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SECTION I

INTRODUCTION

A. BACKGROUND

Firefighting resouý-ces, including consumables and vehicles, assigned to

airbase fire departments in Europe and the Pacific are dispersed before

attack, according to a predetermined plan. Dispersal locations depend on the

availability of space in aircraft shelters and other protected areas designed

and constructed for the protection of other resources; therefore, fire

departments must compete for protected space. When an attack occurs, space

may not be available or the available space may not meet the needs of the fire

department.

Dedicated splinter protected areas, located and designed specifically for

firefighting vehicles and consumables, will improve the firefighting and

rescue capability following an airbase attack. The use of dedicated areas

will also greatly reduce or eliminate the competition for available protected

space.

B. OBJECTIVE

The objective of this investigation was to develop optimum, affordable

designs for protecting firefighting resources From damage or destruction,

thereby, minimizing damage from an attack. Specifically, the objective

requires the development of effective and practical designs based on off-the-

shelf materials and standard construction techniques.

C. RESOURCES

Table 1 presents the major firefighting equipment considered for

protection. Based on the vehicle geometry presented in Table 1, three shelter

sizes were selected for final design. Table 2 presents vehicle envelopes on

1m
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these three shelters. These envelopes were used to determine minimum shelter

dimensions. Storage of supplies and equipment was not considered in selectinn

sheiler dimensions for comparative evaluation because these functions are

considered to be future determinations to be made by MAJCON and individual

bases. Additional work and storage space can be provided by adding length to

any of the shelter concepts considered. Additional work space and other

functional requirements are discussed in Section IV.

TABLE 2. BASIC SHELTER DIMENSIONS

Overall Vehicle Envelope

Shelter Vehicle

Designation Length Width Heicht Sheltered

A 50 ft 10 ft, 2 in 13 ft, 9 in P-15

B 36 ft 10 ft, 2 in 13 ft, 9 in P-2, P-4

C 36 ft 8 ft, 3 in g ft, I in P-B, P-10,
P-12, P-19
P-20

3
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SECTIAN II

SPLINTER PROTECTION CONCEPTS

Two general types of protection concepts were considered: (1) perimeter

wall structures such as revetments and (2) fully enclosed structures such as

bermed arches and buried steel culverts. Al of the concepts could be

constructed with off-the-shelf materials and established techniques.

Because of the requirement to develop affordable systems based upon off-

the-shelf materials and standard construction techniques, none of the

protection concepts considered includes door systems. Hardened doors do not

provide a significant increase in the protection afforded by perimeter wall

systems. Although they do provide a significant increase in the protection

afforded by enclosed systems, they also significantly increase the cost and

complexity of the shelter. If hardened doors arc not installed, design threat

weapons impacting within a sector, defined by the geometry of the shelter

entranceway and the placement of equipment within the shelter can cause t and

airblast damage to stored equipment. Free-standing revetments or berms can

reduce the vulnerability of open entranceways; however, as a door system.

they can be designed to stop fragments and projectiles, but they have little

effect on airblast attenuation unless located close to the target being

protected. Many of the factors affecting the size and siting of revetments

and berms are site-dependent, and no general recommendations can be made for

these features. Some of the factors affecting the design of revetment or berm

systems are weapon miss distances, types of weapons, turning radius of

vehicles, direction from which weapons may be delivered, size and proximity of

other structures, and availability of real estate. Some earth berm concepts

are illustrated and further discussed in Section IV.

4



The perimeter wall concepts considered were sand grids, precast concrete

retaining wall materials, steel-soil-bin-type structures, and two types of

aircraft revetments: reinforced concrete and a Slurry Infiltrated Fiber

Concrete (SIFCON). The total enclosure concepts considered were multiplate

steel structures, steel culvert shelters, and shotcrete arch structures. All

fully enclosed structural concepts were considered to be bermed. The assumed

berm geometry was 2-feet deep at the crown of structure and side slopes were

30 degrees relative to the horizontal.

Following ar2 brief descriptions of the concepts considered, with a

discussion of the following specific factors used in the evaluation of each:

constructibility, performance, land use, aesthetics,aP4 cost. The cost factor

was based on a planned enclosed space of 18 by 53 feet, which is shelter

designation A, the size required for the largest vehicle (P-15).

A. SAND GRIDS

land-grid material was originally developed at the Waterways Experiment

Station (WES) as a soil confinement and erosion control system. A program was

later undertaken to investigate the suitability of sand grid concepts for

protective revetments. Some examples of uses for protective revetments are:
- Protective artillery emplacements

- Individual fighting positions
- Helicopter revetment positions
- Command post protection
- Protection of civilian structures against terrorist attack

Sand grid material is normally constructed from high density polyethylene

plastic strips approximately 8 inches wide. The strips are bonded at 13-inch

intervals to form a honeycomb grid section. The plastic material is normally

treated with ultraviolet stabilizers to prevent breakdown of the grid material

when exposed to field conditions. Protective revetments or perimeter walls

are constructed by expanding the grid material and filling it with sand or

5
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soil and then stacking the sections. Sand grid revetments have been

constructed as high as 8 feet. WES has shown that sand grid construction is

more economical than sandbag construction.

I. Constructibility

Of all the concepts considered, the sand grids are the easiest to

construct. They can be erected by unskilled labor and require only hand

tools.

2. Performance

A variety of conventional weapons have been used by WES to test sand

grid revetments containing different fill materials such as sand, soil or

grav~l. The results of the tests indicate the sand grid concept will provide

a measure of protection to the splinter threat. However, if the maximum

height used is only 8 feet, only the lower portion of the vehicle will be

protected. No protection is provided from projectiles lofted over the

revetment.

3. Land Use

The sand grid configuration results in walls approximately 3 feet

wide; therefore, this concept allows for the smallest perimeter wall footprint

of the approaches considered.

4. Aesthetics

Because the fill material on the top of the structure and the 8-inch

layers of plastic on the sides are visible, this concept has less eye appeal

than any of the others.

S. Cost

For an enclosed area 18 by 53 feet and open on one end, the cost of

an 8-foot high sand grid wall is approximately $12,000, including a concrete

floor slab.

6



B. PRECAST CONCRETE RETAINING WALL SYSTEMS

These structures consist of an assemblage of precase concrete block units

that can be interlocked and stacked in almost any desired configuration to

form a retaining wall structure. Overturning and sliding are resisted by the

weight of the structure and fill material. Maximum constructed heights of

this system exceed requirements for the shelters.

1. Constructibility

DOUBLEWALtm modular precast interlocking components are

constructed by a licensee of the Atlantic Pipe Corporation

(Figure 1). Walls are asss.nbled by stacking blocks to the

requi:-ed height in any configuration. No bolting or mechanical

assembly is required. Corner modules and capping blocks are

available. A crane is required for lifting and placing the

blecks.

2. Performance

This concept has not been examined for protection against weapons

effects. However, the units consist of two 5-inch-thick reinforced concrete

walls with interlocking top and bottom surfaces separated by fill material

which should provide adequate protection against the proposed threat. The

added height over sand grids offers better protection from surface bursts, but

not from lofted projectiles.

3. Land Use

Nominal block widths range from 4 to 16 feet. Using the narrower

widths will provide a relatively small footprint.

4. Aesthetics

The bold, modular construction results in a pleasing appearance.

5. Cost

Based on a 12-foot wall enclosing an 18 by 53 foot area open on one

7
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end, the cost of material is over $35,000, which makes this one of the most

expensive concepts.

C. STEEL-BIN-TYPE RETAINING STRUCTURES

Steel soil-bin-type retaining structures consist of adjoining closed face

bins. The steel closure surrounds compacted masses of earth fill. The weight

of the fill resists overturning and sliding forces.

These systems are widely used as retaining structures on highway and

railroad projects, and similar systems were used extensively in Southeast Asia

to erect revetments for the protection of aircraft. Installation is

relatively easy and can be accomplished with inexpensive equipment and

unskilled labor. As with the DOUBLEWALtm system, maximum height is not a

limitation for this system.

1. Constructibility

The soil-bin-type retaining wall structure is commonly used and does

not require o skilled labor force or extensive field supervision for assembly.

The lightweight components require a minimum of handling equipment to erect.

2. Performance

While this concept has not been tested for this specific application,

it has been tested for others with similar design threats. The earth fill

material is more than adequate to provide the required protection. The system

can be erected in any configuration and later expansion can be easily

accommodated.

3. Land Use

The minimum width of these units is 10 feet, resulting in one of the

larger footprints for a perimeter wall configuration.

9 mI



4. Aesthetics

The modular construction with strong lines results in a pleasing

appearance. Specially constructed concrete components may be substituted for

the galvanized steel stringers to give any desired appearance. The steel

stringers may also be punched for planting shrubs or other types of

vegetation.

5. Cost

This concept is the most expensive of all considered. For a 14-foot

high, 18 by 53-foot area, the cost is over $40,000.

D. AIRCRAFT REVETMENTS

For years the U. S. Air Force has used reinforced concrete revetments to

protect aircraft and other support equipment and buildings. The revetments

range in height from 2 to 4 meters (6.5 to 13 feet) and have a base that

allows the revetment to serve as a retzining structure. In addition to

standard reinforced concrete revetments, an alternate mat;.rial, SIFCOM, was

considered. Although it is a relatively new material, tests have shown that

SIUCON possesses outstanding ballistic and blast-resistant characteristics.

1. Constructibillty

Reinforced concrete requives skilled construction labor and field

supervision. SIFCON construction requires less skilled labor but more trained

field supervision. The moving and placing of precast revetments requires a

crane or large forklift.

2. Performance

Concrete revetments have been extensively investigated for blast and

fragment loading similar to the present threat. The 2-meter (6.5 foot) high

Bitburg revetments are too low to provide adequate protection for the proposed

vehicles. Current aircraft ravetment designs will provide some protection if

10



bermed; however, as with all the wall revetments, no protection from lofted

projectiles is provided. A revised taller design could be used without a

berm. The revetments provide a flexible system that can be easily moved to

form any desired layout.

3. Land Use

The revetment concept provides a relatively large footprint. Bermed

revetments require about 10 feet in width.

4. Aesthetics

Bare concrete revetments may be somewhat stark in appearance.

Textured or special surface treatment could be used if desired. If the

revetments were bermed, the selective planting of trees, shrubs or other

vegetation could be done.

5. Cost

Preliminary cost estimates for a 12-foot high, 18 by 53-foot

enclosure are $19,000 for reinforced concrete and $27,000 for SIFCON. These

are both considered unbermed.

E. EARTH-BERMED CORRUGATED STEEL PIPE

The first of the fully enclosed structural concepts considered was the

bermed, corrugated, multiplate, steel pipe. A concrete floor would be cast

inside the pipe to form the wearing surface. Corrugated steel pipe structures

are widely used as drainage systems in heavy construction. Examples of their

use are culverts, storm sewers and service tunnels for highways, railways,

airports, muricipalities, and many other applications. Various cross-

sectional shapes are available including circular, elliptical, pipe-arch, and

underpass. A circular shape was chosen for ease of installation and, a

reasonable fit to geometry/space requirements. The manufacturer's standard,

bolted lap Joints were assumed to be adequate for the design loading

11



environment. Modifications of these connections would result in increased

costs.

1. Constructibility

This concept is widely used in the construction industry and does not

require a highly skilled labor force for erection. Although the erection

process is not complicated, it must be complicated it must be accomplished in

accordance with the manufacturer's instructions. The material is relatively

lightweight and requires minimal handling equipment. The backfill must be

compacted so that the pipe will perform properly.

2. Performance

Bermed steel arch-type structures have been previously used for

protective hardened shelters. The flexibility and ,eometry of the shelter

make it an excellent structure to resist dynami' loads such as blast pressure

and ground motion. The earth berm is sufficient to resist fragment

penetration and loading from the splinter threat. The open ends of the

shelter must be shielded through the use of either hardened end walls or

auxiliary barriers such as revetments.

3. Land Use

Because of the earth berm, this concept requires more level area than

the perimeter wall concepts. The edge of the berm will be approximately 25

feet from the edge of the shelter. Grouping two or more shelters together

could reduce total land requirements.

4. Aesthetics

The planting of grass or other vegetation may be used on the earth

berms to soften the appearance of the structure.

5. Cost

The approximate cost of an 18-foot diameter corrugated steel pipe

with a concrete floor and compacted backfill is $24,000.

12



F. EARTH-BERMED CORRUGATED STEEL ARCH

Another fully enclosed shelter concept considered was a bermed steel arch

structure. This type of structure was specifically intended for military

shelter use. It consists of a reinforced concrete foundation/floor structure

that also provides the tie forces between the arch walls. Because of the

large size of this structure, it was considered only for multivehicle use,

specifically for two or more vehicles parked side by side.

1. Constructibility

Like the steel pipe concept, these steel arch structures are widely

used in the same applications as the steel pipe where larger spans are

necessary. Because of the nature of the reinforced concrete floor and

foundation system, the erection requires a higher degree of skill than the

pipe structures and the same type of handling equipment. Depending on the spe-

cific design of the arch structures, the backfill may have to be compacted.

2. Performance

Bermed steel arch-type structures have been previously used for

protective hardened structures. The flexibility and geometry of the shelter

make it a good structure to resist dynamic loads such as blast pressure and

ground motion. The earth berm is sufficient to resist fragment penetration

and loading from the splinter threat. The open ends of the shelter must be

shielded by hardened end walls or by auxiliary barriers like revetments.

3. Land Us7

The footprint per vehicle is only slightly smaller than that of the

bermed corrugated pipe.

4. Aesthetics

As with all earth-bermed structures, selected planting may be used to

soften the appearance of the structure.

13



S. Cost

The approximate cost of this arch structure without end protection is

$39,000.

G. SHOTCRETE ARCH

The last fully enclosed structure considered was an earth-bermed

reinforced concrete (shotcrete) arch structure. The system was developed by

Earth Systems, Inc. (ESI) of Durango, Colorado. The concept consists of the

reinforced concrete floor/foundation system supporting a patented

prefabricated structural forming system. Fabric panels are added over the

steel frame to serve as a "backstop" for the later shotcrete stage. The

necessary reinforcing steel is then overlaid according to the engineering

design. Shotcrete or gunite is then shot into the reinforcing gridwork,

smoothed, waterproofed, and backfilled. Figure 2 shows a typical ESI system.

1. Constructlbility

The shotcrete operation is a widely used professional construction

technique, and it requiresskill and practice to do a satisfactory job. The

backfill does not require compaction as does the steel pipe concept.

2. Performance

While this concept has not been tested under the splinter threat, it

has been tested under a high pressure blast and shock environment. The earth

berm will provide the primary splinter protection.

3. Land Use

The footprint for this concept will be about the same as that of

earth-bermed corrugated steel pipe--approximately 25 feet wider on each side

of the arch.

4. Aesthetics

As with the other earth berming concepts, planting of shrubs or other

14
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vegetation my be used to soften the appearance of the structure.

S. Cost

The preliminary cost of $37,400 was based on a dome/arch combination

structure.

16



SECTION III

SELECTION PROCESS

A. EVALUATION CONSIDERATIONS

In order to determine objectively the best concept for the splinter

protection of firefighting resources, a matrix of weighted evaluation factors

was assembled. The eight factors employed in the evaluation process are

described below.

1. Overall Protection

This factor assessed the degree to which the resources would be

protected against all possible components of the splinter threat such as

airblast, fragments, and ground shock. In general, perimeter wall concepts

were not considered as good as full enclosures. In the perimeter wall group,

the higher the wall, the better the rating. Sand grids have the shortest

walls, whereas the bin-type walls could be constructed higher and thicker. Of

the fully enclosed structures, the multivehicle shelter was considered a more

vulnerable target than single vehicle shelters. A simplified analysis was

performed on a bermed cylindrical shell subjected to the splinter threat. The

analysis considered airblast and ground shock. Tests have shown that the berm

would defeat any fragmentation threat. The structural model used was a

corrugated steel pipe. The motions and associated stresses were small enough

that a decision was made not to do an analysis of the concrete arch.

2. Field Constructibility

This factor considered how easy it would be to construct the concept

and what degree of skill was required.

3. Aesthetics

Aesthetics is always a somewhat subjective parameter. In general the

17



U

finished look of the article was evaluated. A permanent appearance was

considered better than the temporary look of some of the perimeter wall

concepts.

4. Maintenance

This factor considered the long-term permanence of the shelter and

how susceptible it would be to the effects of the weather and the elements.

5. Expandability

This factor considered the ease with which the initial shelter could

be expanded to accommodate larger or more vehicles. The perimeter wall

concepts were rated more favorably in this area.

6. Land Use

This factor considered the footprint of the shelter concept. The

perimeter wall concepts require the least space, whereas the full enclosures,

because of the earth berm, require the most space.

7. Durability

This factor is related to the durability of the concept under

repeated attack. The sand grid was Judged the least substantial structure,

with the fully enclosed structures being the best.

8. Overall Cost Per Vehicle

This factor was used to determine relative costs of the various

concepts. The cost for each concept was based on an enclosed area of 18 by 53

feet. In general, the perimeter wall concepts were less expensive than the

full enclosures. However, steel and precast concrete bin-wall-type structures

were very expensive. The initial cost information for the shotcrete arch was

based on a configuration that was more expensive than the final configuration.

B. SCORING

For each evaluation factor, each protective concept was given a score of

18



I through 8, with 8 being the best. Where two or more concept were Judged

about equal, the scores were averaged. For example, if two concepts. were

about equal in one area, instead of awarding a 3 and a 4, both concepts would

be scored 3.5.

Each rating factor was weighted based on an assessment of the overall

importance of the factor. The weight factors ranged from I to 8.

The final score for each concept was then calculated as the sum of the

products of the weight factor times the evaluation score for each concept.

This evaluation matrix is shown in Table 3.

C. EVALUATION

The resulting overall scores for the various concepts do not indicate a

clear best concept since the three highest scores are relatively close. Based

on the scores, it is apparent that the perimeter wall concepts are less

desirable than the fully enclosed shelters; therefore, the detcision was made

to restrict further investigation to the fully enclosed concepts.

It was also decided to eliminate the multivehicle shelter from. further

consideration, mostly because of the increased vulnerability of vehicles being

"housed side by side together.

With the elimination of the perimeter wall concepts and the earth-bermed

multivehicle structure, the evaluation process was reduced to the earth-bermed

corrugated steel pipe and the earth-bermed shotcrete arch structure. Of the

eight evaluation factors considered, five were Judged essentially equal: (1)

overall protection, (2) aesthetics, (3) expandability, (4) land use, and (5)

durability. The remaining three factors were then investigated in more detail

to make the final decision on the best concept.

1. Field Constructibility

The corrugated steel pipe was judged better in this category because

19
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of the specialized application equipment and techniques required for the

shotcrete arch.

2. Maintenance

There have been extensive improvements in waterproofing of corrugated

steel arch structures. These improvements were necessary because of a history

of difficulties in the successful waterproofing of these structure types.

Concrete is generally a very watertight material. Waterproofing can also be

added to the concrete shell before backfilling. For these reasons, the

concrete arch structure was judged slightly better in this category.

3. Cost

A more detailed cost estimate was prepared for the two remaining

concepts. The shotcrete arch considered was a barrel shell 18 feet high by 29

feet wide by 50 feet long. The corrugated metal pipe was 21.5 fe3t in

diameter and 50 feet long. Both structures were open at each end and bermed.

It was assumed that the corrugated steel pipe structure required a compacted

backfill and the shotcrete structure did not. The cost comparison is shown in

Tables 4 and 5. These costs demonstrate an advantage for the shotcrete

shelter, but the major difference is in the cost of waterproofing. The cost

estimate given in Table 5 assumed, as a worst case, that all joints in the

corrugated metal shelter would have to be sealed, and the corrugated surface

would be more difficult to cover. A lower cost option would be to cover the

structure, before completing the earth backfill, with a polyethylene

geomembrane similar to those used as pond liners. Preliminary cost estimates

indicate that this type of waterproofing might be installed for about

$1.50/ft 2 . If this unit cost for waterproofing is used for the corrugated

metal shelter, the total costs for each type of shelter are more nearly eqkia1.

21



TABLE 4. SHOTCRETE ARCH SHELTER--COST DATA.

18 ft

Quantity Cost
Floor area 1424 ft2 --

Shell surface areaa 2605 ft2

Foundation (18 x 36 in),
slab (6 in), and
tension beams (14 x 14 in)b 58.22 yd3 $ 6,096.12

Shotcrete in shellc 39.76 yd3  5,964.73

Frame erectiond --- 3,540.00
Waterproofinge --- 2,605.00
Structural kit --- 14,110.00

Backfill (loose)f 580 yd3  1,450.00

Total $33,765.00

a Open ends

b Based on National Estimator @ $4.11/ft2 of floor area.

c Based on S150/yd nation average (including equipment and operators).

d Based on $1.25/ft2 of shell surface area.

e Based on $1.25/ft2 of shell surface area.
f

Based on $2.50/yd3.
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TABLE 5. STEEL CULVERT SHELTER--COST DATA.

21 1/2 ft diameter by 50 ft long steel culvert
both ends open

Quantity Cost
Floor area 783.5 ft2 --

Shell surface area 2495 ft2 --

Culvert (SYRO) 1 $18,137.50
Culvert erection (@ $125/ft) 50 ft 6,250.00
Excavation (to set culvert,

50-hp buldozer; 1/2 day) 60.67 yd 172.51
Sand base (to set culvert

and prevent rolling) 882 ft2 182.22
Compaction (culverts reouire 90 percent

compaction in 8-in lifts before
compaction to achieve rated culvert
strength; $5/yd) 750 yd 3,750.00

ABC fill (under slab floor) 692 ft2 186.84
Six-inch concrete slab floor 13.96 yd 3,220.18

Seal tape (@ $7.50/lineal ft) 50 ft 375.00
Waterproofing (based on flat surface

area; a corrugated surface will
require greater amount)a 2495 ft2 8,732.50

Total $41,006.75

a $3.50/ft2 Corp of Engineers Specifications.

23



D. CONCLUSION

Since the evaluation process did not show a clear advantage for either

shelter concept, a decision was made to include construction drawings and cost

information for both. The final cost estimates for the corrugated metal

shelters assumed that a polyethylene geomembrane would be used for

waterproofing.

24



SECTION IV

SELECTED SHELTER CONCEPTS

A. ESTIMATES

Figures 3 and 4 illustrate the primary and alternate splinter protectior

concepts for firefighting resources. The corrugated steel pipe shelter is

shown open at both ends. A steel sheet-pile headwall is provided at each end.

The shotcrete shelter is closed at one end by a partial dome. A reinforced

concrete (shotcrete) headwall is provided at the open end. Although a drive-

through capability is provided by having both ends open, it also increases the

probability of damage to equipment parked in the shelter. There are

sufficient clearances between the vehicle and the sidewalls of either shelter

to permit safe backing of the vehicle into the shelter. Wheel guides could be

placed on the floor of the shelters to ensure that vehicles are properly

positioned during the backing operation.

Corrugated steel pipe and sneet pile are manufactured by several steel

companies including ARMICO and SYRO. ARMCO products were assumed in dimension-

ing various portions of the shelters. Slight changes in these dimensions

might be required if other products are used. Appendix A applies to the

corrugated steel pipe.

The shotcrete system selected was developed by ESI of Durango, Colorado.

Appendix B presents a portion of the ESI construction manual that is supplied

with their structural kit. Only the portion of the manual dealing with the

extended dome is included since that is the structure of interest.

As shown in Table 2, three shelter sizes (A, B, and C) were selected to

house the several different fire trucks. A more complete cost estimate for

the three shotcrete shelters is presented in Tables 6, 7 and 8. Tables 9, 10,

and 11 present the cost estimates for the three corrugated steel pipe

shelters.
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TABLE 6. COST ESTIMATE FOR SHELTER A - SHOTCRETE ARCH.

Quantity Cost
Floor area 1,947 ft2 --

Shell surface area 3,841 ft2 --

Foundation (18 x 36 in), Slab (6 in)
and tension beams (14 by 14 in)a 57 yd3 $ 8,000

Shotcrete in shell b 54.5 yd3  8,175

Rebar in shellc 2,300

Frame erectiond 4,650

Waterproofinge 3,750

Structural kit 22,400f
Berm 789 yd3  2,000

Retaining wall 6,000

Front wall 2,000

Total $59,275

a Based on National Estimator @ $4.11/ft2 of floor area.

b Based on $150/yd national average (including equipment and

operators).
c No. 4 @ 24 in on center horizontal over, No. 4 @ 8 in on center

verticle over, No. 4 @ 12 in on center horizontal.
d Based on $1.251ft2 of shell surface area.

e Based on $1.02/ft2 of shell surface area.

Based on $2.50/yd3.
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TABLE 7. COST ESTIMATE FOR SHELTER B - SHOTCRETE ARCH.

Quantity Cost

Floor area 1,591 ft2 --

Shell surface area 3,185 ft 2  --

Foundation (18 x 36 in), Slab (6 in)
and tension beams (14 by 14 in)a 48 yd 3  $ 6,500

Shotcrete in shellb 50.5 yd 3  7,600

Rebar in shellc 2,000

Frame erectiond 4,000

Waterproofinge 3,200

Structural kit 18,380

Bermf 650 yd 3  1,625

Retaining wall 6,000

Front wall 2,000

Total $51,305

a Based on National Estimator @ $4.11/ft2 of floor area.
b Based on $150/yd national average (including equipment and

operators).
c No. 4 @ 24 in on center horizontal over, No. 4 @ 8 in cn center

verticie over, No. 4 @ 12 in on center horizontal.
d Based on $1.25/ft2 of ahell surface area.

e Based on $1.00/ft2 of shell surface area.
f

Based on $2.50/yd3 .
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TABLE 8. COST ESTIMATE FOR SHELTER C - SHOTCRETE ARCH.

Quantity Cost

Floor area 1,275 ft2 --

Shell surface area 2,176 ft2 --

Foundation (18 x 36 in), Slab (6 in)
and tension beams (14 by 14 in)a 38 yd 3  $5,240

Shotcrete in shellb 31 yd 3  4,650

Rebar in shellc 1,310

Frame erection 2,720

Waterproofinge 2,180

Structural kit 12,650

Bermf 325 yd3  815

Retaining wall 3,500
Front wall 1,350

Total $34,415

a Based on National Estimator @ $4.11/ft2 of floor area.

b Based on $150/yd national average (including equipment and

operators).
C No. 4 @ 24 in on center horizontal over, No. 4 @ 8 in on center

verticle over, No. 4 @ 12 in on center horizontal.
d Based on $1.25/fte of she]l surface area.
e Based on $1.00/ft2 of shell surface area.

Based or, $2.50/yd3.
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TABLE 9. COST ESTIMATE FOR SHELTER A - STEEL CULVERT.

Quantity Cost

Floor area 930 ft2 ---

Shell surface area 3,960 ft2 ---

Culvert $18,000

Culvert erection (at $125/ft) 7,500

Excavation 440 yd 3  660

Sand base 440 yd 3  900

Compaction (Culverts require 90 percent
compaction in 8-inch lifts before
compaction to achieve rated
culvert strength; $5/yd.) 900 yd 3  4,500

ABC fill (under slab floor) 200

Six-inch concrete slab floor ($4/ft2) 930 ft2 3,720

Seal tape 450

Waterproofing a 3,300 ft2 4,950

Retaining and end walls (both ends) 13,000

Total $53,880

aWaterproofing estimates are based on covering the upper half of the
pipe with a geotextile, which would also extend one radius out from
each side of the pipe. An installed cost of $1.50/ft2 was used.
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TABLE 10. COST ESTIMATE FOR SHELTER B - STEEL CULVERT.

Quantity Cost

Floor area 775 ft2

Shell surface area 3,300 ft 2  ---

Culvert $15,000

Culvert erection (at $125/ft) 6,250

Excavation 367 yd3  550

Sand base 367 yd 3  740

Compaction (Culverts require 90 percent
compaction in 8-inch lifts before
compaction to achieve rated
culvert strength; $5/yd.) 750 yd3  3,750

ABC fill (under slab floor) 200
Six-inch concrete slab floor ($4/ft2) 775 ft2 3,100
Seal tape 375
Waterproofinga 2,700 ft2 4,050

Retaining and end walls (both ends) 13,000

Total $47,015

awaterproofing estimates are based on covering the upper half of the

pipe with a geotextile, which would also extend one radius out from
each side of the pipe. An installed cost of $1.50/ft2 was used.
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TABLE 11. COST ESTIMATE FOR SHELTER C - STEEL CULVERT

Quantitv

Floor area 675 ---

Shell surface area 2,700 ---

Culvert $12,500

Culvert erection (at $125/ft.) 5,500

Excavation 300 yd3  450

Sand base 300 yd 3  615

Compaction (Culverts require 90% compaction
in 8-inch lifts before compaction to achieve
rated culvert strength; $5/yd.) 500 yd 3  2,500

ABC fill (under slab floor) 200

Six-inch concrete slab floor ($4/ft 2 ) 2,700

Seal tape 350

Waterproofinga 2,200 ft2  3,278

Retaining and end walls (both ends) LM

Total $36,093

aWaterproofing estimates are based on covering the upper half of the pipe with
a geotextile, which would also extyd one radius out from each side of the
pipe. An installed cost of $1.50/ft was used.

i
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B. SUMMARY

While the foregoing investigations and evaluations reveal general

comparability between the two best candidate concepts, the factors of

constructibility and proven protection performance indicate that the

corrugated steel pipe is the better of the two final concepts. As shown in

Figure 5, this concept allows for a flexible approach, which can then be used

to incorporate protection for storage of ancillary materials and for

additional functions. In this particular layout, the shelter includes a tent

structure contamination control area (CCA) attached to a mobile hard-wall

structure with rotary air lock and rest quarters for 4 to 6 firefighters.

This gives the firefighters a protected area to don/doff their protective

equipment and accommodates the reservicing of breathing apparatus. Such a

facility can house two firefighting vehicles in P low profile perspective,

while also affording protection to a mobile chemical decontamination unit, a

3,000 gallon water storage tank, war readiness materials, and spare parts.

Where possible, the water storage should be connected to a deep well or a

redundant, protected pipeline to a water reservoir. This decision should be

made locally, based on layout, geological, and budgetary considerations.

The front protective berm can be short and front facing only as depicted

in Figure 5; or as shown in Figure 6, it can be more elaborate to afford more

protection. Again, economic and geographical aspects should guide this

decision.

The elevation view of this layout is shown in Figure 7. The vehicles

protected are the P-19 Crash Response Vehicle and the P-20 Rapid Intervention

Vehicle. The interior of the shelter is 18 by 82 ft., while the overall

length is 100 ft. The protective berm is lcoated 50 ft. from the front of the

shelter and is 20 ft. high and 50 ft. wide.
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C. TESTING

Because of the large number of these shelters to be located at airbases

in Europe and in the Pacific, a survivability verification program is well

Jsutified. A field-test program should be conducted to test the full-size

shelters to the splinter threat. A test program, therefore, would also serve

as a constructibility verification program. Appendix C presents a proposed

test plan for the verification program.
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APPENDIX A*

CONSTRUCTION MANUAL

FOR

CORRUGATED STEEL PIPE

This manual is a general guide on
constructing ARMCO structures.

Exact details and ipecifications
are in plans.

*The information contained in Appendix A: Construction Manual
for Corrugated Steel Pipe is cooyriqhted; it is the sole prnnerty
of ARMCO STEEL. The information is reproduced here in
their format, by written permission of ARMCO. (The manual is
reproduced in part. Text and illustrations not directly relevant
to splinter protection structures are not included.)
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MULTI -PLATE

INSTALLATION INSTRUCTIO0S

ROUND AND ELLIPTICAL PIPE

40 May 1986



Description of Material:

Plates: The plates for MULTI-PLATE pipe are furnished in two lengths, nominally
10 feet and 12 feet long. In special instances, one or more 6-foot-long plate
may be furnished. Plate widths are about 3 feet, 4 feet, 5 feet, 6 feet and
7 feet. The 3-foot-wide plate has 4 holes across each end; the 4 foot has
6 holes; the 5 foot has 7 holes; the 6 foot has 8 holes; and the 7-foot plate
has 9 holes.

Each plate is identified by numbers stamped into the inside crest of an end
corrugation near the middle of the plate except plates for special ends have
these numbers stamped near each corner before cutting. The first three (3)
numbers are the sub item number. The second three (3) numbers are the plate
radius in inches. The seventh number is the plate gage number, with the exception
that "0" is for 10 gage and "2" is for 12 gage and a blank designates thickness
greater than I gage. The eighth number is the order item number. The last four
(4) numbers are the mill order number (See Figure 1).
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INSIDE VIEW

o Standard holes

* Added holes for 6- and
8-bolt construction

FIGURE 1

If the structure is to be erected with skewed or sloped ends, look for embossed
identification marks on the inside of each cut plate. Plates to be used in an
elbow section will be identified with similar embossed numbers on the inside of
each cut and welded plate. These numbers will correspond to plates as marked
on the cut end or elbow layout drawing.
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Bolts: For convenience, MULTI-PLATE bolt and nut containers are stenciled

as follows:

Size

3/4" x 1-1/4"
3/4" x 1-1/2"
3/4" x 1-3/4"

3/4" x 2"
3/4" x 3"
Nuts

Each structure will have six (6) 3-Inch-long service bolts to use as assembly tools

to temporarily draw plates together where needed. They should not remain in the

structure. The required number of bolts for a structure rarely amounts to full keg

lots for all sizes. The carton containing partial amounts of one size will also have

the reouired 3-inch bolts. This carton will be re-marked accordingly..

Bolts are furnished ir. two lengths, the longer length for three (3) thicknesses

of metal. Length of bolts furnished for various plate thickness is as follows:

GatWanized Plates:

Plate Gage (Thickness). Bolt Lengths

1 Gage (.280") 1-1/2" and 2"
3 Gage '.249") 1-1/2" and 2"
5 Gage .218") 1-1/2" and 1-3/4"

"7 age (.188"1) 1-1/2"' and 1-3/4"
8 Gage .168" 1-1/4" and 1-1/2"

10 Gage .138") 1-1/4" and 1-1/2"
12 Gage (.109") 1-1/4" and 1-1/2"

Asphalt Coated Plates:

Plate Gage (Thickness) Bolt Lengths

1 Gage .280") 1-3/4" and 2"
3 Gage .249") 1-3/4" and 2"
5 Gage .218") 1-3/4" and 2"
7 Gage .188") 1-3/4" and 2"
8 Gage .168") 1-1/2" and 1-3/4"

10 Gage .138") 1-1/2" and 1-3/4"
12 Gage .109") 1-1/2" and 1-3/4"

MAY, 1986
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The longer of the two (2) bolt lengths go in the corners of the plates where
three (3) thicknesses of metal overlap and in the hole next to the corner In
the longitudinal seam. The shorter of the two (2) bolts go where only two (2)
thicknesses of metal overlap (See Figure 2).
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FIGURE 2

Plate Identification and Location: The various widths of plates are located in
the barrel in accordance with the plate layout drawings. The numbers appearing
in the barrel area or on the plates (numbers 4, 6, 7, 8 or 9) are the number of
bolt holes across the end of each plate. The line layout and/or plate layout
shows total 10-foot and 12-foot-long rings making up the structure.

Beginning and ending rings are shown for sr-,.are end structures and these contain
combinations of 10-foot and 12-foot rin~s required to obtain proper plate stagger.
Special plates in cut end structures are shown on the plate layout together with
necessary 10-foot and 12-foot long plates required to obtain proper seam stagger
in the barrel. Intermediate barrel rings contain plates all the same length.
For cut plates and elbow cut and welded plates, numbers appear on the plate
layout corresponding to the embossed numbers on the plates themselves.

MAY, 1986
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Pipe Assembly: The pipe is assembled in three (3) stages: 1) bottom; 2) sides;
and 3) top.

1) Bottom (invert) plates are assembled by laying the first bottom plate at the
outlet end, then placing each succeeding plate in the longitudinal row so it
laps one (1) corrugation of the preceding plate (See Figure 2). Position invert
plates accurately with a stringline.

FLOW -
______________ IMPORTANT:
0 00 0 00 a0 0 0@001 00 Note the two (2) corner bolt holes

o o. are different. One (1) is close to
the plate edge, the other is set in
from the plate edge. When beginning
construction, the corner bolt hole

o pattern must match the pattern shown
in detaiT-" on the plate layout
drawing.

0

* 0

0 0 0 0 0 0 0/ 0 VE
0 LO 0 0 o o o/ l I INSIDE VIEW

FIGURE 3

2) After several invert plates have been laid down and aligned, start again
at the outlet end and attach side plates to each side. These side plates may
lap on the inside of the invert plates (see typical barrel end views on next
sheet). Also, each additional side plate in a longitudinal row laps over the
previous plate by one (1) corrugation.

3) Finally, the top plates are put in place. The upper half of the pipe is
assembled with each plate lapping outside the plate immediately below it. (See
Figure 4 and typical barrel end views at the bottom of this sheet.) Extend
each row only far enough to support the next row of plates above to a place
where one (1) fihal plate can be added to complete the ring. Each additional
top plate in a longitudinal row laps over the previous plate by one corrugation.

TOP PLkTC•.

W0rrOM PLAT \

FIGURE 4

44 May 1986
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Bolting: To facilitate alignment, initial assembly should be done with a
minimum number of bolts. Insert sufficient bolts in each seam to hold plates
in position, but do not tighten the nuts, thus leaving the plate free to move
slightly to help in matching the remaining bolt holes. Bolting the circumfer-
ential seam is best done by first placing bolts near the middle of the plate.
About three (3) rings behind plate assembly, insert remaining bolts, using
pins or pry bar to align holes. After all bolts are in place, tighten nuts.
Note, aligning of bolt holes is done easier when bolts are loose while drifting
of holes is best done with adjacent bolts tight.

Sometimes it is desirable to insert and tighten all bottom plate bolts as the
bottom is assembled. If this is done, be certain plates are properly aligned
before tightening bolts. Always assemble corner and top plates with as few
bolts as possible while initially assembling the structure.

Recommended range for bolt torque is between 100 and 300 foot-pounds. Maintain
a balanced progression of tightening with respert to the axis of the. structure
to prevent a spiraling tendency.

MAY, 1986
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Description of Plates Table 1. Details of Uncurved MULTI-PLATE Sectionsal4

MULTI-PLATE plates are field assembled Net Width. in. Over-all Spaces Number d
into pipes arches. pipe-arches, box culvert, Width. a 9A Ch e
underpasses and other shapes. Cofl'. Nominal Detail in. in. Bolt Holes
bons of6"'pitch and 2" depth areat right
angles to the length of each plate. 91i 28.8 281XG 33%, 3 4

Thckes. Specified thickniss of the 15 Pi 48.0 48 52% 5 6
plate varies from approximately 0.109" to
0.280" for uncoated plates. See Table 3. 18 Pi 57.6 57% 62% 6 7

Widl,& Standard plates are fabricated 21 Pi 67.2 67X, 71% 7 8
in five net covering widths, 28.8", 48.01,
57.6, 672"and 76.8. See Thble 1. Widths 24Pi 76.8 76'%, 81%, 8 _ j
are listed in terms ofpi. 3 Pi - 9.6in.

The "pi" nomenclature translates cir-
cumference directly into nominal diameter Table 2. Approximate Weight of Armco MULTI-PIATE Sections"'
in inches. For example, four 15 pi plates Apprrdmate Might of Individual Plates
give a diameter o60"; four 21 pi plates - Ganized-inlbs-.-thoutBolts
84', etc. Various widths may be used to Net Net Specified Thickness. in.

Width Length, I Short Bolts
obtain any diameter in. f 0.109 0.138 0.168 0.188 0.218 0.249 0.280 perptate"L~gth MULTI-PLATE plates are fur-gth 9 Pi 10 161 205 250 272 316 361 405 38
nished in either 10'or 12'nominal lengths. 9Pi 12 193 246 299 325 379 432 485 46
They are punched with 718" holes on 3" 15 Pi 10 253 323 393 428 498 568 638 40
centers to provide the standard four bolts 15 Pi 12 303 386 470 511 595 678 762 48
per foot of longitudinal seam, ir, two stag- 18 Pi 10 299 382 465 506 589 671 754 41
gered rows on 2" centers. They may also 18 Pi 12 357 456 555 604 703 801 900 49
be punched to provide either six or eight 21 Pi 10 345 441 536 583 679 774 869 42
bolts per foot of longitudinal seam on 21 Pi 12 412 526 640 697 810 924 1038 50
0.280" specified thickness material, if 24 Pi 10 396 504 613 667 775 878 986 43
required. 24 Pi 12 473 603 732 797 927 1050 1176 51

The inside crests ofthe end corrugations Ec plate
are punched for circumferential seams Bolt I '/ and also has
on centers of 9.6 " or 9•%"(- 3 pi). lengths. in. I'a 1and I 'A I 'A and 1 2 4 long bolts

Actual length of the square-end structure "w.,n• , sI,• y=mclw o h , l w k ,oa a .1 s M 2 e o 5 a a U
is about 4 inches longe- than its nominal ,
length because a 2" lip protrudes beyond "Fe, Sdpa 12 to S. bok i ns9fne 1-7Ao 1.1/2': I for1 ike g7and 5, 1.112a" 1,V4": fa*r ps3ad 1. 1 I-1./'and2
each end ofevery plate forlappingpurposes. Wit,& a mo,,,kW, *-e,, -2 1-112'35.1.:1W2-37;-35i . 24o-378 2-399: -3"46, olOhe •.0 1&86s

Table 3. Physical Properties of Armco MULTI-PLATE

Specfied Uncoated Moment Section "Area o aus. of
Thkkneu, TicNmess O(Lnertia* Modulus Section,* Gyration

In. T, In. L in.4  S. Ini Ln. R, in.

0.109 0.1046 0.0604 0.0574 0.1297 0.682
0.138 0.1345 0.0782 0.0732 0.1669 0.684
0.168 0.1644 0.0962 0.0888 0.2041 0.686
0.188 0.11838 0.1080 0.0989 0.2283 0.688
0.218 0.2145 0.1269 0.1147 0.2666 0.690
0.249 0.2451 0.1462 0.1302 02048 0.692
0.280 0.2758 0.1658 0.1458 0.3432 0.695

Figure 1. Bolt Hole Spacing 'r, do ho,,, ,,,obn
3" Sa -.-- =4 hotes Wr fod standard,

60(8 volts Wder in 11114 onl y Figure 2. Standard 6" x 2" Corrugation
i i-I----------------------ti

Hl ineueural Aiu - -S-

I _isT !h or3C
Aoll~es~ Longitudinal Moest %- !ii =
All Clrcumnfrential Halis 1 * .kT *%s

" I L. . ii s Sea, m ods in ""
3%' Ailrnse iCfust and Va~li

"Not Ltrrlh --O' or 1 1I27 :
0. 141-M Length - 101"= or tr4% r~2 Anranrcjn vcSkfl ndiAutt 10D!0Sr 4, ~on- M ,14 o€ 1"c D C. 2,2"36. XEdi,. 19%3. M 5&57.

SSuf 4ce
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Figure 3. Channel Cross Section Figure 4. Channel Cross Section in Bolts and Nuts
LONG LEG OF CHANNEL concrete footing Galvanized 3/4" diameter bolts of special
TO OUTSIDE OF ARCH . heat-treated steel, in accordance with

ASTM Specifications, are used to assemble
7 MULTI-PLATE sections. The underside

of the bolt head is uniformly rounded and
"/*Ix 13/4 SLOTTED does not require special positioning. In

HOLE -:addition, the underside of the bolt head
is ribbed to prevent bolt rotation while
tightening. In faict, unlik-e conventional
bolts, after the nut has been run up finger-

3' tight on the Anm'.o-developed Rib Bolt,
final tightening can be accomplished by

k ~one worker Eliminating the back-up holder
can reduce bolting costs up to 40 percent

ANCHOR LUGS
CROSS SECTION

Figure 5. Unbalanced Channel
for MULTI-PLATE Arch

12'- 0" -

V3*1" 3' 12 3'1* 3 ' 12 '1'3 12* 3* 12' 3Y 12* 3' 12' V3'W

15*
7/',x13/4SLOTTED HOLES ctC

C. to C ANCHOR LUGS
SKN OCKOUT & TWIST

6' 3' 12' 3' 12' 3' 12' 3' 12' 3' 12" 3' 12' 3' 12" '6

F1 ~ t~1F1 WEIGHT GALVANIZED
4x cfr±? 1~ (Ys 0 LENGTH-59~

C.to C.
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Table 4. MULTI.PLATE Pipe _Figure 6. Round and Ellipse Pipe

Pipe End Pipe End Pipe End
DIamer. Area. Diamette. Area. Diameter. Area.

at III ft ft. ft ft$
5.0 191 2.5 1240 2h1u 3,11.6
5.5 ZI.2 130 134.3 2u.5 337.0
60 27.0 13.3 144 9 210 35338
6.5 32.7 J4A0 16,11 21.5 371 M(i
7 3 ( M1 14.3 167.5 22.0 3M 6
7.3 43.9 15 0 1794 22.5 41166
$1) 5A).0 1535 191.7 23.11 4231'
Z1.5 56.6 16.0 N4.4 23 5 443 1
90 63.6 165 2173 2410 463.11
9.5 71.o 171 0 231.0 24.5 4826

100 788 173 244.9 25 5( 927
105 07 1 1,4() 259.2 25.5 523 1
M1.O 9..7 163 274 0 26.0 543.9
11.5 I(q.7 (9. 289.1
;2.0 114.2 (95 3(4.-,

Table 5. MULTI-PLATE Pipe and Ellipse Plate Arrangement and Approximate Weight per Foot

Pipe Ei pnsie Number o( Plates Per Ring Aptioimate Weight Per Foot ofStructue lbs
Pipmete ienson Specified Thickness, in.
in. Horizontal Vertical 15 Pi 18 Pi 21 PI 24 Pi 0.109 0.138 0.168 0.188 0.218 0.249 0.280
60 56 62 4 106 158 17 199 227 253
66 62 68 2 2 114 144 174 189 219 250 279
72 67 75 4 124 190 2 239 272 304
78 73 81 2 2 134 170 206 22 259 295 329
84 79 88 4 145 183 2 240 279 318 355
90 85 94 2 2 155 1 238 257 299 340 380
96 91 101 4 165 209 253 275 319 363 405

102 97 107 2 4 175 2"2 269 292 339 386 430
108 103 114 6 186 285 309 359 408 456
114 109 120 4 2 196 249 301 326 379 431 481
120 115 127 2 4 206 262 317 343 398 454 506
126 120 133 6 217 273 333 360 418 476 532
132 126 139 4 2 227 288 349 378 438 499 557
138 132 146 2 A 237 301 364 395 458 522 582
144 138 152 6 248 314 380 41? 478 544 608
150 142 157 6 2 258 327 396 429 498 567 633
156 148 164 4 4 268 340 412 446 518 590 658
162 153 170 2 6 279 353 428 463 533 612 684
168 159 I 176 8 289 266 444 481 558 635 709
174 165 183 6 2 299 379 459 498 578 658 734
180 171 [ 189 4 4 310 392 475 515 598 680 760
186 177 195 2 6 320 406 491 532 618 703 785
192 182 202 8 330 419 507 349 637 726 810
198 189 209P8 4 6 341 432 523 566 657 748 836
2(4 195 215 2 8 31 445 539 677 771 861
210 200 10 361 458 554 601 697 794 886
216 206 228 8 2 2 471 570 618 717 817 912
222 212 235 6 4 382 484 586 635 737 &39 937
228 217 241 4 6 392 497 R0- 652 I 757 862 962
234 224 247 2 8 403 510 618 669 777 988

240 229 254 (0 413 523 634 686 797 907 1 03
246 236 261 2 10 423 536 649 704 817 930 1038
252 241 267 12 433 54 

665 721 837 953 106
258 248 1 274 10 2 444 56' 681 738 857 975 1089
264 253 8 4 454 576 69, 753 876 938 (114
270 259 2874 6 6 48, 589 713 772 896 1021 1139
276 •266 294 4 s 475 62 92. 789 9(6 (

282 271 300 2 0 483 615 744 807 936 166 119W
2 88 277 306 2 495 6C2 60 824 936 1089 12(5
294 283 313 1 4 5(6 F41 6 841 976 1 (241
300 288 319 12 2 516 654 792 858 9% 1(34 1266
306 294 326 10 4 526 66, 808 875 1016 1157 1291

312 302 332 1 8 , 6 537 680 824 892 1036 ((79 1

D nenssons are to i niade crests and ar e sub•-.cit o ma. i ung tolerances4
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F'gure 7. Pipe-Arch and Underpass Table 6. MULTI-PLATE Underpass

SPa. R66, Arm. l ,et Dta,- i.
ft-hL. ft-in. its RT RS Rs
12.2 11.0 106 68 93 136
12-11 11-2 114 74 92 148I 13.2 11-10 124 73 102 161
13.10 12-2 133 77 106 168

R 4.1 12-10 143 77 115 183
S 144 13.5 155 78 131 174

I 14-10 14.0 165 79 136 193
.r 15-6  14-4 177 83 139 201

15-8 l.-0 190 82 151 212
S16-4 1Z-5 200 86 156 217
I IC-5 16.0 208 88 159 271
j 16-9 16.3 215 89 168 246
* 1I-3 17-0 234 90 174 214
" 184 16.11 244 99 157 248

19-1 17-2 258 105 156 262
a' 1946 17-7 271 107 158 295
t 204 17.9 281 114 155 316

~ium ay imn Ie cm at m m mu•gd to mmuzwrn wkncn

Wable 7. MULTI-PLATE Pipe-Arch
Span Rime Arms Rt, R&4
ft-in. ft-in. ft hi. in.T 6.1 4-7 22 36.8 76.3

6>4 4.9 j 24 38.1 98.6
6.9 4-11 26 41.0 83.5
7-0 5-1 28 42.3 104.2
7-3 5-3 31 43.5 136.2
7.8 5-5 33 46.5 109.8

S7-11 5-7 35 47.7 137.9
8&2 5-9 38 48.9 182.98.7 5-11 40 51.9 141.0
8-10 6.1 43 53.0 178.7

r 94 6.3 46 56.2 144.6
9.6 6-5 49 57.3 177-5
9-9 6-7 52 58.3 227.7

10.3 6-9 55 61.5 178.3
10O8 6.11 58 64.9 153.2
10-11 7-1 61 65.9 180.4
11-5 7-3 64 69.4 157.9
11-7 7-5 67 70.2 1832

-- 11-10 7-7 71 71.1 216.4
12-4 7974 74.7 186.5
12-6 7-11 78 75.5 216.8
12-8 8-I 81 76.4 257.4
12-10 8-4 85 77.3 314.7
13-3 9.4 98 80.1 1[(K.6
13-6 946 102 81.3 220.0
14-0 9-8 106 84.4 197.9

S14-2 - 9-10 110 85.6 M22.6
14-5 10-0 115 M6.6 256.6

- 14-11 10-2 119 89.8 227.7
15-4 10.4 124 93.1 208.5
15-7 10. 129 94.1 232.1
15-10 10-8 133 95.2 260.6
16.3 10-10 138 98,5 236.0
164 11-0 143 99.5 263.2
17-0 11-2 148 102.9 241.0
17-2 11-4 153 I1.8 266.8
17-5 11-6 158 104.8 297.9
17-11 11-8 163 108.2 270.6

181 11-10 168 109.1 29.7
18-7 12-0 174 112.6 2743
1&9 12-2 179 113.5 302.3
19.3 124 185 117.0 278.6
-194 12-6 190 . 117.9 305.1
19.8 12-8 196 . 118.8 336.5
19-11 12.10 202 119.7 3743
20-.5 13.0 28 1232 338.1
20-7 13.2 214 124.0 3
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Table 8. MULTI-PLATE Pipe-Arch Plate Arrangement and Approximate Weight per Foot
Number o(Plates Per Ring Approximate Weight Per Foot of Structure, lbs

Span, Rise, Specified Thickness, in.
M Otn t-in. Pi Total 9 Pi 15 ?i 18 P 1 21 Pi -24 Pi T

C B C B T B T B T B T 0.109 0.138 0.168 10.188 0.218 0.249 10.280

6-1 4-7 66 5 2 1 1 1 118 149 180 195 226 257 288
64 4-9 69 5 2 1 2 124 156 188 204 237 269 201
6.9 4-11 72 5 2 12 129 162 196 213 247 280 314
7-0 5.1 75 5 2 1 1 1 134 169 204 221 257 292 327
7-3 5-3 78 5 2 1 2 140 176 .212 230 267 304 340
7-8 5-5 81 5 2 1 2 145 183 220 239 278 315 353
7-11 5.7 84 5 2 1 1 1 150 189 229 248 288 327 366
8-2 5-9 87 5 2 1 2 156 196 237 257 298 339 379
8-7 5-11 90 5 2 1 2 161 203 245 266 308 350 392
8-10 6-1 93 6 2 1 2 1 167 210 253 274 319 362 405
9-4 6-3 96 7 2 1 1 1 2 172 217 261 283 329 374 418

S9-6 6-5 99 7 2 1 1 3 "77 223 269 292 339 385 431
9-9 6.7 102 7 2 1 1 2 1 183 230 278 301 350 397 444

10-3 6.9 105 7 2 2 2 1 188 237 286 310 360 4091458

10-8 6.11 108 7 2 1 1 2 1 193 244 294 319 370 420 471
10-11 7-1 111 7 2 1 1 1 2 199 250 302 328 380 432 484
11-5 7-3 114 7 2 2 1 2 204 257 310 336 391 444 497
11-7 7-5 117 7 2 2 3 209 264 318 345 401 455 510

11-10 7-7 120 7 2 2 2 1 215 271 327 354 411 470 523
124 7-9 123 7 2 1 1 2 1 2 0 277 335 363 422 479 536
12-6 7-11 126 7 2 1 1 1 2 226 284 343 372 432 490 549
12-8 8-1 129 7 2 1 1 3 231 291 351 381 442 502 562
12-10 8-4 132 8 2 1 3 1 1 236 298 359 390 452 5141575

13-3 9-4 138 7 2 2 3 241 305 368 399 464 527590
13-6 9-6 141 8 2 2 3 1 247 311 376 408 474 538 603
144) 9-8 144 8 2 1 3 1 1 252 318 384 417 484 550 6 616
14-2 9-10 147 8 2 1 2 1 2 257 324 392 425 494 561 628
14-5 10-01150 8 2 1 1 1 3 262 331 400 434 504 572 641
14-11 1(;-2 153 8 2 1 2 3 267 338 408 443 514 584 654
15-4 10-4 156 8 2 1 1 3 1 273344 416 451 524 595 667
15-7 10-6 159 8 2 1 4 1 278 351 424 460 534 607 680
15-10 10-8 162 8 2 1 3 1 1 283 358 432 469 544 618 693

!16-3 10-10 165 8 3 2 1 288 364 440 477 554 630 705
16-6 11-0 168 8 2 2 2 294 371 448 486 565 641 718
17-0 11-2 171 9 2 1 2 2 2 299 377 456 495 575 653 731

E17-2 114 174 9 2 1 2 1 3 304 384464 503 585 664 744
17-5 11-6 177 9 2 1 2 4 309 391 472 512 595 675 757
17-11 11-8 180 9 2 3 4 315 397 480 521 605 687 770
18-1 11-10 183 10 2 3 2 3 320 404 488 529 615 698 782
18-7 12-0 186 10 2 2 2 1 3 325 411 496 538 625 710 795
18-9 12-2 189 10 2 2 1 1 4 330 417 504 547 635 721 808
19-3 12-4 192 10 2 1 1 2 4 336 424 512 556 645 733 821
19-6 12-6 195 10 2 1 2 5 341 430 520 564 655 744 834

19-8 12-8 198 10 2 1 2 4 1 346 437 528 573 665 756 847
19-11 I2110 201 10 2 1 2 3 2 351 444 536 582 675 767 859
20-5 13-0 204 10 2 33 2 357 450 544 590 685 779 872
20-7 113-2 207 10 2 32 3 362 457 552 599 696 790 885

Ca.nvzed. w•th Bolts
B - Bottom
T - Top
C Corner

"rThese plate arrangements %il]l he hmtsked unless noted otk'•,,se on dw'vngi.

Not: Dimenstons arm to inside crests and art subv to nan~aciuing tolkernces,

i5
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Table 9. MULTI-PLATE Underpass Plate Arrangement
SNumber of Nominal Pi Width Plates, in. Total

Span, Rise, Total Top Sides Corners Bottom Plates
ft-in. ft-in. Pi 15 18 21 24 9 15 18 21 24 15 18 15 18  21 24  Per Ring
12-2 11-0 141 1 1 22 2 2 8
12-11 11-2 147 2 2 2 1 1 8
13-2 11-10 153 2 2 2 1 1 8
13-10 12-2 159 1 1 2 2 2 8
"14-1 12-10 165 1 1 1 2 2 2 2 10
14-6 13-5 171 2 2 2 2 1 1 10
14-10 14-0 177 2 4 2 1 1 10
15-6 14-4 183 1 2 4[ 2 2 11
15-8 15-0 189 1 1 2 21 [ 2 2 11
16.4 15-5 195 3 2 2 1 2 1 1 11
16-5 16-0 201 2 2 1 4 2 2 11
16-9 16-3 204 2 1 4 2 1 1 11
"17-3 17-0 210 2 1 4 2 1 1 11
184 16.11 216 1 2 4 2 2 11
19-1 17-2 222 3 4 2 1 2 12
19-6 17-7 228 3 2 2 2 1[ 2 _12

20-4 17.9 241 2 1 2 2 2 _ 3 12
w -oam in to MS& aeg Xme Ow ~k to Mwtx" tokcm

Table 10. MULTI-PLATE Underpass Approximate Weight per Foot
Approximate Weight per Foot of Structure, lbs"

Specified Thickness, in.

Span, Rise, 0.109 0.138 0.168 0.188 0.218 0.249 0.280 Area
ft-in, ft-in. 12 Ga 10 Ca 8 Ga 7 Ga 5 Ga 3 Ga I Ga _ t2

12-2 11-0 247 311 376 408 474 538 603 .. 106
12-11 11-2 257 324 392 425 494 561 628 114
13-2 11-10 267 338 408 443 514 584 654 124
13-10 12-2 278 351 424 460 534 607 680 133
14-1 12-10 288 364 440 477 554 630 705 143
14-6 13-5 299 377 456 495 575 653 731 155
14-10 14-0 309 391 472 512 595 675 757 165
"15-6 14-4 320 404 488 529 615 698 782 177

15-8 15-0 330 417 504 54i 635 721 808 190
164 15-5 341 430 520 564 655 744 834 200
16-5 16"0 351 444 536 582 675 767 859 208
16-9 16-3 357 450 544 590 685 779 872 215
17-3 17-0 361 458 554 601 697 794 886 234
18.4 16-11 372 471 570 618 717 817 912 244
19-1 17-2 382 484 586 635 737 839 937 258
19-6 17-7 392 497 602 652 757 862 962 271
20-4 17-9 403 510 1 618 669 777 885 988 282

Diwmfd3 &R to d~ cre 4 we ajiw to mfovi~iw UA~~
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Table 11. MULTI-PLATE Arches 6" x2' Corrugation_ _

Dimensions Waterway Risominal

Span, Rise Area, over Radius, Ar Length
ft f.in. ftl Span in. Pi, in.
6.0 l-, 7½ 0.30 41 27

2-3'A 10 0.38 371h 30
3-2 15 0.53 36 36

7.0 2-4 12 0.34 45 33
2-10 15 0.40 43 36
3-8 20 0.52 42 42

8.0 2-11 17 0.37 51 39
3.4 20 0.42 48½/ 42
4-2 26 0.52 48 48

9.0 2-11 18½/ 0.32 59 42
3-101, 26/ 0.43 55 48
4-8/2 33 0.52 54 54

10.0 3-51A 25 0.35 64 48
4-5 34 0.44 601h 54
5-3 41 0.52 60 60

11.0 3-6 271h 0.32 73 51
4-51h 37 0.41 67h 57
5-9 50 0.52 66 66

12.0 4-01A 35 0.34 77% 57
5.0 45 0.42 73 63
6-3 59 0.52 72 72

13.0 4-1 38 0.32 86½h 60
5-1 49 0.39 80½h 66
6-9 70 0.52 78 ,'8

14.0 4-71/2 47 0.33 91 66
5-7 58 0.40 86 72
7-3 80 0.52 84 84

15.0 4-7/ so 0.31 101 69
5-8 62 0.38 93 75
6-7 75 0.44 91 81
7-9 92 0.52 90 90

16.0 5-2 60 0.32 105 75
7-1 86 0.45 97 87
8-3 105 0.52 96 %

17.0 5-21h 63 0.31 115 78
7-2 92 0.42 103 90
8-10 119 0.52 102 102

18.0 5-9 75 0.32 119 84
7-8 104 0.43 109 %
8-11 126 0.50 108 105

19.0 6-4 87 0.33 123 90
8-2 118 0.43 115 102
9-5'h 140 0.50 114 111

20.0 6-4 91 0.32 133 93
8-31h 124 0.42 122 105

10-0 157 0.50 120 117
21.0 6-11 104 0.33 137 99

8-10 140 0.42 128 111
10-6 172 0.50 126 1 '23

22.0 6-11 109 0.31 146 102
8-11 146 0.40 135 114

i I_11-0 190 0.50 132 129
23.0 8-0 134 0.35 147 I11

9-10 171 0.43 140 123
11-6 208 0.50 138 135

24.0 8-6 150 0.35 152 117
10-4 188 0.43 146 129
12-0 226 050 144 141

25.0 8-6h 155 0.34 160 120
10-102 207 0.43 152 135
12-6 247 0.50 150 147

DImnm mt , to triw* c1ts r4d in sbt to manw ' adwN' tokince

To deto mme potr g uw nfmabm*Jt ont oe 21, 11bks ! and 20.
",2,:okdStt! .. ,te .d HA ,%onConr t v Prdra'i Ax.- Iron armStet Instt IOM l0thsr16 N,.

hrt• , DC 2CM36, 3rd Ed"on. M9&. M. 63-64.J 53



Table 12. MULTI-PLATE Arch Plate Arrangement and Approximate Weight per Foot
Approximate Weight Per Foot of Structure, Ibs

Arh Number of Plates per Ring Specified Thkknes% In.

Arc ength - 5P- 1 2 1 2 0.109 [0.138 0.168 0.188 0.218 0.249 0.280)
Pi Inches 9Pi 15 Pi 18 PI 21 Pi 24 Pi (12 Ca.) (10 Ga.) (8 Ca.) (7 Ca.) (5 Ca.) (3 Ca.) (1 Ca.)

24 1 41 52 63 68 80 90 101
27 1 1 46 59 71 77 89 102 114
30 2 51 65 79 86 99 113 126
33 1 1 57 72 87 94 109 124 139
36 2 62 78 95 103 119 136 152
39 1 1 67 85 102 111 129 147 164

42 2 72 91 110 120 139 158 177
45 1 1 77 98 118 128 149 169 190
48 2 82 104 126 137 159 181 202
51 1 2 87 ill 134 145 169 192 215
54 3 93 117 142 154 179 203 227
57 2 1 98 124 150 163 189 215 240
60 1 2 103 130 157 171 199 226 253
63 3 108 137 165 180 209 237 265
66 2 1 113 143 173 188 219 248 278
69 1 2 118 150 181 197 229 260 291
72 3 123 156 189 205 238 271 303
75 3 1 129 163 197 214 248 282 316

78 2 2 134 169 205 222 258 294 329
81 1 3 139 176 213 231 268 305 341
84 4 144 182 220 239 278 316 354
87 3 1 149 189 228 248 288 328 366
90 2 2 154 195 236 257 298 339 379
93 1 1 3 159 202 244 265 308 350 392
96 4 165 208 252 274 318 361 404
99 2 3 170 215 260 282 328 373 417

102 1 4 175 221 268 291 338 384 430
105 5 180 228 276 299 348 395 442
108 4 1 185 234 283 308 358 407 455
111 3 2 190 241 291 316 368 418 467
114 2 3 195 247 299 325 375 429 480
117 1 4 201 254 307 334 387 440 493
120 5 206 260 315 342 397 452 505
123 1 5 211 267 323 351 407 463 518
126 6 216 273 331 359 417 474 531
129 5 1 221 280 339 368 427 485 543
132 4 2 226 286 346 376 437 497 556
135 3 3 231 293 354 385 447 508 569
138 2 4 237 300 362 393 457 519 581
141 1 5 242 306 370 402 467 531 594
144 6 247 313 378 410 477 542 606
147 7 252 319 386 419 487 553 619

Figure 8. MULTI-PLATE Arch
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Box Culverts Table 13. MULTI-PLATE Box CulvertsMULTI-PLATE Box Culverts approach Span, Rise, Area, Span, Rise, Area,the rectangular shape of a low, wide box ftin. f-in. fl 1 . ftMin. ft2

in spans to 19 feet 3 inches. This is made
possible by the addition of reinforcing 9 8 2 7 20.8 15 3 3 5 43.8ribs to standard MULTI-PLATE sheets. 10 1 3 4 28.4 15 4 5 8 75.8Thedesigncriteriapresentedelsewhere 10 5 2 8 23.2 15 4 7 1 94.6in this catalog do not apply to box culverts. 10 7 4 2 36.4 15 6 4 2 55.9The ext1eme0 10 3 5 31.4 15 7 6 5 88.1over these structures prevent the use of 11 0 4 11 44.7 15 7 7 11 106.8the ring compression method of design. 11 1 2 9 25.7 15 9 5 0 68.3Finite element computer programs have 11 2 4 3 39.9 15 10 7 3 100.5been used to solve the indeterminate struc. 11 5 5 8 53.3 16 0 3 6 47.3tural problems presented by the heavy stiff. 11 6 3 6 34.5 16 0 5 9 80.9ened box shapes. Design moments and 11 7 5 0 48.7 16 I 8 0 113.1axial forc"i; are resisted by the combined 11 10 2 10 28.3 16 2 4 4 60.1section of MULTI-PLATE and rib stiffen- 11 10 4 4 43.5 16 2 6 7 93.6ers with appropriate marins of safety. 11 10 6 5 62.2 16 4 5 1 73.0

12 0 5 9 57.9 16 5 7 4 106.512 2 3 8 37.7 16 7 5 11 86.1
12 3 5 1 52.9 16 8 3 8 51.1
12 3 7 3 71.5 16 8 8 2. 119.6S12 5 6 6.5 67.3 16 9 6 9 99.3
12 6 2 11 31.1 16 10 4 6 64.4
12 6 4 5 47.3 17 0 5 3 77.8-,12 7.5 5 10 62.6 17 0 7 6 112.712 10 3 9 41.1 17 2 6 1 91.4

s•[ 12 10 7 4 77.1 17 2 8 4 126.212 10.5 5 2 57.2 17 4 3 10 55.0
13 0 6 8 72.5 17 4 6 10 105.1j 13 2 4 6 51.2 17 6 4 7 68.9

. j" , 13 2.5 3 1 34.1 17 6 7 8 119.0* f ' .- " -'.•. 13 3 6 0 67.4 17 7 5 5 82.8. 13 5 7 5 82.8 17 8 8 5 133.0
"13 6 3 10 44.5 17 9 6 2 96.9
13 6 5 4 61.7 17 11 7 0 111.187 13 7 6 9 77.9 18 0 3 11 59.113 10 4 8 55.3 18 1 4 9 7"3.5
13 10 6 1 72.4 18 1 7 9 125.5
13 11 3 2 37.1 18 3 5 7 88.0
13 11 7 6 88.6 18 3 8 7 139.9
14 1 5 5 66.3 18 4 6 4 102.6
14 2 3 11 48.2 18 6 7 2 117.3
14 2 6 10 83.3 18 7 7 11 132.1
14 5 6 2 77.5 18 8 4 1 63.4
14 6 4 9 59.5 18 9 4 11 78.4
14 6 7 8 94.5 18 9 8 9 147.0
14 7 3 3 40.4 18 10 5 8 93.4
14 9 5 6 71.0 18 11 6 6 108.5
14 9 7 0 88.9 19 1 7 4 123.7
14 10 4 1 52.0 19 2 8 1 138.9
15 0 6 4 82.7 19 3 8 II 154.2
15 0 7 9 100.6
15 1 4 10 63.8

Dimenw am to ins~de m,' a5d am
tokra~ncei
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Convenient fill height tables are provided Design Pressure HS-25 Loadingon pages 21,22 and 23. These can be used Design Pressure, Pv, is equal to the Dead Some agencies are using this loading forfor routine applications to select the re- Load Pressure, DL. plus the Live Load their Bridge Designs Unlike bridges, buriedquired thickness ofsteel.There are, however Pressure, LL, acting at the crown of the culverts are designed for live load pressureprojects that justify individual structure pipe. exerted on the crown of the structure.design for maximum economy. Pv - DL + LL The amount of total concentrated load atComputation of Loads Where: P - Design Pressure, lbs/ft2 the surface isn't important The distributionUnderground conduits are subject to two DL - Dead Load Pressure, of that load is. HS-25 loading does notprincipal types of loads: lbs/ftz appear to create a significant increase in1. Dead loads developed by the embank- LL - Live Load Pressure, pressure on shallow buried culverts overment or trench backfill, plus stationary lbs/ft '  that generated by HS-20. This conclusionsuperimposed surface loads, uniform Recent research has shown that typical is based on the normal practice of usingor concentrated. highway live loads do not produce a ring a larger surface footrint for HS-25 vehicles.2. Live loads that encompass all moving thrust as large as indicated by straight The single wheel of 16 kips in HS-20 isloads, including impact. application of live load pressure at the not ordinarily increased to 20 kips in

Dead Loads crown multiplied by half the pipe span. HS-25. Most commonly tandem duals
This can be significant for large structures (4 wheels per 2 kips) are used and at worst,",.ie dead load is conside,.ed to be the soil (span greater than 8'). Research suggests duals (2 wheels) are used. This increasedprism over the pipe. The unit pressure of the live load be applied to only 314 of the distribution of the heavier load keeps thethis prism acting on the horizontal plane span. This amounts to a 25 percent re- pressure about the same. As a result,at the top of the pipe is equal to: duction in the live load pressure as used HS-20 live load pressure curves can or-Unit weight of soil x height of fill in these formulae. dinarily be used for HS-25 as well.or

DL - wxh For a more accurate evaluation of Live Live Loads
where w -Unit weight of soil, lbsift' Load Stress, the following modified formula Table 14. Live Loads for Variousfor Pv is suggested:h - Heightoffill over pipe. ft Pv - DL + 0.75LL HeightsofCover

DL - Dead Load pressure, lbs/ft2
Structural Design Ring Compression H 20 Loading*The structural design process consists of The compressive thrust in the conduit Height of Load,the following: wail is equal to the radial pressure acting Cover, ft lbs/ft2* Select the backfill soil density to be re- on the wall multiplied by the wall radius 1800quired or expected. or C - P x R. For conventional struc- 2 800tures in which the top arc approaches a 3 800SCalculate the design pressure, semicircle, it is convenient to substitute 4600•Compute the compression in the pipe hl h pnfrtewl ais 5

wall. half the span for the wall radius. 5 40
* Select the allowable compressive stress Then: C - Pv x S 6 200for the pipe size, corrugation and soil 2 7 175density. Where: C - Ring compression. 8 100e Detcamine the thickness required. lbs/ft
9 Check minimum handling stiffness. Pv - Design Pressure, lbs/ft2
* Check seam sealants (when applicable). S - Span, in feet E 80 Loading*9 Check pipe-arches and arches. Height of Load,
Backfill Density Cover, ft lbs/ft2Select a percent compaction of pipe back- 2 3800fill for design. The value chczen should 5 2400reflect the importance and size of the 8 1600structure, as well as the quality that can 10 1100reasonably be expected. The recommended 12 800value for routine use is 85 percent. This 15 600vue easily applies to ordinary installations 20 300in which specifications call for 90 or 95 30 100P--rcent However, for more important " 1'• 6 Ock Ow M. . ,udo I, f
structures in higher fill situations, design
should be based on higher quality backfill.

'ISXVAOIk Of SM DfAW MW H4" CM XM PJ'.Kt5
D- b1UPm An Edbw. 19Q. m IW33~ Sw. WWmA.

56



Allowable Wall Stress Tabble 15. Sectional Properties per Foot of Section Widh for b 'x2' Corrugationn
The allowable wall stress is determined Specified Area of Moment of 1 Radius of
from the curves in Figure 9. These curves Thickness, Sectrio, Inertia, Gyration,
account for the variance in Load Factor. K. in. in.21ft jn.1ft in.
and incorporate a Safety Factory of 2.0 1560T .8
applied to ultimate wall stress to arrive at 0.138 2.003 0.735 0.682
an allowable (design) stress. 0.138 2.449 0.93 0.686

For the convenience of an%,one wishing 0.168 2.439 1.15 0.688
to calculate the values of allowable wall 0.2188 2.739 1.296 0.690
strss the curve formulae are as follows: 0.219 3.6589 1.723 0.690

For Dir < 294, fa - 33,00012K0.43651.75069
For Dir > 294 and < 500, f, - 0.280 4.119 1.990 0.695

[40,000-0.081001r)1 + 2KC*Lx rwsi mnLscttmdtirb.TfL
For D/r > 500 , fa - 4.93 x 109/2K(DjrF2 ý-that temamummg nrfw,4 shdh iie )t mt ~ vghir h~iwt~ i eY a
Where: Mvdcn-onii ua b.ak %A l ws13U *ps

fa - Allowable Wall Strss lblin. 2

F - Load Factor
r - Radius of Gyration, in.
D - Diameter, in.For 85% Stnd7/;nit, 08

For 85% Standard Density, K - 0.865For 90% Standard Density K - 0.75 'C
Wall Thickness
Required Wall Area, A. is computed from
Calculated Compression in the pipe wall, ~.. ~
C, and the Allowable Stress. (C.

A - COf
From Thýble 15. select the wall thickness

providing the required area in the same -' ' w ;
corrugation used to select the allowable
stress. 

,

Figure 9. Allowable Wall Stress forL
MULTI.PLATE Pipe with backfill
compacted to 85%, 90% and 95%
standard density, AASHTOT99

30

___ 95 ____

S25
Ci2 90

~20 - 85 _ _

10

~ 5

*8 12 16 20 24 28 32

Pipe Diameter, ft
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Check Handling Stiffness Check Pipe-Arches, Underpasses and
Minimum pipe stiffness requirements for Arches
practical handling and installation with peArches
out undue care or bracing have been The pipe-arch shape poses special design
established through experience The problems not found in round or vertically
resultant Flexibility Factot FF limits the elongated pipe. Pipe-arches generate
size of each combination of corrugation comer pressures greater than the pressure
and metal thickness. in the fill. This becomes the practical

FF - Dd/EI limiting design factor rath,,r than stress
Where: E - Modulus of Elasticity in the pipe wall.

- 30 X 106 psi. To calculate comer pressure, ignore the
I - Diameter or Span, in. bending strength of the corrugated steel
I = Moment of Inertia ,Wall, and establish allowable loads based on

if.'iin, the allowable pressure on the soil at the
Recommended maximum values of FF comers. Assuming zero moment strength

for ordinary installations: of the pipe wall, Ring Compression, C, is
FF - 0.020 for Reld-assembled pipe the same at any point around the pipe-

with 6"x2" boltedseaofs. arch. Thus, C - P x R at any point on
Increase the maximum values of the the peri-hery. 1This means normal pressure

Flexibility Factor, FF, for pipe-arch and to the pipe-arch wall is inversely propor-
arch shapes as foVlows: tional to the wall radius.

Pipe-Arch FF - 1.5 x FF shown for
round pipe Figure 10. Corncr Pressure on

Arch FF - 1.3 x FF shown for Pipe.ArchesO
round pipe

Higher values can be used safely if P,
reasonable care is exercised or when ex- -r -
perience has so proved.
Check Bolted Seams A
A bolted seam (standard for structural "R,
plate) must have a test strength of twice .
the design load in the pipe wall. R"

Table 16 lists the values of one-half the I- -

ultimate compressive strength of bolted ' -
joints for 6" x 2" corrugations tested
as unsupported short columns. For con- R,
venience, the wall stress which corresoonds Corner Pressure P, - P, x
to one-half the joint strength is also given. Pc - Pressure acting on soil at comers.

lb/ft2

Table 16. Bolted Seam Design Data R- Radius at rown. ft
%rduni P at Pipe Rc - Radius of corner, ft

Th,:,wa iWowu A.-i. bolb p" 0) P, - Design pressure, lbs/ft2

.•,o %-tt C,,ano,, The pressure on a pipe-arch varies with
2R Wan sh•, •i location and radius, being greatest at the

o009 13.5.W comers.F .. o ias 3IoooXs

0.168 A),S 16,O Limiting design pressure is established
o.16O.5,) 17,00 by the allowable soil pressure at the corner
0.218 5,00 l;.17 Special backfill such as crushed stone or
0249 66.ooo 18.100 soil cement at the comers can extend

W.:! o:, . O 1 17.5 these limitations. A maximum value of
Sft ft• w,,,• Mr Ovxw b ýTý t 1 3 tons/ft' for comer pressure is sug-
ft •,m z Or.ch M a dt*-v gested for routine use.
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Arches smaller than the bolt and will allow the End lreatment
Another special case is involved in the bolt to enter the slot only under significant Hydraulic foces must be considered when
structural design ofMULTI-PLATE arches load. designing endtreatments for culverts or
on unyielding foundations. Because the In this concept. the longitudinal ý,int storm drains. Structures subject to severe
steel ring is restrained at the base of the has the ability to: peak flow ith ponding at the inlet must
arch and cannot move into the backfill at 1. Sustain a significant compressive load withstand significant uplift force on the
this point, the influence of column-type without abnormal slippage: then. end. Scouring is also a threat. If an end
buckling must be considered. 2. Yield approximately 1 inch under nor- finish such as a bevel is used. it may be

The most restrictive case is that of the mal compression load: and necessary, toxinforce the cut edges against
arch that is less than semi-circular in shape 3. Develop the ultimate strength of a hydraulicp psure.
(rise over span less than 0.50). The ulti- regular MULTI-PLATE seam. Standand end finishes forMULTI-PLATE
mate compressive strength of these shapes Present Kev-Hole design will provide are square ends. step bevels, skews. partial
has been shown to be less than equivalent 1 inch of avaiLble slip or yield in each bevels and skew bevels. These cut ends
to that of full-round pipe. Only the use of longitudinal seam. Full-scale testing con- are weaker than the pipe barrel. Exercise
higher safety factors has made this com- firms that this amount of yield assures caution whenplacing backfill around them
mon arch shape practical. The allowable long-term performance. to avoid disloron. Extreme cut ends should
compressive stresses in such shapes should SUPER-SPAV Structures be avoided on any structure Step bevel isbe less than the equivalent round pipe. It TeSPRPA dsinaslogt. recommended over other designs.
is suggested to reduce f, (Compressive The SUPER-SPAN design adds longitu- reomndovrthresg.
issuggested to r5pedcent for(Compessse dinal stiffeners-thrust beams-to con- Appropriate end treatment design is
rise to span is less than 0.50. ventional MULTI-PLATE. This concept beyond the scope of this catalog. Complete

allows the design of iarger sizes and in- design information can be obtained in
Arches on Yielding Foundations creased live and dead loads. It is possible FHWA Circular Memo, "Plans for Culvert
An opportunity exists on all arch designs to achieve clear spans up to 50 feet and Inlet and Outlet Structures2' Sheets
to permit the footing to settle and relieve clear areas up to 1.000 square feet. G-39-66 to G44-66, 1966.
the load on the arch. Positive soil arching SUPER-SPAN structures are particularly
can be assured by such practice and lower suited for relatively low, wide-opening re-
safety factors utilized. quirements. Depth of cover generally is .
Other Designs limited to 20 to 30 feet. , , . ,c, 1 ,,st,•,

Key-Hole Slot SUPER-SPIN structures are available .

in elliptical, arch. and pear-shaped designs Teg t kodes=o"tus p ,ws&
A new positive method of relieving the for application as storm sewers, stream L ( o-2)1b Pe. r ft I
load on MULTI-PLATE steel structures enclosures, vehicular and railroad e 85%

by providing for slippage in the longitudinal Secoaus eNrI s T.-9
lapped seams is available with the newl, underpasses. 4'•i A,• ds~d3.o
designed Key-Hole Slot. It provides a self-
indexing, controlled. yieldable joint be. Figure 11. MULTI-PLATE End Finishes
tween the adjacent lapped plates along Step Bevel Partial Bevel
the longitidinal joints. These joints permit
the lapped joint to yield under compressive
load and reduce the circumference of the
structure so that the soil carries much of
the load instead of the structure.

The result is the ability to reduce metal
thickness. It also allows for higher fills
over a structure. Full Bevel Skew

With the Armco Key-Hole Slot. 3/4-
inch-diameter MULTI-PLATE bolts are
inse.-ted in the 7/8-inch-diameter round-
hole portion of the slot. This ensures
proper positioning of the plates in relation
to one another. The slotted portion is
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. ble 17. H 20 Live Laa4w-Pipe Mkble 18. E 80 Live Load&-Pipe
Dimee Maximum Cam ftm e Maximum Coo wft

"A CMSpecified raikkm&s i&. 1pa Cover Specified Thickness in.
R in 0.109 0.133 0.168 0.188 0.218 0.249 0.280 ft . h 0.10910.1380.168 0.188 0.218 0.249 0.280
5 60 12 81 12 157 176 205 234 264 5 60 24 81 120 57 176 1234 264
5.5 66 74 110 143159 186 213 240 5.5 66 74 110 43 159186213 240
6 72 68 101 131 146 171 195 220 6 12 68 101 131 146 171195220
6.5 78 62 92 121 135 157 180 203 6.5 8 62 92 1 135 157 180 203
7 84 58 86 112 125 146 168 188 7 84 58 86 112 125 146 168 188
7.5 90 54 80 105 U7 137 156 176 7.5 90 54 80 105 117 137 156 176
8 %9 12 51 75 98 111 128 146 165 8 96 51 75 98111 128 146 165
8.5 102 18 48 - - -92 103 120 137 1.55 8 2 7192 103 120 137 155
9U 08 45 67 87 97114 130 146 9 108 45 67 87 97 114 130 146

9.5 114 43 63 82 92 108 123 139 9-5 114 43 63 82 92 108 123 129
10 120 40 60 78 87 102 117 132 10 120 24 40 60 78 87 102 117 132
10.5 126 39 57 74 83 97 112 12 10.5 126 30 39 57 74 83 97 1129 126
11 132 37 54 71 79 93 106 12 11 132 37 54 71 79 93 106 120

115 1835 52 63 76 89 102 114 11.5 w35 52 68768 19102 114
12 14 18 31. 50 65 M 85 97 110 12 13 50 5 8 97 0

L) 14482 4 32 5 4 6 -37082 93 1106
150 24 63 70 82 93 106 12_ 5 0 30 32 18

S 156 I 31 46 60 67 79 90 101 13 156 36 31 46 60 67 90 101
13.5 162 30 44 58 65 76 87 98 13-5 162 29 44 58 65 76 87 98
14 168 2 43 56 62 1 83 94 14 168 28 43 56 62 73 83 94
14-5 174 28 41 54 60 70 80 91 14.5 174 26 41 54 60 70 80 91
"15 180 27 40 52 58 68 78 88 15 180 36 25 40 52 58 68 78 88
15. 186 126 39 50 56 66 75 85 15.5 186 42 24 39 50 56 66 75 85
16 192 24 25 37 49 54 64 M 82 16 192 23 37 49 54 64 M 8216.3 198 30 36 47 53 62 71 so 1635 198 I 36 47 53 6 71 80

17 204 35 45 51 60 68 77 17 -14 35 45 51 60 68 7
17.5 210 34 43 49 57 65 74 17.5 210 42 34 43 49 57 65 74
18 216 33 42 47 55 63 71 18 216 48 33 42 47 55 63 71
18.5 2-2 40 45 52 60 68 18.5 1" 40 45 52 60 68
19 2 38 43 50 58 65 19 H8 1 38 43 50 58 65
19.5 234 37 41 48 55 62 19.5 24 ' 37 41 48 55 62
20 240 30 35 140 47 53 60 20 240 48 35 40 47 53 60
20- 246 36 M 45 51 "-. 246 54 38 45 1 57
21 252 36 43 49 56 21 I 252I 36 43 49 56
21.5 258 35 41 47 53 21.5 25 I 35 41 47 53
"2 264 39 45 51 22 264 54 39 45 51
22.5 270 38 43 49 22.5 270 60 38 43 49
23 276 36 41 46 F3 276 36 41 46
23.5 282 40 45 23.5 282 40 45
24 288 36 38 43 24 288 38 4324.5 ' 94 42 ... i [ 36 41 24. 294[ 36 41

25 300 35 39 25 300 35 39
25.5 306 I37 25.5 306 37
26 312 42 J 35 26 312 60 35

iom -Yoi to HSX m~ d HS 25 Lodw

Table 19. H 20 Live Load*--Arches WTble 20. E 80 Live Load--Arches
Maximum, Cw ft C amAxurnum Cow. fR

Arch 'M= Specified Th-ck -& ml Arch MIiimum - -

R in. 0.109 01 .68 0.188 0.218 0.249 0.2;i ft tn. 0.109 ,0.138 1 0.168 0.188 0.218 0.249 1 0.280
5 1 61 90 117 131 w5 175 !.8 5I 24 61 90 117 131 153 175 148
6 '651 7 99 109 12M 146 165 51 76 98 109 128 146 165

44 84 94 flo 125 141 7 44 64 84 4 110 125 141
8 2 38 56 M 92 96 1) l2) 38 56 1233 I I0 L23

365 85 97 110 9 I 34 50 65 73 85 97 110
10 30 45 59 66 7 88 9 1
11 [ 28 .O 53 60 70 s0 90 1 28 40 53 60 70 so 90
1U 26 37 49 55 64 73 82 121 26 37 49 55 64 "13 82
13 23 34 45 51 59 68 6 13 23 34 45 11 59 68 76
14 22 32 42 47 55 63 71 I 4 J 22 32 42 47 55t3 7
15 20 30 39 44 51 58 66 i0 39 44 51 58 6616 24 19 28 37 41 48 55 62 4 $ 19 2 37 14 55 2
17 3 18 27 34 3945S 52 58 17 I 8 27 34 39 45 52 58
18 17 26 32 315 41 47' 5.4 18 I 1 6 3 5 4 7 510 25 2723 35 40152125 2 0 3 47 45
19 2S 29 33 38 44 49 19 25 28 33 38 U4 49

36 2 23 32 37 42 21 6U 2 6 32 37 4
223 25 30 34 39 :0 3 34 39

23 31 35 21 26 31 35

L 2233 2233- 8 is 2623

OHNMb .4%' 15m M Mi IW-C.wM Pv.,M 4"*" hm &id %M how k"1 IiA %ýX. U 11~jid£b
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Table 21. H 20 Live Load, 6• x2" Corrugations'6

Minimum Maximum Height-of-Fill Over Pipe-
Specified Minimum Arch for the Following Corner Bearing

Span, Rise, Thickness Cover Pressure, tons/ft2

ft-in, ft-in. Required, in. in. 2 Tons 3 Tons 4 Tons

6-1 4-7 0.109 12 19 28 38
6-4 4-9 18 27 36
6&9 4-11 17 26 34
7-0 5-1 16 25 33
7-3 5-3 16 24 32
7-8 5-5 15 23 30
7-11 5-7 12 14 22
8-2 5-9 18 14 22 28
8-7 5-11 13 21 27

8-10 6&1 13 20 26
94 6-3 12 18 25
9-6 6-5 12 18 24
9-9 6-7 10 17 24

10-3 6-9 9 16
10-8 6-11 9 16 21
10-11 7-1 9 16 21
11-5 7-3 8 15 20
11-7 7-5 7 15 20
11-10 7-7 18 7 14 ]9
12-4 7-9 24 6 12 19
12-6 7-11 6 12 18
12-8 8-1 I 6 11 18
12-10 8-4 24 6 11 18
13-3 9-4 0.109 30 15 22 30
13-6 9-6 14 22 29
14-0 9-8 12 21 28
14-2 9-10 12 21 28
14-5 10-0 11 20 28
14-11 10-2 11 20 27
15-4 10-4 11 19 26
15-7 10-6 11 19 25
15-10 10-8 10 19 25
16-3 10-10 10 18 24
16-6 11-0 10 18 24
17-0 11-2 10 17 23
17-2 114 10 17 23
17-5 11-6 9 17 22
17-11 11-8 9 16 22
kI 11-10 9 16 22
18&7 12-0 9 16 21
18-9 12-2 I I , 9 16 21
19-3 12-4 0.109 8 15 20
19-6 12-6 0.138 8 15 20
19-8 12-Q 0.138 7 15 20
19-11 12-10 0.138 I 30 7 15 20
20-5 13-0 0.138 [ 36 7 14 19 ....

20-7 13-2 0.13_ 8 136 6 14 19

A: 61



Nelgh t- of- Co0 V L jII Mi 1 S
1ible 22. H 20 Live Load, 6N x2" Corrugationsm

Siu 3 5u Pe-Arch In tk FoAAWW
- I-me Miiu C~eBubngpreuum

b. A.4. f26 h. In. 2Tous 3Tow 4 T&o
12-2 11-0 38 0.109 24 20 30
12-11 11-2 38 19 28 31
03-2 11.10 38 18 28 3013.10 12-2 38 17 26 30
14.1 12.10 38 17 26 29
14.6 13.5 38 17 25 28
14.10 14.0 38 16 24 27
154 14.4 38 15 23 26
15.8 15.0 38 0.109 24 15 23 25
16.4 15-.5 38 0.138 36 15 22 30
16.5 16.0 38 14 22 30
16.9 16&3 38 14 22 29
17.3 17-0 47 0.138 17 26 35
18.4 16.11 47 0.168 16 25 33
19.1 17-2 47 0.168 16 24 32
19.6 17-7 47 0.168 15 23 31
20.4 17.9 47 0.188 36 15 22 30

"rdSmoiag d Dr5'taMl !id - C Ptauhg A,'%2n kfa •l ,Sted kgtite. l100 16 sa'et
KW_. Wawomw D.C. 23& 3rd Edb 19QL pt LX

Unloading and Handling after all plates are in place. Repeat the
Plates for MULTI-PLATE s.cturs are operation to make sure all bolts are tight.
shipped in nested packs. They are sized If ahe plates are well aligned, the torque
so that cranes, tow motors or other on- applied with a power wrench need not be
the-job construction equipment can be excessive. A good plate fit is far better
used to unload them. Ordinary handling than high torque. Bolts should not be
care is required to keep the plates clean overtightened, torqued inltJially to a
and damage-free. minimum 100 ft-lbs and a maximum 300• --" ""•'•" • , Bolting -b

ULTI-PLATE Structures are shipped MULT-PLATE Arches• . • •'• -••with all plates, bolts and nuts needed for Generally MULTI-PLATE Arches are

erection. Inside one clearly marked keg erected on reinforced concrete foundations.
of bolts are detailed erection instructions The arch rests in a groove or unbalanced
showing the order oassmbly and position channel which must be built to line and
of each plate. Bolt containers are color- grade accurately for easy plate assembly.

- coded for different lengths When the arch is set on a skew the holes
Initially, plates should be assembled in the unbalanced channels must line up

wt as few bolts aS possibl Tnre. or with those in the plates. Layout for channel
four untightened bolts near the center of installation is shown on special plate

.-. - ". -each plate, a.long the longitudinal and assembly drawings furnished with each
circumferential seams, are enough. This skewed structure. For straight end struc-
procedure gives maximum flexibility until tures on which headwalls are to be built,
all plates are fitted into place. design should allow fora 2"lip at each end.

After the structure has been partially Asphalt Coating
assembled, the remaining bolts can be When MULTI-PLATE requires a protective
inserted and hand-tightened. Alays work coating in addition to the galvanizing.
from the center toward the plate comer asphalt is available for field application
Do NOT insert the comer bolts until all or for plant pre-assembled structures.
other are in place and tightened. This coating is a fibrated asphalt mastic

Bolt hole alignmwent is easier when bolts prayed on under high pressure to a 1/16Naw loose. Djcnt with a drift pin is easier thickness which has been found more
when mdet bolts are tight satisactory than hot-dip coatings.

starting at one end of the structure only
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APPENUIX P*

CONSTRUCTION MANUAL
FUR

SHOTCRETE ARCH STRUCTURE

This manual is a general guide on
constructing Earth Systems structures.
Exact details and specifications are
in plans.**

* The information containea in Appendix B: Construction Manual for

Shotcrete Arch Structure is copyrightea; it is the sole property of
SEARTH SYSTEMS, INC., P.U. box 3270, Durango, Colorado. The information is

reproduced here in their format, by written permission of EARTH SYSTEMS,
INC. (The manual is reproduced in part. Text and illustrations not
directly relevant to splinter protection structures are not included.)

**NOTE: The manual discusses the erection of dome ana extended dome

structures. The splinter protective structure is the extenaed dome.
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EXAMPLE: With the concrete poured (Step'3.7) and starting to set uo,
the-builder will either finish the slab surface (Step 3.10)
if the design has a slab floor...OR...place the foundation
bolts (Step 3.11) if the design has a raised floor with a
crawl space underneath or a two pour floor slab (floating
slab.)

This combination of flow diagram and integrated numbering system is
used for:

1. Estimating the schedule and resources required for each step and the
total process end-to-end (i.e. manhours, the direct cost of manhours.
material, equipment, power, etc., and overhead costs) for new jobs or
projects-

2. Budgeting the same kinds of manhours and costs.

3. Related manhours and cost collection so that "actuals" can be comparea
with "planned" as a means for steadily improving both profit and the ability
to better estimate and budget.

4. Delegating the responsibility, authority, budget, and schedule target
dates for whole phases or individual steps.

In short, it provides a simple means for individual and organizaticnal
self-improvement.
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24' DOME

OR __

32' OR 40' DOME

7 8TURN
FROMZ:> COMPLETE],ýý COMPLETE Jý-ýOVEFI
STEP DOME SUPPORTING ' TO

6 WORK WORK CUSTOMER

END RESULT END RESULT

READY FOR BACKFILL, LANDSCAPING, READY FOR CUSTOMER OCCUPANCY.
OTHER SURFACE CONSTRUCTION, &
INTERIOR DOME FINISH WORK.

CAUTIONS CAUTION

I. INSPECT RESAR TIES, ROUGHED-IN NO HEAVY STRUCTURES OR FOUNDA-
SERVICES. & DOME PENETRATIONS TIONS ARE PERMITTED ON DISTURBED
BEFORE SHOOTING CONCRETE. BACKFILL. O0 NOT PLACE FOUNDA-

2. HAVE ALL INTERIOR DOME SUP- TIONS CLOSER THAN 2' FROM THE
PORTS IN PLACE BEFORE SHOOTING EDGE OF UNOISTURBE. VIRGIN SOIL.
CONCRETE.

3. START SHOOTING CONCRETE AT
BASE & WORK COMPLETELY
AROUND THE DOME BEFORE MOVING
UP TO THE NEXT HIGHER LEVELS.

4. BE CERTAIN THERE ARE NO GAPS
OR VOIDS IN THE WATERPROOF
COVERING.

S. ATTACH PROTECTIVE COVERING
FOR WATERPROOFING BEFORE
BACKFILLING.

SEE FIGS: SEE
"7-I COMPRESSION RING SUPPORT FIG.8-1 MINIMUM SETBACKS FOR
"7-2 UPPER DOME SUPPORT GARAGES & OTHER STRUCTURES
7-3 LOWER DOCME SUPPORT
"7-4 ATRIUM/ENTRY OPENING

SUPPORT
7-S SUGGESTED SCAFFOLDING
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CONSTRUCTION FOUNDATION

3.1 Layout foundation:

This is a KEY step in the whole construction process for two Important
reasons:

1. The engineered steel frame depends upon a precise angular and
dimensional layout so that all parts will easily line up and fit into
place during erection.

2. The line-up of the two vertex reference rods on ýn elongated dome
will determine the orientation of the finished structure. The customer
may be depending on this precise orientation for either view or solar
heating reasons.

CAUTION .... Be certain that the vertex and angular reference rods are
placed SOLIDLY in the ground so there is no chance of movement during
the layout and erection process. These are KEY reference points.

3.2 Construct Dome Footer Forms

When a monolithic slab is a part of the foundation, the footer forms
on the inside of the curved footer are not needed. See Fig. 3.1
Steps 3.3-3.7 all.follow standard practices and will not be commnented

on here.

3.8 Place Dome Fittings

As in the placement of the vertex and angular reference rods in Section
3.1, the placement of the vertical beam anchor plates, plastic rebar
location tubes, and the Yz inch rebar stubs are also KEY. See Fig. 3.1
for reference.

CAUTION.... If the angles on the anchor plate are not placed parallel
with the reference wire, or if the anchor plate is not levelled perfectly,
the vertical steel I-Beam column will either be tilted or pointing toward
the center at the wrong angle. Either or both of these conditions will
cause it to miss its connection point on the compression ring or center
beam at the top.

CAUTION.... If the rebar locator tubes are not spaced properly and installed
vertically at the correct radius, the vertical rebar will not align
properly.
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3.8.1 Prefabricated Anchor Plates

Set anchor plate in the soft concrete so:
1. The reference wire from the vertex reference rod passes between
the welded angles and lines up with the pre-set angular reference rod
outside the pouring form.

2. The welded angles lie parallel to the reference wire from the
vertex reference rcd.

3. The surface of the anchor plate is flush with the surface of the
concrete footer.

4. The surface of the anchor plate is level, both parallel and per-
pendicular to the reference wire from the vertex reference rod.

3.8.2 Rebar Location Tubes

1. These are 6" lengths of 3/4" I.D. PVC tube with caps placed on
both ends in order to keep cement out of the tubes.

2. Submerge the capped tubes vertically in the soft concrete so the
whole top cap is left exposed above the concrete.

3. Remove the exposed caps just prior to vertical rebar placement
so they can be used to locate the vertical rebar.

3.8.3 1/2" Rebar Stubs

These are 1/2" rebar, three and one-half feet long, with an "U" bent
on one end. They are placed in the concrete footing.

Note: These stubs should be tied to footing rebar'and located prior
to pouring concrete.

I. Two feet of this stub should stick up above the finished surface
to serve as a stub for tying into the rebar grid.

2. They will be next to the rebar locator tubes that will hold the
3/4" rebar which will tie into the stub. See Fig. 3.1 for reference.

Three locations are used:

360 and 450 curved sections--Place these stubs next to the locator
tubes at intervals of about 1/3 the distance between anchor plates.

180 curved sections--Place these stubs next to the rebar locator
tubes that'are midway between the anchor plates.

Straight sections--Place these stubs next to the rebar locator tubes
that are midway between the anchor plates.

Check final positioning for accuracy after concrete is poured and before
the concrete hardens.
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4. Erect Construction Scaffolding

Note: Scaffolding is set up for three different types of domes:
1. 24 ft. dome with center beam at top.

2. Larger domes with central compression ring.

3. Extended domes with straight sections and elongated central
compression ring.

Each case will be discussed separately where differences are
significant.

4.1 Erect Scaffolding

The scaffolding must be strong enough to support the combined weight
of a miniumum of two grown men, the central beam or compression ring
(regular or elongated), platform material, all attachment hardware,
and any tools needed for the job. A 5' X 7' scaffold is recommended.

CAUTION.... The built-in diagonal bracing of commonly used scaffolding
has not proven totally adequate when platform personnel are bearing
down to lift the hedvier compression rings. The tops tend to spread
open under these loads and can be dangerous. To counter this, hold
the scaffold ends together, as in Detail A of Figs. 4.1 and 4.2, by
securing the cross pieces with straps, wire, chain, or rope.

To top of the scaffold should be approximately 4 feet above the final
height of the central beam or compression rings so the beams or rings
can be lifted up and into position under the bracing wires without
interference.

4.2 Position Scaffolding

In general terms, the scaffolding should be positioned so it is clear
of all frame elements that are to be erected and attached, and also
so that the anchor plates used to anchor scaffold bracing wires are
selected to insure there will be anchor plates left over so than
opposing vertical beams can be erected on each side of the central
top beam or compression ring. These opposing beams are needed to
make the first pirt of the erected structure self-supporting.

4.2.1 24 Ft. Dome

Since the top center beam is only 12 ft. off the floor, no special
scaffolding is needed. It is light enough to be held in place with
regular equipment until the end and side attachments are made.
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4.2.2 Larger Domes with Central Compression Ring

The scaffold Is centered over the vertex reference rod so it will be
centered inside the compression ring when it is in place (see Fig. 4.1).
Position it so that the bracing wires can be attached to anchor plates
as shown such that it or the wires will not be in the way of opposing
vertical beams.

4.2.3 Extended Dome

In general terms, the scaffolding of Fig. 4.1 is usually adequate when
there is only one straight 6 ft. section that connects to either a
flat end or another dome. However, when you go beyond that, either
another scaffold is needed or you erect the half-dome on one end,
"make it self-supporting, move the scaffold to the other end and
fill in the middle steel structure.

Figure4.2 shows scaffolding set up for an extended dome with at least
three straight sections. The right end could either connect with
another half-dome, a flat end, or more straight sections.

CAUTION .... When anchoring the second scaffold, be sure to allow for the
opposing beams as in Section 4.2.2 above.

4.3 Brace Scaffold

Bracing wires are required to preient the scaffold from tipping over
as people lift and handle the top beams and compression rings.

String taut bracing wires from the uppermost corners of the scaffolding
to selected anchor plates as discussed in Sections 4.2, 4.2.1, and 4.2.3.
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5. Erect Steel Frame

5.1 Ready Material and Equipment

1. Double check all equipment for safety. The steel frame members are
both heavy and conducive to shorting out electrical equipment if the
electrical cords are frayed or have breaks in the shielding.

2. Identify special beams (e.g. those with seats to be used adjacent
to atriums) and position all vertical beams adjacent-to their respective
erection point.

3. Sort all hardware and fasteners and position respective sets
adjacent to anchor plates and on the scaffold.

4. Identify tools needed on the floor and scaffold and position sets
in both locations.

5. Bend rebar tabs out perpendicular (except for about 6 ft. from the
bottom of the beam) since it is easier at this stage.

CAUTION.... If the beam should slip or turn during the erection process
the rebar tabs can cut or injure the ground crew. The tabs at the lower
part of the beam can be bent out after the steel is erected, making
handling the beams easier and safer during erection.

5.2 Align Compression Ring with Anchor Plates and Angular Reference Rods

See Fig. 5.1 for reference.

1. Snap a chalk line from the vertex reference rod through the angles
on each anchor plate to the angular reference rod dt the outer edge of
the floor.

2. Assemble the compression ring around the scaffold and align each
corner and its welded angles along the angular reference lines. This
will prevent having to rotate the heavy compression ring later.

3. Connect a hoist chain on each end as shown, making sure it is
connected on the same corner/angular reference line that the scaffold
bracing wire is connected. This will insure that the hoisting chainwon't be in the way of attaching the'opposing beams.

CAUTION.... Use a short enough chain so the compression ring will end
up at the correct height for installation of beams when you also take
into account the cable on the come-along hoist.
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5.3.3 Extended Domes With Straight Center Sections and Elongated
Central Compression Ring.

In this case, the compression ring could be variations of that shown
in Fig. 5.11; that is, it could be the "D" shaped ring to the left of
the scaffold or it could be the end "0" with the next 6 ft. section
around the scaffoldi on the left. If it is the whole unit shown in
Fig. 5.11, it would be lifted using both scaffolds. Regardless:

1. Hoist the compression ring into position.

2. Lift each vertical beam into place one at a time. Bolt the top
end first and then the bottom. See Figs. 5.7 (A), (C). The same
approach applies.

j3. Install opposing beams on the end (e. g. Attachment A) and on
opposite sides of the compression ring (Attachment C) first as shown
in Fig. 5S.11 in order to create a self-supporting structure.

Fig. 5.8 shows the top end attachments to the compression ring
(Attachment A). Fig. 5.9 shows the bottom attachment of the vertical
beam to the anchor plate (Attachment B). Fig. 5.12 shows the top
attachment along the sides (Attachment C). Fig. 5. 13 shows allI the
verticai beams in place.

Note: Open-ended Structures tend to "lean" toward the open end. 8
sure beams are plumb by pulling then in to a plumb position and
anchoring them in place.

CAUTION.... .Make sure you clear all debris from the slot between the
welded angles on the anchor plate so the I-Beam can sit all the way
down on the anchor plate surface.

5.4 Install 2nd Floor Supports.

Once the dome structure is erected, the second floor supports are added.
These serve as a l-edge upon which to rest the 2 X 12 floor joists for
the second floor. Use a level to keep the supports' level horizontally,.
as well as the edges vertical, for'solid seating of the floor joists.

5.4.1 24 Ft. Dome

24 ft. domes have no second floor support beams.

5.4.2 Larger Domes

Fig. 5.14 shows the attachment method for the vertical I-Beams.
Reinforcement B on both sides essentially creates a box section at the
bolting point on the I-Beam. Note the angular cut on the support beam
end plate to assist in making the edges of the support beam vertical.
Rectangular s~acers (C) may be needed between reinforcement 8 and support
beam end plate 0. Fig 5.15 shows the support. beams in place on a 40 ft.
dome. Extended domes would be similar in appearance.

Note that 2 X 4's are attached to the support beam with self-tapping
screws placed 4 ft. on center. The second floor joists sit on these
and are anchored in place witm toe nails or Simpson fittings. When the
flIo or j o is ts a re c ut t o f it , b e s ur e thI10e end o f thIie flIo or jo i st i s c ut
tO match the curve of the dome. 80
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24' DOME

0-~~0

I)TOP CENTER I-SEAM

ENO ATTACHMENTS

(ATTACHMENT A)

FIG. 5-3
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Z4' DOME

I-9EAM

x7'.

SIOE ATTACHMENTS AT TOP

(ATTA~CHMENT B)

FIG. 5-4-
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24' DOME

VERTICAL

wELDED TO BEAM

THREADED
J-13OLTS WELOED TO
ANCHOR PLATE

Z ANCHOR PLATE SURFACE IS LEVELED IN

ANCHOR PLATE ATTACHMENTS

(ATTACHMENT C)

FIG. S-5
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LARGER DOMES

VERTICAL r-SEAM--.....

NOTE

ANCHOR PLATE
SURFACE IS LEVELED

-~ - IN BOTH DIRECTIONS
FLUSH WITH CON-
CRETE SURFACE

* I IANCHOR PLATE

MAKE SURE ALL
DEBRIS IS CLEARED FROM SLOT.
SO Z-BEAM WILL SIT ALL THE WAY D)OWN

ON THE PLATE

ANCHOR PLATE ATTACHMENTS

(ATTACHMENT 8)

FIG. 5-9
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6. Attach Mesh Panels and Rebar Grid

The mesh panels and rebar grid not only reinforce the entire dome shell,
but also tie the concrete to the shell structure. The correct placement
of this steel grid insures its structural integrity, and the correct
anchoring and tying of the individual grid layers also insure that the
layers will not separate during the shotcrete process. You are provided
a variety of sketches to assist you in this important phase.

6.1 Install Mesh Panels

The mesh panels come pre-formed to fit various size domes and both the
curved and straight sections. Fig. 6.1 identifies the various panels
to be used in each part of the dome structure.

The mesh panels are delivered in a roll with the panels linked together
in just about the order to te used. E3ch p-3nel is identified and can be
cut loose when it is needed. The wrapper protecting the roll is also a
good panel and should be saved in case it is needed.

Before attaching the panels, refer to the top part of Fiq. 6.2. Metal
tabs are welded on to each vertical beam to hold both the mesh panels
and the first horizontal row of rebar. About V/3 the distance from the
top, the tans are attached in a direction OPPOSITE to those at the bottom.
This is NOT a mistake, but are purposely reversed to prevent the forces
in the top rings from trying to pop them off the flatter upper surfaces
of the dome.

Bend the tabs out roughly perpendicular to the beams.

Refer to X-Secticn 1, of Fig. 6.2 for the following steps:

1. Select the correct mesh panel for the dome section and level being
constructed.

2. Start at the bottom with tht mesh panel resting on the base. Work
all the way around the dome before going to the next higher level.

3. Lay the panels across the beams. On the first panel, follow the
curve just Inside the plastic tubes to establish the shape at the bottom
of the panel. Stretch the panel tight at the top. On subsequent panels
the bottom edge follows the contour of the panel below and the top edge
fs stretched tight.

4. Impale and hang the mesh on the beam tabs by pushing it against the
tabs so the tabs punch through the fabric.

S. As you work your way toward the top of the dome, be sure that the
next higher panel overlaps the one below by 6 inches.

CAUTION1.... If you are in a windy area or have hinh winds temporarily,
tie the panels to the beams with loops of wire that catch the 6 X 6
screen and beam.
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6.2 Construct Atrium Wall

These need to be built so they are ready to be tied into the dome rebar
grid BEFORE the concrete is shot. Regardless of the construction method
(i.e. poured concrete or concrete block), the KEY end result needed is
to have about 2 feet of 1/2" rebar sticking out from the end of the
finished wall toward the dome so that these pieces of rebar can be tied
Into the dome's rebar grid BEFORE the concrete is shot.

See Fig 6.3 for a typical wall connection. Note that the dome's horizontal
rebar is bent out toward the wall. In the case of the first row, once it
is tabbed in place, the tab will help you bend the rebar outward.

Note...The length of rebar needed beyound the tab will increase as you go
up the dome in order to reach the wall. See the top part of Fig. 6.3 to
see why.

6.3 Construct Cupola Frame

If a cupola is part of the design, this needs to be built per the customer's
drawing so the base of it can be used to attach the structural rebar grid
and serve as a form for the shotcrete so the cupola is tied directly into
the finished dome structure. The wood cupola frame is attached to the steel
compression ring using self tapping screws as shown in Fig. 6.4.

Fig. 6.4 also shows the KEY point of providing a removable lip to help
form a sloped top surface on the finished concrete. When covered with
flashing during the final "trim phase, this sloped lip will help shed
runoff water.

6.4 Construct Partially Buried Entries

If the customer chooses to use a partially buried entry instead of using
a fully exposed flat end on the dome, then three considerations need to
be handled in getting ready for the rebar and shotcrete phases:

1. Attaching the entry wall to the dome is essentially the same manner
as described In Section 6.2 above.

2. Constructing the earth retaining and drainage parapet walls above
the entry. These details will be described in this section.

3. Selecting the type of entry wing wall to be used (i.e. vertical or
a diagonal that follows the dome curve) since it holds the rebar grid for
forming the side retaining walls (see the top part of Fig. 6.5).

The vertical I-Beams used on each side of the buried entry are special
beams in that they have pockets attached for holding the entry roof beams
(see Figs. 6.5 and 6.6). Plywood backed 2 X 4 stud walls are built
using these pockets as the dome anchor points. The plywood Is placed on
the earth side of the frame so it will serve as the pouring form during
the shotcrete process.
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Note the removable lip form at.the top of the parapet walls. Like the
cupola in Section 6.3., this helps form a sloped top edge on the finished
concrete to help it drain properly.

Note...While only the back parapet wall is shown in Fig. 6.6 to illustrate
this lip, the lip should also be installed on the side parapet walls for
the same reason.

Fig. 6.2 gives a cross-sectional overview of the basic rebar installation
sequence. Individual stages will be covered in more detail as we walk
through the sequence.

X-Section 1 of Fig. 6.2 shows the installed mesh panel which provides
the backing for the exterior shotcrete. The 6 X 6 steel screen on the
inside holds the interior shot surface in place.

X-Section 2 shows the "intermediate" rebar grid. Note again the comments
on the way the tabs are attached to the beam.

The first horizontal row of rebar is set on the beam tabs and the tabs
are bent back over themselves to jock the rebar in place against the
beam. This is the PRIME anchor point for the whole rebar grid.

When the horizontai rebar is anchored flat across the surface of the beam,
this will automatically start forming the required curved shape when the
vertical rebar is tied to the horizontals. When anchored to the beam,
these horizontal rebars will provide a "ladder" of sorts if you keep one
foot on each side of the vertical beam and close to it. However, there
is not much toe room at this stage.

When the verticals have been placed, the steel screen'of the mesh panel,
the horizontal rebar, and the vertical rebar are all wired together at
EACH interesection to insure a MAXIMUM tie spacing of 12 inches, both
horizontally and vertically. Ties closer that 12 inches are OK, but
NEVER exceed a 12 inch spacing. This ties the "intermediate" grid
together, as well as the vertical beams.

The fabric and wire panel should be tied at every junction of the
first horizontal and vertical rebar. This will place the ties at
12 inches at the very bottom of the structure and about 3-4 inches
at the top of where the vertical rebar converge. This is important
as the wet concrete is a horizontal load at the bottom and changes
to a more vertical load at the top. The closer ties at tne top prevent
"sagging" between the ties.

There are two basic ways to catch the interior 6 X 6 screen in the tie:
1. When working alone--there is enough stretch in the fabric that by
pushing it down over the inside screen (see Fig. 6.7) you can easily

a poke the wire through the fabric and under the screen crosspiece to
catch it in the tie.
2. Preferred way--have a helper inside who can cut the wire to an
adequate length for tying all the rebar together, bend the wire into
a "U", and poke the wire through the fabric so it catches the 6 X 6
screen inside and the open end of the "U" goes around EACH junction
of the horizontal and vertical rebar outside. There is enough light
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coming through the fabric so the helper inside can easily locate the
horizontal rebar outside. The steel man on the outside then pulls the
wire tight around the steel and completes the tie. The helper can be
preparing the next tie wire while the steel man is making the tie.

X-Section 3 shows the final horizontal row. It is tied to each vertical
rebar which locks it to the rest of the grid. As each row is tied in
place, starting from the bottom, it provides a stronger "ladder" on which
to work as you move up the dome. This second row also provides a lot
more.toe room since it is, further out from the mesh panel inside.

Note.. .The spacing of the second horizontal row is quite different from
the first:
1. The close spacing of the rebar at the bottom accomplishes two things:

a. It'provides a base structure for the concrete to build on during
the shotcrete process, and

b. These dimensions center the remaining rebar in between the rebar
of the first row.

2. The 5th and remaining rows are placed 24 inches apart, instead of
12 inches as in the first horizontal row.

Taking each stage in more detail ....................

Stage I

Install the mesh panels as previously described, prior to installing the
first row of rebar over them at any level.

Stage 2

Anchor the first row of 1/2" horizontal bar to the beams using the tabs.
Start at the bottom and work completely around the dome before going to
the next higher row. See Figs. 6.8 & 6.9.

Note...Maintain proper radius on ALL horizonta! rebar--Don't allow the
bar to flatten out between beams.

When the first two rows are complete, tie the 1/2" rebar stubs in place.
This will help in shaping the curved surface. Work as high as you can
reach from the ground as shown in Fig. 6.9. The remainder can be installed
once the grid "ladder" becomes strong enough and safe enough to climb on.

Stage 3

Install two 3/4" rebar vertically in the PVC tube locators at 1/3 intervals
between the end beams as shown in Figs. 6.10 and 6.11. Each rebar is
twenty feet long.

Note...A 360 section of a larger dome with a cupola will be used as a
typical case throughout this discussion. The basic principles and approach
apply to other types and sizes of structures. The major variation is that
on straight 6 ft. sections or in the I18 curved sections, only one 3/4"
rebar is used and is placed about halfway between the vertical beams.
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Once the 3/4" vertical rebar is in place, tie it to the 1/2" rebar stubs.
The work up the dome.

At this stage, use a minimum number of ties between the horizontal rebar
and these first 3/4" vertical rebar. The main thing is to generally
start worKing things into shape. Let the vertical rebar start assuming
its curved shape and spacing towards the top as the horizontals start
helping pull the grid into its curved shape. Once each horizontal rebar
is tied to the 3/4" verticals, it is OK to climb on the grid PROVIDED
you keep one foot on each side of the 3/4" vertical. Do NOT climb in
between verticals.

Stage 4

Install the horizontal I,'2" rebar around the cupola frame as shown in
Fig. 6.12. Use 16 penny nails driven into the studs and bent over to
hold the rebar.

The top rebar should not be more than 3 inches below the forming lip,
and not spaced more than 12 inches apart vertically. Also install the
three extra pieces shown in Section A of Fig. 6.12 in the intersection
of the cupola frame and vertical beam.

Stage 5

Install the horizontal 1/2" rebar around the parapet walls as shown in
Fig 6.13. Use 16 penny nails driven into the studs and bent over to
hold the rebar.

As with the cupola, the top rebar should not be more than three inches
below the forming lip, and should not be spaced more than 12 inches apart
vertically. Also install the two extra pieces at the intersection of
the walls, beams, and domes.

Stage 6

On 40 ft. domes where the 20-ft. lengths of 3/4" rebar won't reach the
cupola, install a third 3/4" piece of rebar FROM the cupola DOWNWARD:

1. In between the first two pieces on the curved ends as shown in
Fig. 6.12, and

2. Alongside the single pieces in the straight sections and in the 180
curves.

On 32 ft. domes, the 20 ft. rebar will reach to the cupola so the
third pieces are not needed.

Stage 7

See Figs. 6.14 and 6.15 for reference.

The remaining verticals are 20 or 30 ft. lengths of 1/2" rebar.
30 ft. lengths are preferred because they reach the cupola on 40 ft.
domes and tie at the top on domes without a cupola.
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Locate each one using the PVC tube locators in the base and run vertically
up to the cupola. Also splice in the pieces around the parapet walls as
shown in Fig. 6.13.

Tie each vertical as shown in X-Section 2 of Figs. 6.12 and 6.15 so it
locks the vertical, first horizontal and the inside screen of the mesh
panel all together. The MAXIMUM spacing for ties, both horizontal and
vertical, is 12 inches. DO NOT EXCEED 12 INCH SPACING.

As the verticals naturally come together toward the top, th, spacing will
be less than 12 inches (more like 3-4 inches or less ), so some of these
can be cut out so the remaining pieces that run up to the cupo'i frame
for tying will not be more than 12 inches apart.

If the dome is to be built without a cupola, look ahead to the Stage 11
discussion to see how the end verticals are to be used before any are
cut out.

Stage 8

See Figs. 6.16 and 6.17 for reference.

The second horizontal row also uses 1/2" rebar. As with the first row,
start at the bottom and work completely around the dome bcfore moving
up to the next higher row. As each row is tied in place, it becomes
a solid "ladder" to climb oi to work on the higher rows. Each of these
horizontal rows is tied to the verticals as shown in X-Section 3 of
Fig. 6.2 and also Fig. 6.16.

Note...As discussed before, the spacing on this second row of horizontal
rebar is quite different from the first row, and for this reason,
important to note.

Whereas the first row was uniformly spaced 12" apart vertically (as
shown to the left of Fig. 6.16), this second row is spaced closer together
at the bottom and then further apart once you get above the first eighteen
inches from the base (as shown to the right of Fig. 6.16).

The- first four rows are spaced close together as the concrete has to have
something to build on and serve as a base as you move up the dome in the
shotcrete process. This close spacing also sets up the pattern so 4;he
rest of the horizontal rebar falls in between the rebar of. the first row,
but every two feet as shown.

Once the first four base rows are installed, the remaining rows are
spaced 24 inches apart vertically as shown in Fig. 6.16. As a result,
there are fewer rows of rebar in this second horizontal layer.

Stage 9

See Figs. 6.3 and 6.18 for reference.

Fig. 6.3 shows the preparation for tying the atrium wall into the dome
structure. This approach is also used to tie in the entry wing walls
(below the parapet) shown in Fig. 6.5. Leavinr 24 inches of rebar
sticking out of the atrium wall provides enough to splice into.
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Looking at the top views of Figs. 6.3 and 6.18, you can see the 2 X 4 stud
backed with 3/8" plywood which doubles as part of the interior wall and
pouring form. You will aslo note the 1/2" of rigid insulation placed
between the stud wall and the concrete or block atrium wall. This serves
as a thermal break to help minimize any heat loss from the dome out; into
the atrium wall, part of which will be exposed.

Stage 10

Fig. 6.19 shows the final horizontal rows tied into the parapet wall above
the entry. The basic approach for tying in the side walls is shown in
Fig. 6.18.

Stage 11-No Cupola at Top.

When a dome is built without a cupola, the 1/2" rebar must be brought
over the top and tied in such a manner to preserve the curved top of
the dome which is ESSENTIAL for full dome strength.

1. Regular Dome--On a circular dome, -all the rebar will converge at the
center. Because a!l these pieces will be too close together to work the
concrete down into the grid, some of it must be cut away so the remaining
grid has a tied MINIMUM spacing of 6 inches.

See Fig. 6.20 for how to use either a 2X8 or a 2X10 to help hold the
top curve until the rebar is tied.

2. Extended Dome--
Step 1-The rebar on the curved end is brought up, cut and tied just
as on the regular dome described above. Fig. 6.20 shows the two sized
pieces of wood to hold the top curve. The 2X4's are then wedged under
the vertical rebar to help hold the curve. Tack these in place,
otherwise they will pop out under load.

Step 2-The 1/2" rebar along the sides are then extended over the too
to form the curve over the straight section. 30-ft. rpbar is preferred,.
See Fig. 6.21.

On the 32 ft. dome, the 30-ft. lengths will reach over the top to about
the other side of the compression ring, providing an overlap on top
which can be tied together.

On the 40 ft. dome, the 30-ft. lengths will not reach over the top.
A third piece is therefore needed over the top and must be spliced and
tied into each side piece.

If only 20-f.t. lengths are available, three pieces will be needed for
both the 32 ft. and 40 ft. domes, with the third piece placed over the
top and spliced and tied into each side piece.
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Step 3-See Fig 6.22. Run the second rebar over from e vertical beam
up and over the top as shown in the figure. This is close to a 450 angle.
This first piece will serve as the angle guide for the first top layer.

Tie in other pkes of 1/2" rebar placed parallel to the first piece
and no more than 12 inches apart. Each piece must be long enough to run
down over the sides on each end so it can be tied into the horizontal or
vertical rebar below the cormpression ring.

Step 4- See Fig. 6.23. Go to opposite side of the curved end and run
the second rebar over from the vertical beam up and over the top as shown
in the figure. This rebar is also close to a 450 angle and will help weave
a grid on top of which is fairly close to square. This first piece will
serve ds the angle guide for the second top layer.

Tie in other pieces of 1/2" rebar placed parallel to this first piece in
the second layer and no more than 12 inches apart. As in the first top
layer, each piece must be long enough to run down over tne si de on each
end so it can be tied into the horizontal or vertical rebar below the
compression ring.

6.6 Install Rough Services in Wall

The rough-in for all services to be included in the outside dome walls
must be installed at this time BEFORE the concrete is shot. These would
include things like:

1. Electrical conduit for wall and ceiling lights, plugs, fans, switches,
smoke alarms, wall circuit breaker or switch panels, meters, etc.

2. Electrical conduit for telephone or intercom outlets.

3. Water pipe.

4. Vent pipe (sewer, kitchen or bath exhaust, clothes dryer, etc.)

5. Sewer and drain pipes.

6. Duct work for heating, cooling, outside air, or cold air return.

PLAN AHEAD .... because once the concrete is shot, it is too late.

6.7 Prepare for Dome Penetrations

Small diameter penetrations through the dome (e.g. plumbing vents,
flues, small diameter stove pipe, power cable entries, etc.) are prepared
for by running tubes through the rebar at the proper location and anchoring
them so they will stay in place during the shotcrete process. One of the
most foolproof methods is to use interior wall frame as both the location
guide and the anchor point.
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Penetrations up to 4 inches in diameter merely have the concrete shot
around it without any reinforcement. Over 4" and up to triple well
stovepipe, use Fig. 6.24 as a guide. Reinforcing rebar and concrete
mesh are needed to hold the concrete in place.

Penetrations over three feet high, greater than 12 inches in diameter,
and those rising to the surface from a point lower down on the dome all
have to be engineered before installation. Types like these will be
subjected to far greater stress.

Small penetrations in the lower dome (such as power cable) are also
handled as shown in the lower part of Fig. 6.24. The KEY point to
remember is to tilt the penetration tube DOWNWARD at a slight angle
so that any moisture will run OFF instead of going inside. Suitable
waterproof plumber's packing also helps insure a waterproof seal
below ground.
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POUREO CONCRETE 0R BLOCK.
END CONSTRUCTION WI-iH THE
1/2" RESAR FIXED IN PLACE AS
SHOWN

ATRIUM OR
ENTRY WALL,

4ij
DOME OOTERWALL FOOTER

TOR ViE

TO V~ VERTICAL 3/4"' VERTICAL IST HORIZ.
r-BEAM RESAR ROW

ofirro ! AlROW

S EE TOP PART OF
FIG.6-5 FOR 2 WALL
OPTIONS. TYPICAL
TYPE SHOWN HERE.1" EA

rZ MP101 INSJLA-[ *~ FUTURE CONCRETE OUTLINE

9REAK) ArRIUM/Ec1TRY TIE-IN

~~ou~~eP COCRT : P EAR AT ioNf
OR BLOCK WALL I f
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THIS APPROACH WOULD BE USED BY ONE
MAN WORKING ALONE FROM THE OUTSIDE

/• BURLAP

THE RIDGE SHOWS THE POSITION OF
THE SCREEN UNDER THE BURLAP

PREFEREDP'FASTER APPROACH

HAVE A HELPER INSiOE TO:

L CUT TIE WIRE TO ADEQUATE LENGTH FOR TYING
ALL REBAR 7OGETHER

2. lEND IT INTO A "U'"

3. POKE WIRE THROUGH THE BURLAP SO IT CATCHES
THE SX8 SCREEN INSIDE & THE OPEN ENIn OF THE
"T U" GOES ON EACH SIDE Of THE HORIZONTAL REBAR
OUTSIDE. ENOUGH LIGHT COMES THROUGH THE
SURLAP TO LOCATE THE HORIZONTAL RCBAR FPOM
THE INSIDE.

THE STEEL MAN 04 THE OUTSIDE PULLS THE TIE
WIRE TIGHT AROUND THE STEEL & COMPLETES THE
TIE.

CATHINJG 6 X8 SCREEN WITH TIE WIRE

FIG. 8-7
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7. Complete External Dome Work

7.1 Inspect Readiness for Concrete

The main considerations here are things that affect the future strength
and waterproofing of the dome. For example:

1. Check all rebar to insure:
a. First row horizontals are locked to the vertical beams with the tabs.
b. The inside 6 X 6 screen has been tied to the horizontal and

vertical rebar so the interior surface can't separate later.
c. Second row horizontals are tied to the verticals so this layer

can't separate.

2. Check rebar In joints and Intersections to see:
a. There is enough to carry the corner stresses.
b. There are not too many to prevent the concrete from being worked

all the way into the corners and up against the pouring mesh or forms.

3. All necessary rough-in services (e.c. electrical) are installed in the
walls with sufficient lengths sticking out so the working ends won't be
covered with exterior concrete or interior surface material.

4. All dome penetrations have been set up as described in Section 6.7
to help prevent any future leakage.

7.2 Install Interior Supports

These supports are needed to prevent any sagging, shell movement, or
compression rirg'tipping (even small amounts will throw the cupola out
of alignment) due to accidental overload during concrete application.

While the preferred way to handle the top part of the dome is to have the
interior load bearing walls and rough second floor constructed to serve
as the upper anchor points, 2 X 4 supports reaching from the bottom floor
have been successfully used. The preferred approach is used to illustrate.

There are four main areas that require supporting.

1. Compression Ring--To prevent tipping or misalignment. See Fig. 7.1.
level the ring and use one support on each side. These must be either
4 X 4's or two 2 X 4's nailed together to carry these higher loads.
When an elongated compression ring is used with one or more straight sections,
support the ring at each vertical beam.

2. Upper Dome--To help support the do%:n loads of the concrete and people
walking on the top part of the dome during the shotcrete phase. 2 X 4's
are adecuate. See Fig 7.2. Use the illustrated types of supports
centered in each bay.

3. Lower dcme--To help Suoport the inward loads generated near the base of
the , 2 X 4's are adequate. See Fig. 7.3. These supports are centered
in each bay.

118



4. Atrium and Entry Openings--To help support the structure around
these fairly larce openings in the dore shell until the corcrete tie to
these external s ills has hardened and become self-supporting. 2 X 4's
are adequate. .ee Fig. 7.4 for supports around all these tyces of
openings, using these types of supports on each side of the openings at
the tops and hottcms of each opening, as well as in the center of each
adjacent bay.

All rough framing, second floor decking, front wall (if used) and entries
shzould be in place prior to concreting exterior surface. This makes
fabrication of the dome easier, eliminates much scaffolding, and provides
better support points.

7.3 Shoot Exterior concrete

Three basic rules are to be followed during the shotcrete process:

1. Start at the bottom and work upward, building on that below.

2. Work completely around the dome at one level before.moving up to
the next level.

I 3. Smooth each completed layer before it hardens. This will help the
waterproofing go on easier and insure no gaps or holes are created
that could leak later.

Apply the concrete uniformly to the dome. Insure it is worked in
between the rebar all the way down to the mesh or pouring forms. Leave
no voids. Also insure that no rebar remains exposed on the surface.
Thisconcreteand rebar structure has to hold the full weight of all the
backfill, top soil, and sod placed on top of It.

Standing on the ground at the base, you can usually apply concrete
about 7-8 feet up the dome surface without scaffolding. Once you get
high enough that the dome starts to flatten out on tcp, the dome can be
walked on during the shotcrete process. It is the intermediate stage
between what can be reached from the ground cnd where it can be walked on
that scaffolding is needed.

Fig. 7.5 illustrates just one type of temporary scaffolding that has been
used successfully. Other types, a front bucket loader or a "cherry picker"
could also be used to elevate the person shooting the concrete.

Complete all trowel and edging work before the concrete sets up.

7.4 Waterproof External Dome Surface

The special TPi waterproofing material is applied at a uniform rate of
22 sq. ft. per gallun (110 so. ft. per pail) over a smooth surface. A
60 mil. dry thickness is achieved. The material can be troweled or
brushed on.
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CAUTION .... Complete coverage is mandatory!.'! This is the waterprcof
covering that prevents future leakage or dampness inside the dome.

7.5 Attach Backfill Protection and Exterior Insulation

The thin TPM waterproofing needs to be protected during the backfill
operation. Rocks can easily punch through the TPM when they hit the
solid concrete dome.

If backfill is principally soil without sharp rocks,.the insulation
material which is applied against the waterproofing will protect the
TPM coating. If there are large or sharp rocks in the backfill, check
with Earth Systems home office for suggestions on how to further
protect both insulation and waterproofing during backfill.

Note...Check with Earth Systems for the exterior insulation reauirements
to be orompatible with the dome design. soil conditions, and climatic
conditions.
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8. Complete Supporting Work

8.1 Complete Backfill

The dome Is backfilled roughly tI grade with the backfill and top soil
that has been saved or provided for this purpose. As the backfilling
takes place, the soil must be compacted or allowed sufficient time to
settle to prevent future settling around the dome.

Care should be taken to prevent large rock or boulders, especially
those with sharp edges, from banging against the dome so as not to
puncture the waterproofing protection.

The great strength of the hardened dome allows for backfilling the dome
with standard equipment (e. g. skip loaders, front end loaders, small
cats) rather than by hand or with specially designed equipment.

8.2 Construct Supporting Surface Structures

These include garages, barns, shops, retaining walls, etc. All depend
upon properly compacted or settled soil for long term stability.

Larger structures like garages are a special case. Since it is essential
that these structures be built on undisturbed virgin soil for long-term
stability, the MINIMUM distance such structures can be built from the
dome are shown in Fig. 8.1.

8.3 Coat Interior

The interior dome is plastered with 3-coat stucco or hardened plaster
to tie into the internal 6 X 6 screen. It is not normally necessary to
lath around the beams before applying the plaster. The third plaster
coat provides the final plastering, texture, or covering of the interior
dome walls in the manner specified by the customer.

8.4 Grade and Landscape Surface

Once the surface structures, retaining walls, etc. have been completed,
the final grading of the top soil can also be completed in preparation
for walks, garage ramps, driveways, and landscaping.

8.5 Complete Interior Finish Work

This is the typical construction, wall covering, cabinet, equipment
installation, and trim work corrinon to any type of residential or
commercial construction that is carried out to the cuStomer specs.
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APPENDIX C

PROPOSED TEST PLAN FOR
SPLINTER VROTECTION OF AIRBASE

FIREFIGHTING RESOURCES
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SECTION I

INTRODUCTIUN

A. BACKGROUND

Firefighting resources, including consumables and vehicles, assigned to

airoase fire departments in Europe and the Pacific are dispersed according

to a preaetermined plan before attack. Uispersal locations aepend on the
availability of space in aircraft shelters and other protected areas

designed and constructed for the protection of otner resources. The fire

department must therefore compete for protected space. When an attack
occurs, space may not De available or the available space may not satisfy

the needs of the fire department.

Dedicated splinter protected areas, located anc designed specifically
for firefighting vehicles and consumaoles, can improve the current

survivaDility during an attack and enhance firefighting and rescue
capaoility following an airbase attack. The dedicated areas will also
greatly reduce or eliminate the competition for available protected space.

An investigation was undertaken to develop practical designs to protect
firefighting resources to minimize damage during an attack. The objective
of the investigation was to develop the designs using off-the-shelf material

and standard construction techniques.

From the investigation, two protective concepts were selectea: an

earth-oermed, reinforced concrete (shotcrete) arch and an earth-oermed,
corrugated steel pipe. The investigation also included a simplified

analysis that indicated ooth concepts were capable of protecting the
firefighting resources against the splinter threat. Further analysis shall

lead to the selection of one of these concepts for field construction and
testing.

B. O0JECTIVES

The objective of this experimental program is to verify the
survivability of the selected protective concept to the specified splinter
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threat. A sufficient number of tnese facilities are planned at Air Force
bases throughout Europe and the Pacific to justify an intensive performance
validation effort.

C. SCUPE

A full-size shelter will be constructed for these tests. Construct-
ability data will oe gatnered and documentea Ouring construction. The

shelter will be earth-bermed per the construction specifications. The

snelter will then be sub~ectea to the splinter threaL Dy detonating rIiarK 8.

General Purpose Scxnbs. Performance will be evaluated with instrumentation

placed on and arouna the structure.
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SECTION II

TEST DESCRIPTION

A. INTRODUCTION

The weapons testing will be conducted to verify performance of the design

and construction of the shelter for the protection of firefighting resources

to the splinter threat. Three tests are recomnended to evaluate the shelter

performance fully. Approximately 30 channels of active and passive

instrumentation will be recorded for each test. High-speed photographic

documentation will be provided for both the interior and exterior of the

shelter during each test.

B. TEST SITE

The site for these tests has not yet been determined. For purposes of.

this proposed test plan, the McCormick Ranch Test Site adjoining Kirtland AFB,

New Mexico, is used. However, this test plan can be modified to accomodate
any other appropriate test site chosen.

The McCormick Ranch Test Site is located about 7 miles south of Albu-

querque adjoining the southwest corner of Kirtland AFB (Figure C-1). It lies

approximately 5270 feet above sea level within the sagebrush--bursage plant

association of the desert region of the Rio Grande Valley. The climate is

semiarid with a rainfall of 6 to 10 in. annually. The near surface geology., i.s

that of Pleistocene Playa consisting of clayey-silty soil. The water table i's

at an estimated depth of more than 200 ft below the surface.

The McCormick Ranch Test Site is continually used for testing involving

up to 3000 pounds of a variety of high explosives. This weapons test series

is consistent with the current land use and is covered by the CERF

Environmental Assessment of April, 1977. Surface and subsurface geological

characteristics considered of importance to the tests can be provided once the

exact test location on McCormick Ranch is known. A compilation of geologic

data gathered in numerous test programs over years of testing at various

locations on McCormick Ranch is available.*

*Summary of Geotechnical Testing and Material Models for Subsurface Soil
Conditions at McCormick Ranch, Kirtland Air Force Base, New Mexico, David
A. Bedsun, NMERI 7.11-TA7-20, September 1983.
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C. CONSTRUCTION

Before construction, standard soil properties will be determined for both

the subgrade and the backfill material. Data will be compiled on moisture

content, grain size distribution, soil classification, and proctor densities.

During construction of the shelter, material samples will be taken of all

reinforcing steel and concrete. Testinq will be accomplished in compliance

with applicable American Society for Testing Materials (ASTM) specifications

and American Concrete Institute (ACI) standards. P'econstruction testing will

be accomplished according to ACI standards. This testing will be done to

verify the mix design and to qualify the application crew. Durinq

construction, samples will be taken, and after construction, cores will be

taken and tested.

During construction all phases of progress and problems will be carefully

monitored and documented.

0. TESTING

It Is recommended that the program consist of three shots (designated

Events A, B, and C) usinq W 83 (1000 ib) general purpose bombs. Figure C-2

shows the bomb locations. Event A is intended to determine the response of

the main body of the shelter. Event B will provide information on the

behavior of the entryway. Event C will challenge the structure to a threat

greater than the splinter threat. If final design of the shelter includes a

blast door, then a justifiable fourth event would be a boft located In front

of the entry of the shelter.

129



Figure C-2. Proposed Bmb Locations (Not to Scale)
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E. INSTRUMENTATION

The number of channels and type of instrumentation depend on the
objectives of the test program and its budget. The instrumentation proposed

here is considered a minimm program to provide test data for comparison
with theoretical predictions. More channels of data would generate a more

complete description of the loading environment and shelter response.

Instrumentation measurements will consist of blast pressure, accelera-
tion, interface pressure, steel strain, and passive displacement. Figures

C-3 through C-7 show proposed locations for measurements.

The information from the instrumentation measurements will be used to

determine the dynamic response of the shelter under the various loading
conditions. The posttest analysis of the data will be compared to the

simplified analysis. A more comprehensive modeling calculation may be
required depending on the test results.

F. RESPONSIBILITIES AND SUPPORT

A matrix of assigned responsibilities cannot be completed until the
responsible organizations and test site location have been identified. Once

that occurs, appendixes will be written to this test plan in the following

areas.

"" Organization and responsibility

"• Test events

"* Testbed location and description

"* Schedule

"* Safety plan

"* Explosives transit and storage
"• Environmental effects monitoring

"* Security

"* Communications

"* Meterological support
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Figure C--3. Blast Pressure Gage Locations
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Figure C-4. Accelerometer Gage Locations
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Figure C-5. Interface Pressure Gage Locations
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Figure C-6. Steel Strain Gage Locations
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Figure C-7. Passive Displac~ment Gage Locations
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9 Photo

e Field operations

* Instrumentation systems
e Data Collection, reduction and distribution

The use of appendixes will facilitate the update/revision process

without reissue of the entire test plan. Revisions will be reviewed and

approved by appropriate program personnel prior to distribution.

G. REPORTING

The evaluation of the construction process for both shelters will be

closely monitored and the results documented in a Construction Report.

During the test program, Quick-Look Reports will be written within 30 days

after each test event. At the conclusion of the test program a Final Report

will be written documenting the entire prugram.
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