

the s tructure for relative roof-floor deflection measurements and at 

midheight/midlength of the south wall for wall displacement measurements. 
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2.2.6 High-Speed Photography 

High-speed photography was used inside the shelter to monitor the 

response of the mannequins and the blast door. The three cameras used were 

Locams (manufactured by Redlake Co., Cambel, CA) running at approximately 

400 frames per second. Figure 21 shows the locations of the cameras. 

2.3 TEST CONFIGURATION 

2.3.1 Description of the High-Explosive 
Event 

The MINOR SCALE event was a high-explosive (HE) test sponsored by the 

Defense Nuclear Agency (DNA). A simulated 8-KT nuclear weapon airblast and 

ground-motion environment was provided by the detonation of approximately 

4,800 tons of an ammonium nitrate-fuel oil (ANFO) mixture. The HE was con

tained in an approximately 88-foot-diameter hemispherical fiberglass shell 

constructed on the ground surface. A photograph of the charge container is 

given in Figure 22. 

2.3.2 Structure Placement 

The prototype Keyworker blast shelter was constructed at the predicted 

75-psi peak overpressure level. Orientation of the shelter was such that the 

entryway was loaded "side on" by the blast wave. The test configuration is 

shown in Figure 18. The entryway and blast door design had been previously 

tested in a worst-case configuration in the DIRECT COURSE event (Hyde and 

Kiger 1984). 

The shelter contained the mechanical equipment required to circulate air 

to sustain up to 100 occupants. This equipment included a Deutz Model F1/ 

2L511 6-kW diesel generator for electrical power, two fans with a capacity of 

5,000 ft
3

/min each for air intake and exhaust, a chain-operated butterfly 

valve rated at 150 psi to seal the air-exhaust stack during the button-up 

mode, and ductwork to direct intake air to each bay. Fluorescent lighting was 

also included. 

2.4 STRUCTURAL MATERIAL PROPERTIES 

Table 1 presents the results of concrete cylinder tests on cylinders 

taken from 10 truckloads of concrete prior to placement in the roof and walls 
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of the structure. The average 28-day compressive strength of the concrete was 

about 2,660 psi. The average test-day compressive strength was approximately 

3,240 psi. 

Table 2 presents the results of tensile tests on samples of the principal 

steel reinforcement used in the structure. 

2.5 BACKFILL MATERIAL PROPERTIES 

As described in section 2.1, two soil material types were used as back

fill material: a clean concrete sand and a blow sand processed from on-site 

soil. Based on a standard Proctor test, the maximum dry density and optimum 
3 

moisture content for the concrete sand were approximately 110 lb/ft and 

6.9 percent, respectively. Density and moisture content measurements taken 

during the backfilling operation indicated placement of the concrete sand at 

about 98 percent of optimum dry density at an average moisture content of 

about 3.1 percent. Standard Proctor tests on the blow sand resulted in opti

mum dry density and moisture content values of approximately 107 lb/ft
3 

and 

8.7 percent, respectively. Field measurements indicated placement of the blow 

sand at about 91 percent of optimum dry density at an average moisture content 

of about 2.4 percent. 

The gradation curves for the concrete sand and blow sand are shown in 

Figures 23 and 24, respectively. The concrete sand was classified as a brown 

sand (SP), and the blow sand was a brown silty sand (SP-SM). Direct shear 

tests were conducted on each of the materials and revealed that values for the 

angle of internal friction were about 36.0 and 32.5 degrees for the concrete 

sand and blow sand, respectively. 
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Table 1. Results of concrete cylinder tests. 

Truck No. 
28-Day Strength Test-Day Strength 

Pour Location psi ESi 
1 Wall 2,850 3,570 
2 Wall 2,720 2,900 
3 Wall 2,300 2,830 
4 Wall 2,700 2,870 

5 Wall 3,170 3,930 
6 Wall 2,810 4,160 
7 Roof 2,790 3,220 

8 Roof 2,330 3,180 

9 Roof 2,670 2,830 

10 Roof 2,280 2,940 

Average 2,660 3,240 

Table 2. Results of tensile tests on steel reinforcement. 

Bar Size Yield Strength Ultimate Strength Rupture Strength 
(No.) psi • ps1 psi 

5 75,000 114,900 97,000 
5 74,200 114,900 98,600 
5 75,000 114,900 95,300 
5 75,000 114,900 97,800 
5 76,600 117,300 101,900 

Average 75,200 115,400 98,100 

6 60,500 95,100 82,600 
6 63,400 96,200 80,400 
6 63,400 95,600 80,400 
6 61,100 95,600 79,800 
6 60,500 94,500 80,900 
6 61,100 95,600 80,400 
6 61,100 95,600 78,100 

Average 61,600 95,500 80,400 
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Figure 3. Placing concrete in interior walls. 
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Figure 4. Roof slab reinforcement. 

Figure 5. Placing concrete in exterior walls. 
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Figure 6. Completed roof and walls. 

Figure 7. Entryway area. 
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Figure 8. Double entryway reinforcement. 

Figure 9. Layer of concrete sand against structure. 
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Figure 10. Compaction of backfill 
near emergency exit. 
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Figure 11. Completed backfill at entryway 
and exhaust stack area. 
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Figure 14. Intake ventilation fan mounted to wall 
at end of ductwork. 

Figure 15. Acoustical louver in 
generator room wall. 
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Figure 16. Interior view of completed 
blast-door area. 
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SECTION 3 

TEST RESULTS 

3.1 STRUCTURAL DAMAGE 

Damage to the shelter during the MINOR SCALE Event was minor. Maximum 

measured midspan deflections were approximately 0.8 inch with permanent roof 

deflections of 1/8 inch or less. Minor concrete cracking was noted on the 

roof slab as shown in Figures 25 through 28. Figure 29 shows hairline cracks 

on the wall facing ground zero. Inside the shelter, hairline cracks were 

noted on the walls as shown in Figures 30 through 35, the sidewall facing 

ground zero as shown in Figure 36, and the floor slab as shown in Figure 37. 

Cracks were also visible in the entryway near the blast door as shown in Fig

ure 38. A minor horizontal hairline crack was noted at midheight of the blast 

door as shown in Figure 39. Permanent blast door deflections were negligible. 

All cracks were darkened with markers prior to being photographed. 

The mechanical equipment incurred no damage during the test. No concrete 

cracking was visible at the intake fan support or around the exhaust stack 

roof penetration. These locations were critical due to the large masses sus

pended. The intake fan weighed approximately 260 pounds and the combined 

weight of the exhaust fan, butterfly valve, and connector was approximately 

1,100 pounds. 

The polyvinyl chloride (PVC) pipe placed along the base of the front wall 

and West sidewall for sump drainage was undamaged. Also, the conduit between 

the back wall of the shelter and the entryway (simulated air sampling tube) 

was not damaged during the test. 

3.2 RIGID BODY MOTION 

WSMR performed pre- and posttest surveys on the four corners of the roof 

of the shelter. WES performed roof elevation surveys on the structure before 

and after the test and tied in to the WSMR surveys. In general, rigid body 

displacements were small. The average vertical displacement of the corners of 

the structure was about 0.2 inch. 
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3.3 PERMANENT MANNEQUIN MOVEMENT 

The final positions of the mannequins were similar to pretest settings. 

The back of the standing mannequin (Mannequin 3) was displaced 0.5 inch to the 

right, and the left foot moved 0.8 inch forward. Analyses of the high-speed 

movies are discussed in Section 4. 

3.4 RECOVERED DATA 

Test data included electronic instrumentation and high-speed photography. 

In addition, a noise survey and a carbon monoxide test were performed inside 
-

the shelter before the explosive event. The data and results of these tests 

are presented in Section 4. 

Data recovery was very good for the airblast-pressure gages, soil-stress 

gages, accelerometers, interface-pressure gages, and deflection gages. All 

recovered data are presented in Appendix B. The data are referenced to a com

mon zero time and are displayed with time in milliseconds as the abscissa. 

High-speed movie recovery was good. The camera viewing the blast door 

functioned well, and both cameras viewing the mannequins operated at approxi

mately 400 frames per second. However, the camera nearest the standing manne

quin began to slow down such that when the lights illuminating the shelter 

failed, at approximately 0.75 second after the ground-shock arrival, the rate 

was only about 200 frames per second. Nonetheless, it was possible to analyze 

all films throughout the time that the lights were illuminated. 
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Figure 25. Minor cracking on roof slab near supports. 
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Figure 26. Roof cracks over interior wall nearest 
ground zero. 
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Figure 27 • Roof cracks over second interior wall. 
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Figure 30. Cracks near emergency exit. 
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Figure 31 . Cracks in interior bay . 
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Figure 32. Cracks near generator room. 
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Figure 33. Cracks near interior 
wall and camera mount 
for blast-door area. 
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wall. 
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Figure 37. Floor crack in corner near ground
zero wall and emergency exit. 

Figure 38. Cracks in entryway 
near blast door. 
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Figure 39. Hairline crack at midheight of 
blast door (exterior surface). 
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SECTION 4 

ANALYSIS 

4.1 CARBON MONOXIDE AND NOISE SURVEYS 

Tests for carbon monoxide (CO) were conducted before and after the demon

stration test to investigate leakage of the generator exhaust system. A test 

consisted of running the generator and mechanical air-moving equipment for one 

hour and testing for CO. No trace was found. The results indicate that the 

exhaust system did not leak or that the shelter's forced air-exhaust system 

removed the CO. 

A noise survey was performed at locations throughout the shelter with the 

generator and fans operating. Noise levels were measured at the locations 

shown in Figure 40. The data from these measurements are presented in 

Table 3. Noise level inside the generator room was approximately 100 db. The 

noise level was reduced by 5 to 95 db outside the generator room near the 

acoustical louver. Noise level decreased to 90 db in the first bay away from 

the generator room and decreased to 86 db in the third bay (the sleeping 

area). 

Most regulations set the allowable exposure level for an eight-hour day, 

called the criterion level, at 90 db. Therefore, a person remaining in an 

area with a 90-db noise level for eight hours is exposed to 100 percent of the 

allowable noise dose. At varying noise levels, the doubling rate must be in

corporated. The doubling rate specifies the number of additional decibels at 

which a person's noise exposure is doubled for the same amount of time. The 

Occupational Safety and Health Administration (1981) specifies a doubling rate 

of 5 db. Using the 90-db criterion level and the 5-db doubling rate, Table 4 

presents the allowable exposure time at various noise levels. 

In general, the measured noise levels were less than 90 db in the person

nel bays of the shelter. Noise can be reduced by better insulating the gener

ator room, putting a rubber pad between the generator and the concrete floor, 

redesigning the acoustical louver, and using spray-on foam to insulate the 

roof of the shelter. These measures may reduce the noise level enough that 

the generator can be operated for time periods longer than eight hours without 

the occupants having to wear ear protection. 

37 



4.2 NUCLEAR WEAPON SIMULATIONS 

This section compares the theoretical airblast-pressure history to the 

recovered blast data. Estimates of the surface-burst nuclear yield and over

pressure which best correspond to the airblast data records are required to 

define the loading function. The weapon simulation was determined by choosing 

the best fit, in a least-squares sense, of 100 ms of the airblast data to an 

8-KT nuclear weapon pressure-time history as defined by Speicher and Brode 

(1981). The procedure used to select the best fit is described in some detail 

in Mlakar and Walker (1980). The weapon simulations for each surface airblast 

data record are listed in Table 5. The pressure and impulse data for each 

airblast-pressure record with the best-fit nuclear pressure and corresponding 

impulse time histories superimposed are included in Appendix C. The average 

test peak overpressure was significantly lower than predicted. 

4.3 HIGH-SPEED MOVIE DATA REDUCTION 

As shown in Figure 21, two high-speed cameras monitored the movement of 

the three mannequins and one camera monitored the blast-door area during the 

test. The blast door experienced only very minor damage, and the movie showed 

that nothing unusual occurred in the blast-door area during the test. The 

Los Alamos National Laboratory was under contract to provide mannequins for 

the MINOR SCALE experiments and to analyze the response of the mannequins. 

Prior to the test, as viewed by the camera, Mannequin 1 was laying on its 

back and centered on a wooden bunk which was 47 inches above the floor. The 

legs and arms were extended and resting on the bunk, and the head was oriented 

toward ground zero. Mannequin 2 was seated back-on to ground zero on the 

downstream end of a similar wooden bunk which was 19 inches above the floor. 

The elbows were flexed about 75 degrees such that the arms were resting at the 

mannequin's sides with the wrists at the outside edges of the thighs. Manne

quin 3 was standing left-side-on to ground zero with its arms at its sides. 

The preshot stability of the mannequin was maintained by leaning the mannequin 

backward about 2 degrees from the vertical such that it rested lightly against 

a vertical steel member of the bunk beds. A cord was tied from the bunk to 

the mannequin's head bolt to allow the head to move freely about 24 inches in 

any direction, keeping the mannequin from toppling completely over and damag

ing instrumentation gages in the area. 
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As discussed in section 3.4, the lights for the two cameras monitoring 

the movement of the mannequins failed, and the cameras slowed down to approxi

mately 200 frames per second at about 0.75 second after ground-shock arrival. 

However, horizontal and vertical components of the motions of various marked 

points on the mannequins were obtained for the period that the lights were 

functioning. Maximum absolute values of velocity and displacement were calcu

lated for each mannequin and are presented in Table 6. 

4.4 IN-STRUCTURE SHOCK 

In-structure shock is typically represented in terms of shock spectra. 

Shock spectra are plots of the maximum responses, usually of relative dis

placement, pseudovelocity, and/or absolute acceleration of all possible linear 

oscillators with a specified amount of damping to a given input base 

acceleration-time history. 

Vertical shock spectra ~ere generated from acceleration data recovered in 

the dynamic test using a computer code developed at WES. The experimentally 

determined shock spectra were calculated using a damping of 5 percent of crit

ical and smoothed versions are shown in Figures 41 through 46 for accelerome

ters AV1 through AV6, respectively. As shown in Figure 17, the accelerometers 

were located on the floor of the shelter. 

4.5 OCCUPANT SURVIVABILITY 

Crawford and others (1974) discusses human shock tolerance. The effects 

of shock on personnel inside the structure depend on the magnitude, duration, 

frequency, and direction of the motion. Also, the position of the man at the 

time of shock influences its effect. Crawford recommends using a maximum de

sign acceleration of 10 g's at frequencies at or below a man's resonant fre

quency in the standing position (10Hz). Figures 41 through 46 show that the 

floor acceleration was less than 5 g's at a frequency of 10 Hz. Since human 

shock tolerance is higher in the seated and supine positions than in the 

standing position, the probability of injury decreases. 

Impact injuries occur at much lower accelerations than compressive bone 

fractures. Generally , impact injuries may occur at accelerations of 0.5 to 

1 g for an unrestrained man in the standing or seated positions. These inju

ries are the result of falling and hitting the floor or other objects. Impact 

injuries may be reduced by padding or restraining to prevent movement. The 
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high-speed photo~raphy and posttest observations indicate that impact injuries 

are not probable. 

4.6 MECHANICAL EQUIPMENT SURVIVABILITY 

The vertical shock spectra in Figures 41 through 46 can be used to deter

mine whether shock isolation is needed for a given piece of equipment, pro

vided fragility curves for the equipment are known. Alternatively, these 

shock spectra can be used to write shock-resistance specifications that equip

ment must be able to withstand. Figure 47 compares the experimentally deter

mined shock spectra from accelerometer AV1 with safe response spectra fragil

ity curves for typical floor-mounted equipment from Headquarters, Department 

of the Army (1985). Figure 47 shows that motor generators and communication 

equipment should be shock isolated to ensure survivability. The diesel engine 

generator inside the tested shelter was supported on mounting brackets on top 

of the fuel tank and incurred no damage. 

4.7 ROOF LOADING- SOIL ARCHING 

Interface-pressure gages were located on the roof to define the load dis

tribution across the roof span for an investigation of the soil-arching phe

nomenon. Soil arching is defined as the ability of a soil to transfer loads 

from one location to another in response to a relative displacement between 

the locations. Kiger, Slawson, and Hyde (1984) discusses the effects of soil 

arching on flat-roof structures and presents expressions for the parameters 

involved. Active soil arching redistributes and reduces the effective load on 

the roof. The load reduction is accounted for with the soil arching factor. 

The dynamic soil arching factor is defined to be the ratio of the average 

pressure acting on the unsupported roof area to the attenuated free-field 

stress at the level of the roof. 

where 

c (t) -
a 

f P (t)dA 
A r r 

r 
A P (t) 

r z 

C (t) - dynamic soil arching factor at time t a 
A - area of the roof between supports 

r 
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Pr(t) =actual roof pressure 

Pz(t) =pressure-time history in the free field at the roof depth 

The VSBS6 program (Kiger, Slawson, and Hyde 1984) uses a parabolic load 

distribution as shown in Figure 48. The effect of soil arching on roof pres

sure distribution varies from no soil arching (C = 1) for a uniformly dis-
a 

tributed load with b = 0 in Figure 48, to a maximum effect with a = 0 • As 

discussed in Kiger, Slawson, and Hyde (1984), a value of C - O.S4 was com
a 

puted as the arching ratio corresponding to maximum arching (a = 0 , see 

Figure 48) based on test data. 

Figures 49 and SO indicate the pressure distributions across the short 

span (one-way arching) of bays 1 and 2 of the shelter. Bay 1 was the bay 

nearest ground zero, and bay 2 was the middle bay. Theoretical pressure dis

tributions computed using the VSBS6 program are compared with interface

pressure gage results in Figures 49 and SO. The theoretical distributions 

were defined using a computed 

measured in the free field at 

C value of 0.67 and average soil-stress data a 
roof level (SE1 through SE4) and compare well 

with the actual loading across the center of the roof span. 

ues of about 0.88 and 0.83 correspond to the actual pressure 

Average C val
a 

distributions for 

bay 1 and bay 2, respectively. 

ison of the interface-pressure 

The average C 
a 

values are based on a compar-

and soil-stress data for 

120 ms. A better correlation of the data in Figures 49 

a loading duration of 

and SO to the arching 

ratio is obtained by determining the average c 
a 

value over a loading dura-

tion equal to the time frame under consideration. For example, an average c 
a 

value of about 0.62 is obtained over a loading duration of 6 ms (Figure SOb) 

and is close to the theoretical value of 0.67. 

4.8 STRUCTURAL RESPONSE CALCULATIONS 

The VSBS6 computer program was used to analyze the structural response of 

the structure based on the average weapon simulation loading. The single

degree-of-freedom analysis resulted in a maximum roof response of approxi

mately 1.2 inches. This compares reasonably well with the experimental value 

of about 0.8 inch. 
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2. 

3. 

4. 

5. 

6. 

7. 

8. 

9. 

10. 

11. 

12. 

13. 

14. 

15. 

* 
t 

Table 3. Noise levels. 

Average Noise Level Maximum Noise 
Location db db 

Midspan, first bay* 91.3 93.4 

Intake fan area 90.9 91.7 
(directly under motor) 

Midspan, second bay 89.1 89.9 

Wall area, second bay 89.4 89.9 

End of interior wall 89.7 90.8 

Near emergency exit 86.8 88.1 

Near standing mannequin 86.3 87.2 

End of interior wall 87.3 87.7 

Supine mannequint 85.9 88.1 

Inside generator room 97.8 98.3 
(no fans operating) 

Outside acoustical louver 90.3 92.3 
(no fans operating) 

Outside acoustical louver 92.8 93.4 
(exhaust fan operating) 

Inside generator room 98.9 99.1 
(exhaust fan operating) 

Inside generator room 99.8 100.3 
(both fans operating) 

Outside acoustical louver 95.2 95.9 
(both fans operating) 

Readings at l ocations 1 through 9 taken with both fans operating. 
Average time: 5 minutes; all other readings for 1-minute average. 
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Table 4. Allowable noise exposure. 

Allowable 
Level Exposure 

db hours 
80 32 
85 16 
90 8 
95 4 

100 2 
105 1 

Table 5. Weapon simulations. 

Gage Weapon, KT Overpressure, • psl. 
AB2 8 88 
AB3 8 74 
AB4 8 52 
AB5 8 63 
AB6 8 48 
AB7 8 53 
AB8 8 46 
AB9 8 59 
AB10 8 53 

Average 8 58 

Table 6. Mannequin response. 

Maximum Maximum 
Displacement Velocity 

Mannequin No. inches ft/s 

1 (supine) 0.9 1.4 

2 (seated) 3.2 2.9 

3 (standing) 1.3 1.5 
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Figure 41. Vertical shock spectra from accelerometer AVl. 
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Figure 42. Vertical shock spectra from accelerometer AV2. 
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Figure 43. Vertical shock spectra from accelerometer AV3. 
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Figure 44. Vertical shock spectra from accelerometer AV4. 
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Figure 45. Vertical shock spectra from accelerometer AVS. 

49 

1000 



10 

0 
w 
(I) ...._ 
z -. 
> 
1--
0 
0 
...J 
w 
> 

0.1 1 10 
FREQUENCY, HZ 

100 

Figure 46. Vertical shock spectra from accelerometer AV6. 
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Figure 48. Parabolic load distribution. 
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Figure 49. Actual and theoretical pressure distributions for bay 1. 
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5.1 CONCLUSIONS 

SECTION 5 

CONCLUSIONS AND RECOMMENDATIONS 

The peak overpressure loading on the Keyworker blast shelter in the MINOR 

SCALE Event was less than the predicted 75-psi value. Based on the data 

reported in Slawson, Garner, and Woodson (1986), the 58-psi average peak over

pressure from the simulated 8-KT event induced structural damage expected from 

about the 40-psi peak overpressure level from a 1-MT event. The structural 

design was based on the VSBS6 computer program and a detailed research program 

at WES. Only minor damage was experienced. Because of the insignificant 

amount of damage incurred in this test and the results of previous tests on 

1/4-scale models, only minor damage is expected from a 1-MT event at the 

50-psi peak overpressure level. 

In-structure shock in the shelter was within acceptable limits for occu

pants. The explosive event did not affect the functioning of the mechanical 

equipment, and no traces of carbon monoxide from the generator were measured. 

Noise levels should be reduced to eliminate any need for hearing protection 

during operation of the generator. The test indicated that the shelter will 

safely protect personnel when subjected to the design peak overpressure of 

50 psi from a 1-MT weapon. 

5.2 RECOMMENDATIONS 

Based on the experimental shock spectra and equipment fragility curves 

from Headquarters, Department of the Army (1984), it is recommended that typi

cal blast-shelter equipment such as generators and communication devices be 

shock isolated to ensure survivability. 

Since the structure was only lightly damaged in the MINOR SCALE Event, a 

retest using a High-Explosive Simulation Technique (HEST) test is recommended. 

(Note: This recommendation was accepted and implemented and a companion 

report to this one is forthcoming in late 1987.) The HEST charge cavity 

should be designed to simulate the peak overpressure and pressure decay of a 

1-MT nuclear weapon at about the 160-psi peak overpressure level to induce 

significant damage. The HEST test will aid in: (1) defining the structural 

capacity and failure mode of the prototype Keyworker shelter, (2) evaluation 
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of scaling effects by comparison with test results of previous 1/4-scale 

structural component tests, and (3) evaluation of the structural response • 

• 
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T 7 I~ - - . 1\. '\ ,T :·,t~1 lo b. '~ ~- · ----. -t:::,._ h..'!!-:f\ ' It: ~-- 1-·------. 
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1 ._.,.._ __ i,.._ ~ --t-: 1 ~ ._::l~~, [.!.~:~~~~ '1-,. t::: ' :t:=l=::t: 1 ~;:::;:~=~:t=·~·~· ~I·-. & TIE INTO FOUNDATION DRAIN 

" 
1'-(J" 

ROWS# 5 @6" O.C. 
BAR SF2 (TOP ROW! 
BAR SF3 (MIDDLE ROW) 
BAR SF4 (BOTTOM ROW) 

Details of chamber at bottom of entryway . 

_2 ROWS# 5@ 6" O.C. 

BAR SFI (TOP""'iiDWI 
BAR SF IA (BOTTOM ROW) 



~1t:ELPLATE21" x21 " x 1/2" 

FUEL PI T 7'-8" 
(18" X 18" X 18") """' 

~""'"" 
1-1/2" GRATING .......... 

.-__..__ - ·~ 
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EEN -=::7 ·~ .b? 
~ ~-
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~ ~ SURFACE 
......_-A- -

# 3 @ 9" SPACING__., ~ 
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~~~ r;-: :: 
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l: I ......._AIR SAMPLING PIPE 
0 

:: INSIDE EXHAUST STACK 
0' 

' ' c 
t 

' ~ 

0 

' 0 

I o o 
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I 
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0' 

/ ROOF SLAB 

BUTTERFL Y VALVE 
CHA i fl OPERATED 

I I If 

I ~ ' 't 0 ~ 0 0 
f 

2- 7/2" FUEL TANK _/ ~ 
>- CHECK 

/ , VALVE 

I 

I 

I 

I 

i 
FILL LINE .-u.(f()\ 

/v ~- , ~ 1\ ...... 
1-1/4 " 8ALL VALVE _,-

FUEL TANK 

· AXIAL EXHAUST FAN EF-7 
r__l_+----lf\ WITH PERSONNEL GUARD 

ON INTAKE 

\ A IR COOLED 6 KW 
ENGINE-GENERATOR UNIT 

Generator fuel pit and exhaust system details. 
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I "' I - GALVANIZ 

STEEL PIPE 
EXHAUST STACK 

I 
I 

1-- IIHI 
I . 

EO STEEL GRATING WITH 1-1/2" x 3/ 16" 
ARS AT 1-3/16" D.C. AND CROSS BEARING B 

BARSAT4" D.C. BAND ALL EDGES. 

' :--- I 
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• 
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~ 
I 
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• I • • 

7'-8" -I 
PLAN EXHAUST STACK WELL 

~PIPE 

I 

NOTE: BEARING BARS SHALL SPAN THE 3'-o" 
DIMENSION OF WELL. GRATE SHALL BE 
REMOVABLE BUT WITH POSITIVE ANCHORAGE. 

1/2" GRATING 
EARTH 
RFACETT------~~~====~~~====~---- J 

3- #4 E.W. ALL 
SIDES 

1" 

----------

~ 4" PIPE (WITH 2" FAL 
150 LB WELD
NECK FLAN(;~S 

.a -.::~---~::::::::::-J_- 4- # 4 E.W. ALL r SIDES 

......__GREASE PIPE THRU BOX TO 

~ -6 -,I -

1/2" PLATE WJWELOEO HEADED 
318 " DIA x 4" LG CONCRETE ---..--f....) 

ANCHORS~ 10" D.C. 
(10 REQ'OJ 

PREVENT CONCRETE FROM 
BONDING TO PIPE 

.--__;:::.,..o:~ - - - r - - -~~~~;..&....---~ r-- ---~--- ---. 
G ::: r:: :_I =~~:s;::::j G 

'---ROOF SLAB REINF NOT 

.&.--- -----

150 LB WELD-
NECK FLANGE---' 

.. r - - _I_ - - -~-· 
I t 1 I 

I I I I 

-,-------, 4 

SHOWN FOR CLARITY 
STEEL DECK 

EXHAUST FAN & BLAST VALVE 

SECTION C-C 

Exhaust stack well 
and roof penetration. 
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..J 
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o.c. I 
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ACROSS 
0 

{ 

# 3 BARS@ 12" 

TOP& BOTTOM 
FULL WIDTH OF SHELTER 

~ 
0 

I 

~I 
# 6 STRAIGHT BARS 
(4 NEEDED@ 6 '-0" L 

IN TOP FACE 
ONG) -

OUTS/ 
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# 6 BENT BARS ( 1 OF EACH 
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DE EDGE OF 

~ 

--------

NEEDED) 

-
~--

I 0 

I ,; 
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I ' I , 

' , 
'I ' I 
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, , 
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~- f( '/< X, .· , 'I ,'' f ' , ; I ' , , 
I 1 I 
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~<? ' I ' I '• .~ I , 

-~- _;; I' 0 I , 
I .' I £.• ' 
~,' ' ' --i I ' ' , 
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1 

, I / "· , 
1 • 0 

1 y 1 

1 / 1 

:v 
~ 

1 

1 ~ 1 

1 ~ 
0" .... 

0 ....... 
' I ' 

I co 
L •• ••••••• •• • ----- -- - - ·------------- --- --

' ' (") 

OUTSIDE EDGE OF 
WALL 

Roof retnforcement details at exhaust stack. 
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~ SUMP ~ ESCAPE SHAFT 

3 '-0" 4 '-0" 

/

3-4'-0" DIAMETER 6 MIL MIN 
POLYETHYLENE MOISTURE 
BARRIER 

/ 
----++/ -- 6"' 

:~ 7~0" MAX 

• ~ 
' b 
,I 

<'-! 

@I I 
(I) ' 
Q.. ' 0) 

~ , I 

(I) 
0) 

~ · ' 

l . ~ -""' . -"""" --
I 

- ...---- - 1----- - r- ! ' _[ r--.._ ? 
J 1/4" COVER PLATE -. ~ I ~:- .. r- ---.._,~--,._ ~ 

'-.. I I ....II ---> 
,. ~ 1 ', _ ~.o. t-1/ 4" HINGED COVER PLATE 
~v.f,J,. -o/\·"JZ, .~fli- =;=-+::;:==;q;iJf' w v- .J'V'VV"v ...,., - TO RETAIN SAND 

.. 
' .: . . 

t------. ...... ... ~ .... ,..R. ..• ·: ·~·: .... ·:,..: .. :: 
'-·. : .. !!' 

MUD SLAB~ 

I ' ' 
1 <::) > 
· ~ 

: 
1 

~ I 

.... ~ . . . . . . ·: ... ;. 
-~ . .: . . . . . . . ... i•:,....... . • . .·):· ,1\: 1 

I 

j I. 3'-0" 1/J 

l, l 

EMBED CULVERT 
3" INTO CONCRETE 

NOTE : CORRUGATED PIPE SHOWN ABOV E SHA LL 
BE 30" I.D. 16 GA GALVANIZED, BITUMINOUS COATED, 
CORRUGATED METAL PIPE CULVERT WITH 2-2/3" x 1/2" 
CORRUGATIONS. 

Emergency exit details. 
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