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CONVERSION FACTORS, INCH-POUND TO METRIC (SI)
UNITS OF MEASUREMENT

Inch-pound units of measurement used in this report can be converted to

metric (SI) units as follows:

Multiply By To Obtain

cubic inches 16.38706 cubic centimetres

feet 0.3048 metres

grains per foot 0.2125948 grams per metre

inches 2.54 centimetres

kips per square inch 6894.757 kilopascals

pounds (force) 4.4482 newtons

pounds (force) per square foot 0.04788 kilopascals

pounds (force) per square inch 6.8947 kilopascals

pounds (mass) 0.453592 kilograms

pounds (mass) per cubic foot 16.01846 kilograms per cubic
metre

square inches 6.4516 square centimetres
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TEST AND ANALYSIS OF UPGRADED ONE-WAY

REINFORCED CONCRETE FLOOR SLABS

CHAPTER 1

INTRODUCTION

1.1 BACKGROUND

The primary objective of this country's civil defense against

a nuclear attack is to save as many lives as possible. The former De-

fense Civil Preparedness Agency (DCPA), which is now part of the present

Federal Emergency Management Agency (FEMA), has the responsibility of

maintaining a good civil defense program. Those areas that are most

likely to be a target of a nuclear weapon are called high-risk areas.

Cities are high-risk areas due to the presence of Large populations,

hubs of transportation and communication networks, industries, and func-

tions critical to the survival of the Nation (Reference 1). A megaton-

size nuclear weapon would most likely be used on a city and detonated at

or near the surface. This would produce high blast overpressures, strong

winds, and intense radiation over a radius of several miles. Many build-

ings in such cities have been designated as "fallout shelters." Govern-

ment survey teams have been locating and designating suitable "fallout

shelters," which are listed in the National Fallout Shelter Survey

(NFSS), for many years. SRI International (formerly Stanford Research

Institute) analyzed some of the NFSS buildings and determined their com-

ponent collapse overpressures (References 2-4), which were usually less

than the overpressures (20 to 50 psi a ) many of them would receive from

a nuclear blast if they were within moderate range of the explosion.

There are very few conventionally constructed commercial buildings that

are capable of withstanding such loadings. The old civil defense pro-

gram called for people to take cover in these "fallout shelters" during

an attack, but due to the increased size of present weapons and the low

resistance to blast of most buildings, "fallout shelters" are no

;a

a A table of factors for converting inch-pound units of measurement to
metric (SI) units of measurement is given on page 7.
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longer adequate protection in high-risk areas. The current civil defense

program is called Crisis Relocation Planning (CRP). CRP would be used

during a time of developing international crisis when a nuclear war is

imminent. Basically, CRP would call for the following actions:

a. Moving most of the people out of the high-risk areas into
surrounding host areas within 2 to 3 days.

b. The people would move initially to public and private
buildings in the host areas and then, if necessary, to
shelters (mostly expedient-type shelters).

c. Keyworkers and officials would stay close to the high-
risk area in hardened shelters so they could operate key
industries and government positions.*

This report is related to part c of the CRP. It is estimated

thaL approximately 6 percent of the population in a high-risk area will

consist of the keyworkers and officials. Competent, hardened shelters

would be needed to protect these key people, as well as others that stay

in high-risk areas, from the effects of nuclear weapons. As stated

before, the existing "fallout shelters" are no longer adequate protec-

tion in their present state. New hardened structures could be built

that would be massive and strong enough to resist these large loads, but

it would cost billions of dollars to build all of the shelters needed.

An alternative would be to upgrade the load capacity of some of the

existing "fallout shelters" with additional structural members so they

could withstand the large loads. The results of recent analytical and

experimental studies show that when proper upgrading methods are used,

this is possible. A "fallout shelter" could be rapidly upgraded during

a time of crisis with readily available construction materials at a

minimum cost. A detailed survey of a statistical sample of 219 NFSS

4 buildings indicated that about 87 percent of the fallout shelters have

reinforced concrete (R/C) slab floor systems (Reference 5). The re-

sults of previous DCPA-sponsored studies (References 6-8) show that the

ultimate load-carrying capacity of common slab systems is much higher

than that predicted by conventional analysis procedures. A large num-

ber of the R/C floor systems in the survey were one-way. A test p-ogram

conducted on small, one-way R/C floor slabs at the U. S. Army Engineer

9



Waterways Experiment Station (WES) indicated that the load capacities

of one-way slabs could be increased by factors of 4 to 7 by providing

expedient supports of various types at the midspan of the slabs (Refer-

ence 9). FEMA has an ongoing contract with Scientific Services Incor-

porated to prepare a manual for use by the general public to quickly

upgrade the blast resistance of buildings. These upgrading techniques

need to be easy to understand, easy to perform, well engineered, and

proven to work in order for the public to accept them. This study exam-

ines the upgrading of entire one-way R/C slab floor systems, examines

two good methods to upgrade a sample floor system, and verifies the re-

suiting increased load capacities in full-scale tests. This report will

provide a good reference on one-way slabs for the manual.

1.2 OBJECTIVE

The objective of this study was to develop competent upgrading

designs that would use readily available materials, be easy to construct,

and provide optimum hardening for one-way R/C slab floor systems.

1.3 SCOPE

The general characteristics of one-way R/C slab floor systems

were examined thoroughly. The main variables that were considered in

the design of an upgrading system were: distribution of moments, punch-

ing shear, shear at beam supports, and strengths of the original sup-

ports themselves. Various upgrading methods were considered, and the

best two were chosen. One method was to support the slab panels under

their midspans with groups of wooden posts closely spaced so they formed

large square columns and to support the beams with wooden posts under

critical points. The other method was to support the slab panels under

their midspans with a series of short steel wide-flange beams held up

by steel pipes and to support the original beams with wooden posts under

critical points. The increased load capacities resulting from these up-

grading techniques were verified with dynamic tests on full-scale sec-

tions from a typical one-way R/C slab floor system. Three tests were

performed: the first was on the typical slab section without any

10



upgrading, the second was on an identical slab section upgraded by the

wooden posts, and the third test was on an identical slab section up-

graded by the steel beams and pipe. The tests were conducted in the

Large Blast Load Generator (LBLG) at WES, which can produce dynamic

loads similar to those from a nuclear weapon in the megaton range (Refer-

ence 10). Active measurements of overpressure, deflections, reinforcing

steel strains, and support loads were taken during the tests.
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CHAPTER 2

PROPOSED PROCEDURES FOR DESIGNING AN
UPGRADING SYSTEM FOR A GIVEN FLOOR

2.1 DISCUSSION OF ONE-WAY SLAB
FLOOR SYSTEMS IN GENERAL

A one-way slab carries the majority of an applied load in one

direction, the direction perpendicular to the support beams. In theory,

a one-way slab is similar to a series of beams side-by-side, except

there is a slight gain in strength and stiffness due to the resistance

against lateral expansion described by Poisson's ratio. There are, how-

ever, some differences between the design criteria for one-way slabs and

those for beams. For instance, the minimum reinforcement cover, maximum

spacing of bars, and requirement of shrinkage and temperature reinforce-

ment are different requirements than those for beams. The criteria

which influence the design of one-way slabs most often are the flexural

capacities and maximum deflection requirements. Shear, diagonal tension,

and bond stresses rarely are critical in normal designs. Due to simpli-

fying assumptions, the small deflection requirements, materials being

stronger than design strengths, and conservative regulations on the

spacing and amount of flexural steel, one-way slabs are stronger than

predicted by conventional analysis procedures.

There are different types of one-way slab floor systems, as

shown in Figure 2.1. The slabs may be supported on only two sides with

the beams running over column rows, as in Figure 2.1a. On the other

hand, the slabs may be supported by a beam-girder system in which an

intermediate row of beams runs between column rows, as in Figure 2.1b.

The slab is supported on four sides in this setup, but if the length to

width ratio of the slab panel is greater than 2, most of the load is

carried in the short direction and one-way action is obtained in effect

(References 11-13). Still another kind is the one-way ribbed joist sys-

tem in which a series of small "T" beams lie side by side and span in

between girders, as shown in Figure 2.1c. In essence, the "T" beams

12



act like a rectangular one-way slab with notches cut out of it to

lighten the dead load of the structure.

All of these type floor systems are designed using basically

the same principles. These principles, along with safety regulations,

are incorporated in building codes and design aids. Concrete structures

are designed and constructed in accordance with a current "Building Code

Requirements for Reinforced Concrete" prepared by the American Concrete

Institute (ACI) (References 11-13). Most engineers use design aids to

help them quickly design structural components that meet the require-

ments of the ACI code. ACI issues several different design aids itself.

Another design aid that is quite popular is the one issued by the

Concrete Reinforcing Steel Institute (CRSI) (References 14-16). The

minimum live loads that can be used in the design of most floors are

regulated by building codes. The major building codes are "The BOCA

Basic Building Code" prepared by the Building Officials Conference of

America, Inc.; the "City of New York Building Code"; the National Build-

ing Code prepared by the American Insurance Association; the "Southern

Standard Building Code" prepared by the Southern Building Code Congress;

and the Uniform Building Code prepared by the International Conference

of Building Officials. These codes and design aids are rewritten peri-

odically to incorporate new technology and research results.

2.2 DETERMINING AND ESTIMATING THE CHARACTERISTICS
OF A GIVEN FLOOR SYSTEM

In order for a group of people to determine the proper up-

grading system to apply to a given floor system, they need to know some

characteristics of the floor system. These characteristics include the

dimensions, strength of the materials, reinforcing steel ratios, bar

detailing, etc. The group might be fortunate enough to get a set of

construction plans to determine these characteristics, or they may have

to measure and estimate them. This section proposes a procedure to use

if the characteristics have to be measured and estimated. Such things

as the dimensions, type of building, and age can be used to make a con-

servative estimate of the desired characteristics.
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One of the first and easiest things that can be done is measur-
ing the dimensions of the slab panels, beams, and columns. If the ratio

of the length to width dimensions of the slab is greater than 2, then

the slab was most likely designed as a one-way slab (References 11-13).

Once the dimensions of the structural members are known, the dead loads

used in the design can be calculated by multiplying the volumes by

150 lb/ft 3 (Appendix J in References 17-20).

The minimum live loads to be used for the design of a floor in

a particular type of building are regulated by Section 2304 in the Uni-

form Building Code (References 17-20). As shown in Table 2.1, hardly

any of these minimum live loads have changed over the years. Thus, if

the type of building being upgraded is known, the minimum live load the

floors would have been designed for can be determined. (Note the

minimum design live load is usually used, but it is not unusual for a

designer to specify only a few slab designs for an entire floor area of

a building, especially for a large multistory building where the first

story level may contain concourses, hallways, office, stores, confer-

ence rooms, and elevator lobbies. Many different span lengths and sev-

eral design live load requirements may be involved in such a building,

but because of construction practices, it may be more economical to

minimize the number of slab designs. Therefore, some slabs would be

designed for the maximum span and load requirements in the floor and

thus be overdesigned.)

Much information can be estimated based upon the approxi-

mate age of the building. The most common strengths of steel and con-

crete used during the time the building was constructed could be assumed

without much error as the strengths actually used. The most common

yield strengths of steel were 33 ksi in the early 1900's and 40 ksi in

the 1950's and mid-60's. They have been around 60 ksi since then. The

most common concrete compressive strengths have ranged from 3000 to

6000 psi for many years. The strengths cited in CRSI handbooks printed

since 1963 are shown in Table 2.2 (References 14-16). The building codes

and design aids that were most likely used when the building was designed

could be used to conservatively estimate hidden characteristics of the
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structural members. Before 1963 the Working Stress Design Method was

recommended by ACI codes. In the 1963 ACI code the Ultimate Strength

Design Method was introduced as an alternate design method (Reference

11), and CRSl subsequently adopted it (Reference 14). In the 1971 ACI

code the Ultimate Strength Design Method was adopted as the primary

method of design and has been ever since (References 12 and 13). This

has been the major change in the codes and design aids over the years;

many small changes have also been made. Some of the hidden character-

istics of the floor system that could be determined from codes and de-

sign aids are: minimum values of the design moments and shears used,

the minimum steel reinforcing present, and the approximate bend or cutoff

points of the reinforcing.

The minimum design moments and shears can be approximated by

using the correct safety factors and moment and shear coefficients given

in the ACI code for use in lieu of more accurate analyses. The safety

factors have changed over the years. The coefficients in the 1963,

1971, and 1977 ACI codes (References 11-13) are all the same and are

given in Table 2.3.

Once the minimum values of the design moments are approximated,

the minimum amount of flexural reinforcing steel that should be present

can be estimated. This can easily be done from a graph. The correct

graph, depending upon the cross section of the structural member (rec-

tangular or "T" shaped) and upon the design method used at the time of

design (Working Stress or Ultimate Strength), would have to be chosen.

A graph for a rectangular section designed according to the Ultimate

Strength Design Method is shown in Figure 2.2 as an example.

The recommended flexural bar details of one-way slabs from

several design aids published since 1963 (References 14-16, 21, and 22)

are shown in Figure 2.3. They are all quite similar. Selected conser-

vative bend or cutoff points, which meet or exceed all of those recom-

mended, are shown in Figure 2.3e. Notice no reinforcing against shear

failure is generally needed in one-way slabs or joists. The recommended

flexural bar details of beams from the same references are shown in Fig-

ure 2.4. Conservative bend or cutoff points for the beams are shown in
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Figure 2.4e. The size and spacing of the stirrups required to resist

the minimum amount of shear a beam could have been designed for can be

selected from a table similar to those in the CRSI Handbooks.

It would be very feasible to make a series of charts and

tables for use in determining the probable characteristics of a floor

system being upgraded.

2.3 ANALYSIS OF A FLOOR SYSTEM

Once the probable characteristics of the floor system are

determined, it can be analyzed to determine its load capacity, where it

needs to be upgraded, and how to upgrade it. Every component of a floor

system needs to be examined; these are basically the slab panels, beams,

and columns. The analysis should include the ultimate dynamic moment

and shear capacities of the slab panels and beams, dynamic punching

shear strength of the slab, load capacity of the columns, and contribu-

tion of membrane action.

If the upgrading system is being prefabricated for storage in

the building until an emergency, some extra time can be spent to do

analyses by hand, or on a computer. A good analysis can be done by hand

using Bigg's Approximate Design Method, given in Reference 23; however,

the analysis is usually conservative. Another good hand analysis for

beams and slabs is to determine a resistance function from a static

analysis and then use it in a single degree of freedom (SDOF) analysis.

Keenan describes a good static flexural analysis in Reference 24. There

are many different static and SDOF computer program analyses presently

available. Methods for the dyanamic analysis of R/C columns are de-

scribed in Reference 25. A collection of very good computer programs

that seem to be quite accurate was written by SRI International for

DCPA to analyze NFSS structures (Reference 26).

If the upgraded system needs to be quickly designed and assem-

bled during a time of crisis, a much quicker and rougher analysis needs

to be done. A good, quick approximate analysis procedure that can be

used in the field has been developed by SRI International (Reference 27).

The analysis is done with charts based on simplified equations. A series
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of charts could also be made based upon one of the other analyses tech-

niques mentioned above. An analysis of almost any floor system will

show that it needs to be upgraded.

2.4 UPGRADING SYSTEMS IN GENERAL

It is desired to upgrade the floor systems of keyworker shel-

ters to withstand a dynamic pressure of at least 50 psi. About the only

easy way to upgrade a floor system is to provide additional supports

under it. The main structural members used for supports are bearing

walls, beams, and columns. The use of bearing walls for upgrading mem-

bers is not very ideal, though, due to the excessive amount of work to

assemble them, the amount of room they take up, and the obstruction of

passages. The effectiveness of bearing walls as upgrading members was

not studied in this program, although they would be similar to very

stiff beam supports. On the other hand, beams and columns are excellent

for upgrading floor systems. A variety of materials can be used for

beams and columns such as telephone poles, railroad ties, wood from

lumber yards, concrete parking guards, steel "I" beams and columns,

steel structural pipes, concrete culvert pipes, and etc. Therefore,

materials that can be used for upgrading a floor system are readily

available. However, individual components of the upgrading system

should be kept to lengths and weights that can be handled by two

or three men at the most. In other words, if a large column is required

for upgrading a structural member, it can be made up of several small

columns strapped together and braced; or if a long slab panel needs to

be supported along its midspan, a series of short beams lying end-to-end

would work. A minimum amount of floor space will be taken up with these

types of upgrading supports.

2.5 ESTIMATING THE CHARACTERISTICS OF

THE MATERIAL USED FOR UPGRADING

If the material properties of the beams and columns used for

upgrading cannot be determined, they will have to be estimated too.

Things made of steel and wood will probably be used most often. Most of
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the structural steel used in engineered structures in Lhe United States

is a carbon steel designated as A36 by the American Society for Testing

and Materials (ASTM) (Reference 28). Over the last decade or so, the

use of stronger steels has increased. Since A36 steel has the lowest

yield strength (Fy = 36 ksi) of all commonly available structural steel,

it would be safe to assume a steel member to be at least as strong as

A36. The elastic modulus of steel (E) is usually assumed as 30 x 106

psi. The properties of wood vary greatly, depending upon the kind of

wood, how it was dried, and its quality. The Timber Construction Manual

(Reference 29) lists the recommended material properties of different

woods to be used in design. The lowest values for the material proper-

ties of any wood likely to be used for upgrading were chosen from this

manual and are shown in Table 2.4.

2.6 DESIGN OF UPGRADING SYSTEMS

The first components of a floor system that should be examined

are the slab panels. Most one-way slab floor systems are continuous,

have negative steel at the ends of each span, and are cast monolithi-

cally with the beams; so they are close to being fixed-fixed. If an

overpressure of at least 50 psi causes excessive moments and/or shears

in the original slab panels, they can be reduced by decreasing the spans

between supports. This can be done either with rows of upgrading beams,

in turn supported by columns, or by just upgrading the columns. If an

upgrading support is placed under the midspan of a one-way slab (where

there is no negative moment resistance), the slab is changed from ap-

proximately a fixed-fixed condition to somewhere between two propped

cantilevers end-to-end and two fixed-fixed slabs (Figure 2.5). Roughly,

this should decrease the maximum moments to somewhere between 2.5 and

37.5 percent of the'r nonupgraded values. Of course, the actual lengths

of the spans after upgrading will be less than half the original lengths

due to the width of the upgrading supports. An upgrading support at the

midspan should also decrease the maximum applied shear to between 50.0

and 62.5 percent of its nonupgraded value. In most cases, one row of

upgrading supports per slab panel will increase the load capacity enough,
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but if it does not, two rows of upgrading supports can be used. If two

rows are required, it is recommended that they be placed one-fifth of

the span length from the original beams to compliment the reinforcing

steel placement. (One-third of the positive steel is lost at a distance

of one-fourth to one-eighth of the span length from the original beams

in most slabs, so the spans between the upgrading supports and original

supports need to be shorter than the center spans.)

If beams supported in turn by columns are used for upgrading

the slab panels, the design is fairly simple. First, the width of the

upgrading beam is assumed. Then each slab section between two beams is

analyzed by one of the mentioned methods to determine the load capacity

more accurately. Next the loads on the upgrading beams are estimated.

Then the upgrading beams are designed and checked to see if their widths

are the same as assumed. The upgrading beams can be assumed to be sim-

ply supported by the columns for design purposes. Many different kinds

of materials can be used as upgrading beams, but it is recommended that

steel wide-flange beams be used because they are the strongest for the

weight, and the beams will have to be lifted to the ceiling. The SRI

simplified analysis procedures (Reference 27) can be used to quickly

design the upgrading beams in the field; one of the other analysis pro-

cedures (such as the SRI computer code in Reference 26 for steel beams)

can be used if the design is performed in the office. For design pur-

poses, the columns used to support the upgrading beams can be assumed to

have hinged ends and be loaded with a slight eccentricity. SRI has not

yet developed a simplified analysis procedure for quick field design

of columns. However, some charts for field design could easily be made.

An analysis procedure considering the SDOF analysis and critical buckling

loads can be used for design in the office. The stiffness of the column

will partially depend upon the moment applied by the load at the eccen-

tricity. It is recommended that a minimum eccentricity of 0.10 times

the column width be assumed, as in the ACI code for column design.

Many different materials can be used as columns, too. For wood, the

Timber Construction Manual specifies multiplying a duration of load fac-

tor by the tabulated allowable stress for the wood used. For impact
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loads this factor is 2.0. This is essentially the same as assuming a

dynamic load factor of 1/2 in lieu of a SDOF analysis for wood. Refer-

ence 30 concludes that the dynamic buckling response of a steel column

is nearly identical with its static buckling response. Thus, at least for

steel columns, the static design considerations for buckling can be ap-

plied for dynamic design also. The same will be assumed for wooden

columns.

If columns alone are used for upgrading instead of beams, the

design is much more complicated. The possibility must be considered

that the distribution of the moments and shears in the slab may not

follow one-way action after upgrading. Also, the punching strength of

the slab at the upgrading columns will have to be considered. It is

recommended that the upgrading columns be placed in rows parallel to the

original beams in the long direction to take advantage of the principal

one-way reinforcing steel (although there is some temperature steel run-

ning in the perpendicular direction). This way the slab will primarily

be in one-way action between the upgrading column rows and the original

beams, even though there will be some local two-way action between the

upgrading columns themselves. The dynamic punching shear capacity of the

slab should be considered first in the design because the dimensions of

the columns may be controlled by it. The ACI codes and several papers

relate the punching shear capacity to the perimeter of a critical

section at some distance (usually equal to one-half the depth of the

slab) from the column in conjunction with some calculated shear strength

of the slab under these conditions. How to calculate the shear strength

of the slab under these conditions is very controversial. ACI code ap-

proximates the static punching shear strength with 4/f'r (where f'c c
is the compressive strength of the concrete). Most articles on the sub-

ject agree that the punching shear strength is related to the restrain-

ing forces at the slab boundaries, the moment present, and dowel action

(References 31-33). Criswell studied the punching shear strength of

slab-column connections subjected to both static and dynamic loadings

(Reference 34). He determined that the failure mechanism and crack pat-

terns of slabs tested with loads of duration similar to those from
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nuclear blasts were similar to those resulting from static loadings.

In his tests, the punching shear capacity of specimens dynamically

loaded was on an average 26 percent greater than that of similar speci-

mens statically loaded. Criswell concluded that for dynamic loads of

those durations, the increase in strength can be attributed primarily to

the increase of the material strengths accompanying the large strain

rates. Thus, one of the methods can be used to predict the static shear-

ing strength and then, after multipling by 1.26, this value can be used

in dynamic designs. The ACI value is an easy, conservative value to use.

The amount of shear applied to the column is determined by multiplying

the overpressure by the contributing area to the column. The contribut-

ing area can be determined by a yield-line analysis or a close estima-

tion. An example of a slab panel being upgraded by two square columns

under its centerline is shown in Figure 2.6. The next two things to con-

sider are the moment and shear capacities of the slab and what the spac-

ing of the column rows needs to be in order to withstand overpressures.

(Remember, the widths of the columns take up some of the clear span

length.) This is done with a few dynamic analyses, as described before

for the slab panels upgraded by beams. The upgrading columns can be de-

signed using the same analysis procedures as those used to design columns

to support the upgrading beams, with the extra stipulation that they

support the required perimeter of slab to prevent punching shear. The

required perimeter of support is quite large for most slabs. A capital

could be used to provide the needed perimeter of support and allow the

use of a column with smaller dimensions. Some possible items for use as

a capital are manhole covers, steel plates, and water meter covers.

Another way to rrovide large perimeters of support is to use several

smaller columns spaced slightly apart to form a composite column. The

ACI codes state that pilings spaced closely together can act as a unit,

and the same principle applies here. It is recommended that posts be

spaced less than two times the thickness of the slab apart to form a

composite column.

The next components that need to be analyzed for upgrading are

the original beams. The analyses done by SRI International of several
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NFSS buildings indicated that a high percentage of the floor systems

composed of R/C slabs supported by R/C beams will collapse due to the

beams failing first (References 3 and 35). The area contributing load

to each beam has to be figured after the slab panels have been upgraded.

This can be determined by a yield-line analysis or by a close estimate,

as is the case when designing the upgrading for the slab panels. The

resulting maximum applied shear and moment are checked to see if they

exceed the maximum capacity of the beam. If so, applied moments and

shears can be reduced by reducing the free span lengths of the beam with

additional upgrading columns propped underneath it.

The last components of the floor system to check for the need

of upgrading are the original columns. They usually will not need up-

grading, though, because the load has been distributed among the up-

grading columns also. The only loads transmitted to the columns are

from the original beams and perhaps a slight load from the corners of

the slab panels. The original beams will most likely have upgrading

columns under them, so the spans of the original beams connecting to

the original columi will be fairly short. If the original column does

need upgrading, it can be done by surrounding it with more columns. The

design procedures for these upgrading columns would be the same as

described before.
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Table 2.1 Minimum live loads to be used for floor design
according to References 17-20.

2
Load (lb/ft 2)

1961 1964 1970 1973
Apartments 40 40 40 40
Armories 150 150 150 150
Auditoriums - fixed seats 50 50 50 50

movable seats 100 100 100 100
Balconies and Galleries - fixed seats 50 50 50 60

movable seats 100 100 100 100
Cornices 60 60 60 60
Corridors, public 100 100 100 100
Dance halls 100 100 100 100
Drill rooms 100 100 100 100
Dwellings 40 40 40 40
Exterior balconies 100 100 100 100
Fire escapes 100 100 100 100
Garages - storage or repair 100 100 100 100
Garages - storage, private pleasure cars 50 50 50 50
Gymnasiums 100 100 100 100
Hospitals - wards and rooms 40 40 40 40
Hotels - guest rooms and private corridors 40 40 40 40
Libraries - reading rooms 60 60 60 60

stack rooms 125 125 125 125
Loft buildings 100 100 100 100
Manufacturing - light 75 75 75 75

heavy 125 125 125 125
Marquees 60 60 60 60
Offices 50 50 50 50
Printing plants - press rooms 150 150 150 150

composing and linotype rooms 100 100 100 100
Public rooms 100 100 100 100
Rest rooms 50 50 50 50
Reviewing stands and bleachers 100 100 100 100
Schools - classrooms 40 40 40 40
Sidewalks 250 250 250 250
Skating rinks 100 100 100 100
Stairways 100 100 100 100
Storage - light 125 125 125 125
heavy (load to be determined from proposed
use or occupancy, but never less than) 250 250 250 250

Stores - retail (light merchandise) 75 75 75 75
wholesale (light merchandise) 100 100 100 100
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Table 2.2 Material properties of the CRST handbooks.ab

Columns Beams Slabs Joists
ft fy f C fy f fy f f

c y y y
(si) (psi) __- (RsL) (psi) (psj (pi)

1963 3750 60,000 3750 60,000 3750 60,000 3750 60,000

5000 60,000

1971 4000 60,000 3750 60,000 3000 60,000 4000 60,000

5000 60,000
6000 60,000

1977 4000 60,000 4000 60,000 3000 60,000 4000 60,000

5000 60,000
6000 60,000

a References 14-16.
Where fc is the compressive crushing strength of the concrete and

fy is the yield stress of the reinforcing steel.
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Table 2.3 Moment and shear coefficients in the
1963, 1971, and 1977 ACI codes.a

Positive moment-
End spans: 1 2

If discontinuous end is unrestrained 11 wX

If discontinuous end is integral with the support 1 wt 2

14 n

16
Interior spans 1-6

Negative moment at exterior face of first interior support- 1 2
Two spans 9 n

More than two spans I- wk

10 2

Negative moment at other faces of interior supports - wt2
11 n

Negative moment at face of all supports for (a) slabs
with spans not exceeding 10 ft, and (b) beams and
girders where ratio of sum of column stiffnesses to 1 2
beam stiffness exceeds 8 at each end of the span - wt212 n

Negative moment at interior faces of exterior supports
for members built integrally with their supports-
Where the support is a spandrel beam or girder w 2

24 n

Where the support is a column w92
16 n

wk

Shear in end members at first interior support 1.15 2n

w.

Shear at all other supports 
kn

a References 11-13.
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Table 2.4 Lower bound properties of wood likoly
to be used for upgrading.

Maximum extreme fiber stress in bending 550 psi
Maximum tensile stress parallel to the grain 375 psi
Maximum horizontal shearing stress 55 psi
Maximum compression perpendicular to the grain 170 psi
Maximum compression parallel to the grain 625 psi
Modulus of elasticity I x 106 psi
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(a.) SLABS SUPPORTED ON ONLY TWO SIDES - A "BASIC" ONE-WAY FLOOR SYSTEM

(b.) A BEAM-GIRDER TYPE ONE-WAY R/C FLOOR SYSTEM

(c. A ONE-WAY R/C JOISTS SYSTEM OR "RIBBED" FLOOR SYSTEM
Figure 2.1 Types of one-way R/C floor slabs.
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Figure 2.5 Approximation of the boundary conditions
of a slab panel upgraded under the midspan.
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CHAPTER 3

TEST STRUCTURES

3.1 DESIGN OF THE ONE-WAY R/C FLOOR
SYSTEM USED FOR TESTING

A specific one-way R/C floor system was chosen, upgrading

methods were designed, and then the increased load capacity of the up-

graded floors was verified with dynamic tests. The specific one-way

R/C floor system chosen was a beam-girder type, because they are very

common. Obviously, a whole floor system would be hard to dynamically

test, but a large representative section out of a floor system, placed

under the right boundary conditions, could be dynamically tested in a

laboratory and thus give representative results. A representative sec-

tion out of a beam-girder type floor would include everything between

four columns, including the columns, as shown in Figure 3.1. The tests

were performed in the LBLG test device of WES, which can produce dynamic

loads similar to those from a nuclear weapon in the megaton range (Refer-

ence 10). The LBLG has an inside diameter of 22 feet 10 inches, so

about a 15-foot-square section would be the largest that would fit. A

"typical" one-way R/C floor section, within the above restrictions, was

chosen from the structures that were listed in the NFSS and analyzed by

SRI International. A sketch of the floor section is shown in Figure 3.2.

Most of the fallout shelters in the NFSS were built before the 1970's;

therefore, they were probably designed according to the Working Stress

Method and made of 40,000-psi yield strength reinforcing steel and 3000-

psi crushing strength concrete. The typical slab section was similar to

a slab section designed for a 150-lb/ft 2 live load. The details of the

design are given in Table 3.1. The reinforcing steel was bent at typi-

cal locations described in the CRSI handbook (Reference 14). A sketch

of the reinforcing layout is shown in Figure 3.3. Note that additional

reinforcing bars were placed along the sides of the two outer beams to

resist lateral bending caused by a slab being on only one side.

Three of these floor sections were built for testing. Test

Structure I was a nonupgraded floor section, and Test Structures 2
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and 3 were upgraded floor sections. An etfort was node to makec

three floor sections as identical as possible. All of the reinforcing

steel used in the three floor sections came from the same lot to ensure

unitormity of strengths. The results of the material properties tests

on the reinforcing steel are shown in Table 3.2. Each floor section was

cast in one continuous placement of concrete. The concrete was made

using the same design mix, at the same ready-mix company, and inspected

by the same engineer from WES for each floor section. The average

crushing strengths of the concrete in Test Structures 1, 2, and 3 were

4930, 5970, and 3985 psi, respectively.

The floor sections were built according to the given design,

but as in all construction practices, the suppliers provided materials

that exceeded the design strengths to be on the safe side. Thus, the

floor sections were stronger than they were designed for, due to both

conservative design assumptions and excessive material strengths, but

so are most floors actually constructed.

The floor section was analyzed utilizing three different meth-

ods, using the material properties of Test Structure 1. Bigg's approxi-

mate design method, given in Reference 23, predicted the floor section

would collapse under an overpressure of 9 psi. The second analysis

method took the resistance function determined from the static analysis

given in Reference 31 and used it in a SDOF analysis. This method pre-

dicted a collapse overpressure of 11.3 psi (if 20-degree rotation at the

hinges was considered failure). The third analysis used a computer pro-

gram written by SRI International (Reference 26) which predicted a col-

lapse overpressure of 16 psi. The first two analyses were considered

conservative.

3.2 DESIGN OF WOODEN POST UPGRADING

SYSTEM (TEST STRUCTURE 2)

Several different upgrading designs were first considered

before two were decided upon to test. One of these designs was called

the wooden post upgrading system. This upgrading system used composite

columns composed of several wooden posts placed under the slab panels in
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rows parallel to the existing beams to take advantage of the one-way

reinforcing steel. Wooden posts were also used to upgrade the existing

beams.

A preliminary check was made to see how many rows were needed.

If one row of upgrading columns is placed under the midspan of the slab

panels, their load capacities should be increased by roughly 8/3 to 4

times if moments are critical or by 8/5 to 2 times if shears are criti-

cal. This is ignoring the reduction in the span length due to the up-

grading column widths. Thus, the load capacities of the slab panels in

the floor section should be increased from 16 psi to over 42 psi if

moments are critical.

Next, the dynamic punching shear capacity of the slabs was

analyzed. This capacity determined the perimeter of the column needed

to prevent punching. It was calculated that two 24-inch-square columns

could support an overpressure of 54.4 psi without punching through.

This large of a column reduced the spans considerably. A SDOF analysis

using the results of a static analysis as a resistance function (Refer-

ence 24) predicted that the upgraded slab panels could resist 199 psi in

flexure (assuming that 20-degree rotation at the hinges is failure).

The shear in the upgraded slab panels was calculated to reach a critical

value when the overpressure is 64.8 psi. Therefore, the upgraded slab

panels should withstand greater than 50 psi.

It was decided to build the upgrading columns out of 4- by

4-inch timbers spaced apart to form 24-inch-square columns and braced

with 2- by 4-inch boards. These materials are readily available at any

lumber company (4- by 4-inch timbers are usually the largest timbers

kept readily in stock at most lumber companies). The estimated load on

each upgrading column from a 50-psi overpressure is about 12,000 lbf.

Using a conservatively low compressive strength of 625 psi for unidenti-

fied wood and a recommended dynamic load factor of 1/2 (Reference 29),

it was calculated that eight 4- by 4-inch timbers would be needed per

column. A picture of a column under a slab is shown in Figure 3.4. The

height of the columns in this test was short; however, a buckling
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analysis of 4- by 4-inch timbers 10 feet tall indicates they need to be

braced at midheight to prevent buckling.

The beams of the floor section were analyzed next and found

to be in need of upgrading. Both the shear capacities and moment capac-

ities of the beams were exceeded by the loads. The most critical con-

sideration is the shear in the beams, because there are no stirrups in

the center portion of the beams. Each beam needed to be supported at

three 24-inch intervals under the center section and at 29-inch spans

from each end. The columns that support the beams were made of 4- by

4-inch timbers also. Two timbers were needed per column; they were

strapped together with steel bands used in strapping crates commercially.

A picture of a column under a beam is shown in Figure 3.5.

The girders had stirrups throughout their entire length since

the beams applied such - large shear to the center of the girders in

the first place. The load from the upgraded beams would be from only

half of the 29-inch spans; load also came from the ends of the slab

panels onto the girder itself. The shear is no, -ritical at this time;

the moment at the middle of girder is instead. A sEngle column is

needed under the middle of the girder. Twelve posts were required to

support the load. A picture of a column upgrading a girder is shown in

Figure 3.6.

All of the wooden columns used everywhere for upgrading were

installed tightly into place by driving wooden wedges underneath them.

Two wedges were used under each column and driven with hammers in oppo-

site directions until they would not move. Tne compressive strength of

wood perpendicular to the grain is fairly low (Reference 29), so the

wedges will compress a little under moderate loads until the wood com-

pacts in this direction. This "give" in the supports can increase the

load capacity of the test structure even more.

A sketch of the upgraded floor section is shown in Figure 3.7.

A picture of some of the upgrading system under the typical floor sec-

tion is shown in Figure 3.8. This is a conservative upgrading design so

the slab will most likely support much more than 50 psi.
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3.3 DESIGN OF STEEL BEAM UPGRADING
SYSTEM (TEST STRUCTURE 3)

This system was to support the slab panels with rows of

short beams placed parallel to the original beams to take advantage of

the one-way reinforcing steel. The existing beams and columns were up-

graded with columns again. The upgrading beams and columns were kept

small enough so that two or three men could handle them easily. As cal-

culated before, one row of supports under the midspan of the slab panels

will roughly increase their load capacities to 42 psi. Since the width

of the upgrading beams will shorten the clear spans of the slab panels

even more, one row of upgrading beams should be sufficient to upgrade

the slabs to 50 psi.

The design was started by assuming a reasonable width for the

upgrading beam, say 10 inches. Next, the slab sections between the up-

grading beams and the original beams were analyzed to determine their

load capacities. A SDOF analysis that used the results of a static

analysis given in Reference 24 as a resistance function predicted that

the upgraded slab panels could resist 84.2 psi in flexure. (Failure was

assumed when 20-degree rotation at the hinges occurred.) The shear load

capacity was calculated to be about 50 to 60 psi with conservative analy-

ses, depending upon the empirical factor multiplied times /V (Refer-
c

ence 36). Thus, the slab panels could be upgraded to withstand 50 psi

with one row of steel beams 10 inches wide.

Next, the steel upgrading beams were designed to carry the

load and yet be light enough for two or three men to carry. The area

of contributing load to the upgrading beams was estimated to be all of

the area between positive hinges in a yield-line drawing. Bigg's ap-

proximate design method in Reference 23 and the plastic design of steel

beams were used to design the steel beams. The design started by as-

suming a ductility ratio (G) of 2, the shape of the load function as

triangular, the duration of the loading (td) as 0.70 seconds, and the

natural period of the beams as very short. From Figure 2.24 in Refer-

ence 23, the ratio of the maximum resistance (R m ) to the peak load (CF)

was around 1.3 for the above values. The maximum applied moment on the
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upgrading beams was calculated assuming they were simply supported
9

(M x = x 1.3 = 655.15 foot-kips, where w is the distributed load
(max 8

and X is the span length). The minimum required plastic modulus was
M

calculated next (Z F = 218.4 in ). The lightest wide-flange beam

y
with a large enough Z was found to be W24 by 84 in Reference 37, but

this beam would weigh 1106 pounds, which is too heavy. Two short beams

would have to be used instead. Two beams, 78 inches long supported by

S-inch-wide steel posts, would work. Their clear spans would be 62
3

inches. For these beams M = 100.88 foot-kips and Z = 33.63 in

The lightest shape that worked was a W14 by 26, but a W12 by 27 would

also work. Some W12 by 27 beams were readily available at WES, so they

were used. The initial assumption of the natural period (T) was checked

and found to be 0.00218 second. This is so small in comparison to the

load duration that the load can essentially be assumed static. Thus,

R /F = 1.0 could be used in design. The flange width of W12 by 27m

beams is 6.5 inches, which is less than the assumed 10 inches, so the

analysis was repeated using new slab span lengths. The decrease in

R /F and the increase in the spans offset each other, and the W12 by 27m

beams were adequate. Other design criteria were checked once the prob-

able beam had been chosen, such as the critical buckling lengths of the

compression flange and web and the maximum shear capacity. The shear ca-

pacity was found to be slightly low, but the calculation was conserva-

tive, and the designed beams were used anyway. A picture of the up-

grading beams in position is shown in Figure 3.9.

The columns supporting the upgrading beams were designed next.

A SDOF analysis was used in conjunction with an elastic design method

for steel columns. (Little is gained in using plastic design methods

for columns.) The required length of columns in an actual building is

estimated to be about 10 feet. A rough idea of the size of the column

was obtained from a static design at first. An 8-inch nominal diameter,

standard weight structural steel pipe or a 6-inch nominal diameter,

extra strong steel pipe satisfies the static design. The natural period
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of these columns would be about 0.0037 second. Since the duration of

the load is 0.700 second, it was so much longer than the natural period

that the load acted like a static load; therefore, the initial static

design was considered adequate. Six-inch, extra strong, structural

steel pipe was used because it was readily available at WES. A close-up

of some steel columns supporting some upgrading beams is shown in Fig-

ure 3.10. One of the columns has a load cell on top of it.

The upgrading beams and columns were secured in place by

mounting the columns on top of high strength bolts and nuts, as shown in

Figure 3.11, and then tightening the bolts so the beams were thrust

tightly against the slabs. The nuts bore against a bearing plate with

holes in it to allow the bolts to stick through. The bolts were tight-

ened by placing one wrench on the nut and another on the bolt. The

bolts were sized to support the same loads as the columns were designed

for.

The upgrading of the original beams, girders, and columns was

designed and analyzed using the same methods used for those in Test

Structure 2, but the loads were distributed slightly differently. The

presence of some stirrups in the beams was taken advantage of to re-

duce the number of columns needed to upgrade them. The same number of

wooden posts were needed, but they were combined in a smaller number of

columns. A picture of the upgrading columns under the center beam and

one girder is shown in Figure 3.12.

A layout of the upgrading system is shown in Figure 3.13.

This upgrading system was conservatively designed, so the load capacity

of the structure would most likely exceed 50 psi also.

3.4 DESIGN OF THE REACTION STRUCTURE

The function of the reaction structure was to hold the floor

sections under boundary conditions similar to those in a continuous

floor system. In order to impose these boundary conditions and survive

the high loads used to fail the floor sections, the reaction structure

had to be very stiff and strong. The reaction structure was also de-

signed so it could be used for all three tests. The design was such
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that a tested floor section could be easily removed and a new one could

be installed for the next test. A sketch of the reaction structure is

shown in Figure 3.14.

Several boundary conditions had to be matched. The floor sec-

tions were supported by the reaction structure at their corners with

four short columns of similar cross sections to those that would be

used in a continuous floor. The beams and girders along the outer

edges of the floor sections were extended beyond the columns, through

the walls of the reaction structure, and clamped down with rigid steel

brackets so their end conditions at the columns would be similar to

those in a continuous floor. Twelve large steel bolts were embedded in

the reaction structure at each corner to bolt the steel brackets down

with. Since the beams and girders along the outer edges of the floor

section have a slab panel on only one side of them, an unbalanced moment

will exist that will tend to rotate them. (;rout was poured between the

walls of the reaction structure and the outside of the beams and girders

to prevent them from rotating. The walls of the reaction structure were

greased before the grout was placed to keep the grout from sticking to

them and allow the beams and girders to vertically deflect. Also, the

grout sealed around the floor section to prevent the overpressure from

leaking underneath it. The only boundary condition of a section from

a continuous floor system that could not be matched was the amount of

load the outside beams would receive and, thus, how much they would de-

flect. This was because the beams and girders along the outer edges did

not have a slab on either side of them as they would in a floor system.

However, when the slabs are upgraded at the midspans, the resulting

smaller slab panels that are on either side of the center beam should

have boundary conditions very close to those in an upgraded continuous

floor system, since they are away from the edges.

The reaction structure was made of high strength concrete and

large amounts of reinforcing steel. The walls of the reaction structure

were designed to resist the large lateral pressures on the sides. The

floor of the reaction structure had to be designed to withstand the

loads from the corner columns, the worst of the different upgrading

40



methods, and the bending moments from the walls. The columns were de-

signed to have similar cross sections to those in a continuous floor,

but were only 20 inches tall. Capitals had to be placed below the col-

umns to prevent them from punching through the floor. Thus, the struc-

ture was strong and massive. A picture of the reinforcing steel in the

reaction structure is shown in Figure 3.15a, and a picture of the reac-

tion structure itself is shown in Figure 3.15b.

The reaction structure was designed to hold the largest possi-

ble floor section inside the LBLG (Figure 3.16). It was 16 feet

5 inches square, with beveled corners. There was only a 1.22-inch

clearance between the corners of the reaction structure and the LBLG.

The height of the reaction structure was kept to a minimum, but a crawl

space of 38 inches under the slab panels was needed to install instru-

ments and upgrading supports (Figure 3.17). An opening was made in one

wall of the reaction structure to allow access to the crawl space. The

reaction structure was placed on top of 5 feet of sand inside the LBLG

so it would hold floor sections 6 inches from the top of the LBLG.

Sand was also placed between the sides of the reaction structure and

the LBLG rings up to within 6 inches of the top. Thus, there was not

much excessive volume left above the surface of the floor section to

fill with pressure. An accessory to the reaction structure was a steel

entranceway which was placed next to the hole in the wall of the reac-

tion structure to give access to the crawl space from the top. A steel

lid was placed over the top of the entranceway and covered with sand

before each shot to prevent pressure from leaking under the slab. Some

other accessories to the reaction structure were steel plates that iso-

lated the ends of the beams and girders sticking through the walls from

any loads.

The next chapter describes in more detail how the floor sec-

tions were installed in the reaction structure.
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Table 3.1 Pertinent data on slabs and beams.

Slabs

(Designed as if in a continuous floor, with some modification in steel
bending at the edges)

Frame type - Reinforced concrete
Support case - One-way-beam partitions
Design live load - 150 lb/ft
Clear span in short direction - 74 in (center-to-center length - 84 in)
Clear span in long direction - 158 in (center-to-center span - 168 in)
Thickness of slab - 4 in
Effective depth of steel - 3 in
Ratio of negative steel - 0.00458 (No. 3 bars at 8-in average spacing)

As = 0.165 in
2/ft

Ratio of positive steel - 0.0030 (No. 3 bars at 12-in spacing)
As = 0.11 in

2/ft

Temperature steel ratio - 0.00204 (No. 3 bars at 18-in spacing)
As = 0.073 in

2/ft

Design concrete strength - 3000 psi
Design yield strength of reinforcing - 40,000 psi

3 // Beams

(Designed as if in a continuous floor as T beams, with some modifica-
tions at the edges)

Effective flange width (b' in T beam) - 39.5 in
Width of web (bw ) - 10 in

Thickness of beam - 14 in
Effective depth of steel - 11.75 in
Clear span of // beam - 158 in (center-to-center length - 168 in)
Ratio of negative steel - 0.0128 (two No. 6 and two No. 5) As = 1.5 in2

Ratio of positive steel - 0.002 based on b' (three No. 5) A s = 0.93 in2

Stirrups - No. 3 stirrups, one at 2 in and seven at 5 in

2 End Beams

(Designed as if in a continuous floor system as T beams)

Effective flange width (b' in T beam) - 39.5 in
Width of web (b ) - 10 in

Thickness of beam - 14 in
Effective depth of steel - 11.75 in
Clear span between supports - 158 in (center-to-center length - 168 in)
Ratio of negative steel - 0.0204 based on bw (four No. 7) As  2.4 in2

Ratio of positive steel - 0.0047 based on b' (two No. 7 and one No. 9)

As = 2.2 in
2

Stirrups - No. 3 stirrups, one at 2 in and 44 at 3.5 in
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Table 3.2 Yield strengths of the reinforcing
steel (provided by supplier).

Yield Strength

Size Grade (psi)

No. 3 40 60,000
No. 5 40 54,545
No. 6 40 63,636
No. 7 40 62,727
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Figure 3.3 A sketch of the reinforcing steel layout in the
floor section (Continued).
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Figurv- 3.8 A partial view tinder the floor section

upgraded with wooden posts.

'A

Figure 3.9 Upgrading steel beams in place tinder
midspan of a slat) panel.
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Figure 3.10 The steel columns supporting

the steel upgrading beams.
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Figure 3.11 Bolts under the steel columns supporting
the upgrading beams.

1*0

Figure 3. 12 The wooden upgrading colu tmns under the
center beam.
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Figure 3.16 Reaction structure in place inside the LBLG.
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Figure 3.17 View of the crawl space under the nonupgraded slab.
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CHAPTER 4

TEST PROCEDURE

4.1 PLACEMENT OF TEST STRUCTURES

The floor sections were tested in the LBLG at WES, which can

produce dynamic loads similar to those from large nuclear weapons

(Reference 10). The floor sections were tested until they received a

large enough load that it caused major damage. The reaction structure

was placed inside the LBLG to hold the floor sections under the proper

boundary conditions while they were being tested. The following para-

graphs describe the procedures for installing the flocr sections into

the reaction structure avd preparing them for a test.

One of the first things done before installing each floor sec-

tion was to rub grease on the walls of the reaction structure to keep

the grout (applied later) from sticking to them. Next, just before a

floor section was lowered, a quick-setting, high strength grout was

mixed and placed wet on top of the columns to make a sure seal.

Once a floor section was placed inside of the reaction struc-

ture, it was clamped down at its corners and sealed around its edges.

Quick-setting, high strength grout was also placed wet on top of the

extensions of the beams and girders before the rigid steel clamps were

set on top of them. Once the grout had dried, the clamps were tightly

bolted down. The cracks between the walls of the reaction structure

were sealed off by placing forms underneath them and pumping a quick-

setting grout into them. This completed the installation of a floor

section.

If an upgrading system needed to be installed, this was done

next. The upgrading systems were installed by two or three common

laborers with common tools just like would be used to install one in a

fallout shelter.

The next step was to install the instrumentation, which is

described for each floor section in the following section.
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4.2 INSTRUMENTATION

Each of the floor sections was extensively instrumented to

actively measure such things as accelerations, deflections, overpres-

sures, thrusts in some upgrading columns, and strains of the reinforcing

steel at places expected to have large moments. The specific type, num-

ber, and placement of the gages used for each floor section are given

below.

4.2.1 Instrumentation of Test Structure I

There were 39 gages installed for Test Structure 1 (the non-

upgraded floor section). A sketch of the gage layout is shown in Fig-

ure 4.1. An Endevco 2261C-1000 accelerometer was placed in the middle

of each slab panel. Several pairs of Micro-Measurements EA06-250-BF-

350W strain gages were glued onto the top and bottom reinforcing bars

parallel to each other (before the floor section was cast). These pairs

of strain gages were located at places of expected large moments to in-

directly measure these moments and get some indication of how the floor

section fails. Transtek 244 2-inch deflection gages were placed under

the beams and girders. The deflection gages under the slab panels were

Transtek 246 6-inch deflection gages. Kulite XTMS-1-190-25 airblast

gages were placed in the floor section to measure pressures at the quar-

ter and center points of the slab, and two more were placed under the

slab to detect pressure leaks. (These types of airblast gages were

found to be temperature sensitive after the data were reduced.)

4.2.2 Instrumentation of Test Structure 2

There were 56 gages installed for the first two shots on Test

Structure 2 (upgraded with wooden posts). The gage layout is shown in

Figure 4.2. Then all of the deflection gages were removed before the

third shot, because the floor section was predicted to collapse and they

were needed for Test Structure 3. (All of those under Test Structure 1

were lost when it collapsed.) Three additional pressure gages were

added for the last test to check the accuracy of the others.
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Some of the gages were the same type as those used in Test

Structure 1. Endevco 2261C-1000 accelerometers were placed in the mid-

dle of each slab panel. Pairs of Micro-Measurements EA06-250-BF-350W

strain gages were placed on the reinforcing steel at places predicted

to have large moments (different than nonupgraded). Transtek 244 2-

inch deflection gages were placed under the beams and girders along the

outer edges of the floor section. Transtek 246 6-inch deflection gages

were used under the slab panels. Two Kulite XTMS-1-190-25 airblast

gages were placed under the floor section to detect pressure leaks.

Some Transtek 245 4-inch deflection gages were placed under

the center beam, which deflected more than the others. Since the Kulite

XTMS-1-190-25 airblast gages were found to be sensitive to temperature

changes, another type of pressure gage was used for Test Structure 2.

Kulite XTS-1-190-50 airblast pressure gages were used to measure the

overpressure on the slab at five points for those shots with less than

50 psi, and Kulite LQV0808UL soil stress gages and one Precise Sensors

211 Norwood pressure gage were added for the last shot to check the

accuracy of the Kulite gages. Two homemade load cells were used to

measure the load on single posts that were part of the large columns

upgrading the slab panels.

4.2.3 Instrumentation of Test Structure 3

There were 49 channels of data recorded during each shot on

Test Structure 3 (upgraded with steel beams). The gage layout for the

structure is shown in Figure 4.3. An Endevco 2261C-1000 accelerometer

was placed in the middle of each span of the slab panels between the

upgrading beams and the original center beam. Pairs of Micro-

Measurements EAO6-250-BF-350W strain gages were placed on the reinforc-

ing steel at the expected place of large moments. Transtek 244 2-inch

deflection gages were used under the beams and girders along the outer

edges of the floor section and under the middle of two steel upgrading

beams. Transtek 245 4-inch deflection gages were used under the center

beam. Transtek 246 6-inch deflection gages were used under the slab

panels. Kulite XTS-1-190-100 airblast pressures gages were placed at
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the quarter and center points of the slab to measure the overpressure

distribution. A Precise Sensors 211 Norwood pressure gage was mounted

in the top of the LBLG as a check on the pressure measurements. Two

Kulite XTMS-1-190-25 airblast gages were placed under the floor section

to detect pressure leaks. Homemade load cells were placed under two

of the columns supporting the upgrading beams to measure the load they

experienced.

4.3 TESTING

An overpressure is generated inside the LBLG by a combination

of igniting a certain amount of explosive in firing tubes and opening

pressure release valves at precise times. The explosive was Primacord,

which can be obtained in several different sizes. The proper amount of

Primacord for the desired overpressure was figured for each shot and

then divided among the firing tubes. Each floor section was shot on

several times, starting with an overpressure just under that expected

to fail it and increasing the overpressure each shot until it was high

enough to cause heavy damage to the floor section. The explosive bad

to be placed in the firing tubes after working hours for safety reasons.

Once the explosive had been installed for a shot, the lid of the LBLG

was placed on top and the LBLG was rolled under the Central Firing Sta-

tion (CFS). The lid of the LBLG was jacked against the CFS to seal it,

and the structure was ready for testing the next morning.

Measurements were taken during each shot. All data were

recorded on magnetic tape using two 32-channel, Sabre III, Sangamo, FM

recorders. Also, the zero time and "irig" (which is time in millisec-

onds) were recorded with the data. The recordings were made at tape

speeds of 60 in/s.

The time it takes to perform the shot itself is not long at

all. First, all of the electronic equipment is warmed up and the in-

strumentation checked. Next, a blasting cap is connected to the Prima-

cord. The tape machines are started just before the shot during a short

countdown. Once the countdown reaches zero, the explosive is ignited,

and the shot is over shortly after that.
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4-4 POSTSHOT INSPECTION.

After each shot the LBLG was removed from the CFS and the

structure was thoroughly examined. If damage was found, pictures and

measurements were taken. If no significant damage occurred, the struc-

ture was prepared for another shot. The upgrading supports were checked

to see if they were secure each time before testing. The concrete cyl-

inders that were cast during the construction of the floor sections

were tested as soon as possible after the floor section failed to deter-

mine the compressive strength of the concrete.
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CHAPTER 5

TEST RESULTS AND DISCUSSION

5.1 GENERAL

The test results consist of the active measurements by the

instrumentation recorded on magnetic tape, hand measurements of any

permanent damage, and photographs. The information on the magnetic

tapes was digitized and plotted by computer. All of the active measure-

ments were referenced to a common zero time and plotted versus time in

milliseconds.

5.2 RESULTS AND DISCUSSION OF TESTS ON STRUCTURE I

Structure 1 was tested two times. The first test was called

SLAB 1A, and the second was called SLAB IB. The active measurements of

these tests are displayed in Appendix A. Notice the unusual shape of

the pressure-time histories; this was not the actual applied load on

the slab. It was discovered after the data were digitized that Kulite

XTMS-1-190-25 airblast pressure gages have a metal diaphragm and are

sensitive to temperature changes. A crude experiment was run with a

gage to determine its temperature sensitivity. A panel was placed be-

tween a gage and a hot air blower. At zero time, the panel was dropped

out of the way and the gage was exposed to the hot air. The response

of the gage is shown in Figure 5.1. The gage did not respond for the

first few milliseconds and gradually indicated a false pressure reading.

This particular type of gage was used in both shots. Thus, the over-

pressure measurements are probably only accurate for the first few

milliseconds, after which the heat from the blast affected the

measurement.

5.2.1 SLAB IA

This test applied an average peak pressure of about 15 psi,

which was close to the predicted load capacity of 16 psi for the slab

panels. Most of the strains were fairly large but still elastic. The
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deflection of the middle beam was much greater than that of the outside

beams. This was probably due to the center beam receiving twice as much

load as the outside beams and some friction existing between the reaction

structure walls and the outside beams, in spite of the grease. The

slab panels deflected a significant amount themselves, but were influ-

enced somewhat by the deflection of the center beam. Deflections com-

puted from the accelerations matched the measured deflections. The shot

caused the slab panels to crack along the outside beams and girders,

for a short strip along the west side of the center beam, and down one-

half the center of the east panel, as shown in Figure 5.2. A close-up

of one of the cracks is shown in Figure 5.3. No cracks were found on

the underside of the floor section.

5.2.2 SLAB lB

This test was to have been subjected to an average overpressure

of 16 to 17 psi on the floor system, which was believed would barely

fail the slab panels. But the wrong size Primacord was mistakenly used,

and the resulting peak overpressure was 25 to 35 psi instead. The

25-g/ft Primacord is orange with one stripe on it and the 40-g/ft Prima-

cord is orange with two stripes on it. The 40 g/ft was mistaken for

the 25 g/ft and used instead. The result was a catastrophic failure of

the floor system that threw the slab panels and center beam to the floor

of the reaction structure as shown in Figure 5.4. The pressure gages

lying underneath the floor section started measuring pressure at about

9 ms after zero time. The strain gages all measured very large strains

within 10 to 40 ms. The strain gages on negative reinforcing steel in

the slabs near the outside beams and girders reached failure faster than

the strain gages elsewhere in the slab panels. This was probably due

to the slab panels failing in direct shear along the outside beams and

girders. The strain gages in the center beam indicate that it experi-

enced a high strain level at the center at about 6 ms and failed at about

35 ms. Examination of the structure in the close-up of Figure 5.5 indi-

cates that these theories are correct. The slab panels appeared to fail

in direct shear because the cut at the outside beams and girders was
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straight with no appearance of crushed concrete, and the reinforcing

bars appeared to have been sheared instead of necked down. The center

beam appeared to have pulled out of the girders at each end and rotated,

while the middle of the beam failed in flexure.

5.3 RESULTS AND DISCUSSION OF TESTS ON STRUCTURE 2

Structure 2 was tested five times. The tests were called

SLAB 2A-SLAB 2E. The data from these tests are contained in Appendix B.

5.3.1 SLAB 2A

This first test used the amount of explosive that was supposed

to have been used for SLAB lB. The average peak overpressure was

16.3 psi, if the peak pressure recorded by gage CP (Figure 4.2) is not

used. Gage CP measured a peak load of 25.8 psi, which was about 9 psi

greater than the other readings. This may have been due to the presence

of a firing line that connected all of the lines of explosive at their

centers. This line was not contained in a firing tube and may have

projected a thin line of excess pressure directly below it. Thus, the

center gage would measure a higher localized pressure. The duration of

the entire load was about 700 ms. The nonupgraded slab was predicted

to fail under a similar overpressure. The test closely simulated the

overpressure from a 88-KT nuclear weapon as shown in the weapon fit

in Figure 5.6. The load caused no damage to this upgraded structure.

All of the strain gages (Figure 4.2) measured very small strains in the

reinforcing steel. The bottom strain gages at SS3 and SS6 measured a

small amount of permanent strain. Both gages were at the edge of the

center beam. Strain gage pairs SS1, SS3, SS4, SS6, and SS7 all measured

positive couples at places of expected negative couples. All of the

deflection gages measured very small permanent deflections left in the

structure after the loading. The outside beams and girders deflected

the least amount, while the center beams deflected the most. Notice that

the peak deflections are reached after about 20 ms and the strains his-

tories contain an early large spike in them before they settle down at

about 20 ms also. The two load cells indicated that the wooden posts
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of the composite columns under the slabs received loads around 11,000

to 13,000 lbf. This is probably deceiving though, because the two posts

are sitting on top of the steel load cells, whereas the rest of the

posts are sitting on top of wooden wedges, so the posts over the load

cells were stiffer and would draw more load. The only visible influence

the test had on the structure was that one wooden column under the center

beam was compressed enough to be slightly loose after the test.

5.3.2 SLAB 2B

This test used the same amount of explosive used in the

SLAB IB test. The pressure gages measured an average peak pressure of

29.3 psi, if the contribution of the spike on top of the pressure his-

tory of gage CP is ignored. Gage CP measured a peak pressure at

least 10 psi greater than the rest of the gages again. This was again

probably due to a localized line of excess pressure from the firing

line, so this effect was ignored. This overpressure caused some small

cracks to occur as shown in Figure 5.7. One small crack was detected

on the underside of the center beam near one of the upgrading columns.

A unique crack pattern forming a large "E" was found on the topside of

the west slab panel. The cracks coincided with geometric characteris-

tics of the slab. The back of the "E" ran parallel to the west edge of

the center beam, was I inch west of it (which coincides with a tempera-

ture reinforcing bar), and was 4 feet long. The arms of the "E" were

2 feet long and coincided with rows of reinforcing steel. Two of the

arms of the "E" also coincided with the inner edges of the middle two

columns upgrading the center beam. All of the strain gages, except one,

measured fairly small strains. The bottom strain gage (B3) measured the

largest peak strain by far; it was 900 oin/in. Thus, the bending

stresses in the structure were fairly small, except directly in the

middle of the center beam. All of the deflections were 0.23 inch or

less. The floor section deflected the least around the edge, while the

center beam and middle portions of the slab panels deflected the most.

The wooden columns were not loose after the test. The load cells under

the two wooden posts in the slab upgrading columns measured extremely
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high loads of 19,000 and 21,000 lbf. These loads would cause stresses

in the posts of 1551 and 1714 psi, respectively, which are much greater

than the design load. The wood was probably a much better grade wood

than the assumed worst condition.

5.3.3 SLAB 2C

This test applied an average peak overpressure of 37.5 psi,

if the thin spikes on top of gages CP and WP-1 are ignored. These

spikes were again probably due to the firing line not being in a tube.

The structure survived the loading with the addition of some small

cracks in both girders at their midspans between the upgrading column

and the original columns, as shown in Figure 5.8. The strain gages on

the tensile steel measured moderate elastic strains. The strain gages

on the compression steel still measured small strains. The deflection

gages were removed before the test in case the structure prematurely

collapsed. (The gages needed to be saved for the third slab). The

deflections calculated from accelerations of Al and A2 were both

0.45 inch. The load cells measured very large loads on the wooden

posts. Again, these loads are probably a little larger than what the

other posts received because these posts were on top of the steel load

cells, whereas the other posts were on softer wooden wedges. The aver-

age stress in these posts was around 2,000 to 2,100 psi, which is much

more than the assumed design strengths.

5.3.4 SLAB 2D

This test applied an average peak overpressure of 72.6 psi on

the floor system. A different method of firing the explosive was used

for this test. A firing line was used for every two tubes. Each firing

line ran along the top of a tube to the centers and then tied into two

lines of explosive. This way the structure was shielded from the direct

blast of the firing lines, but half of the LBLG was covered with

slightly more explosive than the other half. The peak pressures dif-

fered, but the basic load curves were all about the same. The duration

of the loads was about 700 ms.
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Moderate damage was experienced by the structure. Several

additional cracks appeared on the topside of the floor as shown in Fig-

ure 5.9. The cracks were highlighted with magic markers so they would

show up from a distance. A close-up of one of the cracks before it was

highlighted is shown in Figure 5.10. The floor section cracked on the

underside, as shown in Figures 5.11-5.18. Some wooden columns received

light damage also, as shown in Figures 5.19 and 5.20.

All of the strain gages, except two, measured slightly larger

strains than on previous shots, but they were all still elastic, except

two. The exceptions were strain gages SL3 Bottom and SS8 Bottom, which

measured large peak strains that exceeded the yielding strain and indi-

cated permanent deformation. The load cells measured peak loads of

38,900 and 36,000 lbf. The resulting average peak stresses in the

wooden posts were 3175 and 2939 psi, respectively. These stresses are

over twice the design value used for the upgrading posts. The deflec-

tions calculated from the accelerations of Al and A2 were 0.8 and 0.6

inch, respectively. These are fairly large deflections considering

the short span lengths.

5.3.5 SLAB 2E

This test caused severe damage. The two wooden posts on top

of the load cells started punching through the slab, as shown in Fig-

ures 5.21-5.24, and the upgrading columns under the center beam failed

under the load as shown in Figures 5.25-5.28. Although the floor sec-

tion was still intact after the shot, it was in bad shape and would not

have taken much more load before collapsing. Figure 5.29 shows the

cracks in the topside of the floor section. The cracks in the underside

of the slab are shown in Figures 5.30-5.34. The cracks were highlighted

with a marker so they would show up better in the pictures. The wedges

under all of the upgrading supports, everything except the outside beams

and girders, started to crush severely. A picture of the wedges under

the posts, in a column that upgrades a slab panel, is shown in Figure

5.35. The upgrading columns under the outside beams and girders did

not receive as much load and thus did not start to fail, as shown in
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Figure 5.36. The portion of the floor section between the two rows of

columns upgrading the slab panels deflected a large amount. The perma-

nent deflection left in that portion is shown in Figure 5.37. This

portion of the floor section was under conditions very similar to those

in a continuous floor.

The average peak overpressure measured by all of the airblast

pressure gages in the floor section, except WP-1, was 112.8 psi. WP-1

was excluded from the average because it measured a peak overpressure

of about 50 psi greater than the others. The load duration was about

900 ms. Two soil stress gages were placed in the sand around the reac-

tion structure to check the airblast pressure gages on the slab. SE-I

measured a peak overpressure of 130 psi, and SE-2 measured a peak over-

pressure of 60 psi. The shape of their overpressure curves differed

from the overpressure curves of the airblast gages during the first

100 ms. This may have been due to a pressure differential in the LBLG.

The soil stress gages were located near the edges of the LBLG, and the

airblast gages were located in the center. However, the impulse curve

at SE-i was very similar to those of the airblast gages. SE-2 measured

a low peak overpressure and impulse. A Norwood gage was installed in

the side of the LBLG near the top as another check on the overpressure

measurements. Its overpressure and impulse curves are very similar to

those of SE-l. These additional gages confirmed that the airblast gages

were fairly accurate.

The overpressure closely simulated the overpressure history

of a 690-KT nuclear weapon at a range in which the peak pressure would

be 109 psi, as shown in the weapon fit in Figure 5.38.

Several strain gages measured strains that exceeded the yield-

ing strain of the reinforcing steel. The top strain gage at points SLI,

SS2, and SS3 measured plastic strains. These gages were all at the edge

of an outside beam or girder, both of which are fairly rigid, and where

a high negative moment would be present. Both the top and the bottom

strain gages at locations SSI, SL2, and SL3 measured plastic strains.

These were all in the center of a portion of the slab between supports.

The fact that SSI Top measured a strain greater than the crushing strength
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of concrete indicates that the load was near the maximum the structure

could take. The bottom strain gage at location SS8, which was in the

middle of the slab portion spanning between an upgrading column and the

center beam, also measured plastic strains. The bottom gage at location

B3, which was at the center span of the center beam between upgrading

columns, measured very large plastic strains. This fact, along with the

fact that the cracks in the beam at this point were deep, indicates the

beam was loaded near its capacity.

The load cells (LOAD 1 and LOAD 2) measured peak loads of

47,000 and 37,800 lbf, respectively. The corresponding average peak

stress in each wooden post was 3837 and 3086 psi, respectively. These

stresses are greater than twice the design stresses for almost every

kind of wood listed in Reference 29. The values given in Reference 29

are conservative, but these stresses are probably not far from the ulti-

mate strength of the wood used.

The maximum deflections calculated from the accelerations

measured by Al and A2 were 1.05 and 1.04 inches, respectively. These

are fairly large considering the short slab spans, but the slabs could

deflect a little more before they would fail by flexure.

5.4 RESULTS AND DISCUSSION OF TESTS ON STRUCTURE 3

Test Structure 3 was tested three times. The tests were

called SLAB 3A-SLAB 3C. The data from these tests are contained in

Appendix C.

5.4.1 SLAB 3A

The first test on Structure 3 was the same as SLAB lB and

SLAB 2B. The average peak overpressure was 34.33 psi, ignoring the

record of EP-2 (Figure 4.3), which stopped working properly. This over-

pressure caused the slabs to crack directly over the upgrading steel

beams, as shown in Figure 5.39.

The strain gages all measured small elastic strains. The de-

flection gages under the outside beams and girders all measured peak

deflections less than 0.137 inch. The peak deflections under the center
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beam were larger than the peak deflections under the other parts of the

floor section. This was probably due to the wooden columns compressing

a little under the load. The peak deflection at BI was greater than at

B2 because of the presence of negative reinforing steel, stiff columns

on each side, and load carried by the girder. The deflection gages NUD

and SUD were under the upgrading beams and both measured peaks of 0.13

inch. Deflection gages WDI and WD3 were both under a slab portion be-

tween the center beam and an upgrading beam. They both measured deflec-

tions of about 0.30 inch, which is close to what Bl measured under the

center beam. Part of the deflections of these slab panels is believed

to have been caused by the center beam deflecting. The deflection gages

EDl and WD2 were under the slab portions between the outside beams and

upgrading beams and measured peak deflections of about 0.14 inch, which

were about half the peaks measured by WDI and WD3. Of course, the out-

side beams only had half as much load, so they did not deflect as much.

Load cell LOAD I broke during this test. Load cell LOAD 2

measured a peak load of about 30,000 lbf.

5.4.2 SLAB 3B

This test applied an average peak overpressure of 63.0 psi,

which simulated an overpressure from a 534-KT weapon as shown in Fig-

ure 5.40.

The overpressure caused the floor section to crack in a few

places, but no serious damage occurred. A picture of the crack pattern

in the top of the floor is shown in Figure 5.41. Figure 5.42 shows that

the floor section was permanently deformed between the two upgrading

beams. The steel beams did not give much, but the wooden columns under

the center beam compressed under the load. In Figure 5.43, a picture

of a column under the center beam after the shot shows it was compressed.

The crack patterns in the underside of the east slab panel are shown in

Figures 5.44 and 5.45.

Four strain gages measured peak strains exceeding the yielding

strain of steel; they were SSI Bottom, SSl Top, SS4 Bottom, and SS2

Bottom. The remaining strain gages measured moderate elastic strains.
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The outside beams and girders and the steel upgrading beams all de-

flected a maximum of 0.16 inch or less, and they were very stiff. The

center beam deflected a maximum of 0.71 inch at BDl and 0.49 inch at

BD2. (Again, BD2 deflected less due to the negative steel stiff columns

on each side, and some load carried by the girder.) The peak deflec-

tions under the slab portion between the center beam and the upgrading

beams were 0.60 inch at WDI and 0.53 inch at WD3. These were probably

affected by the deflection of the center beam. The peak deflections

under the slab portions between the outside beams and the upgrading

beams were about 0.15 inch at EDI and 0.17 inch at WD2. These were

about one-fourth of the peak deflections at WDI and WD3.

Load cell LOAD 2 measured a peak load of about 45,000 lbf,

which would cause an average stress of 5357 psi in the support column.

The structure was essentially not damaged at all.

5.4.3 SLAB 3C

This test applied an average peak overpressure of 92.2 psi.

The test structure failed under this load. A picture of the structure

-after the test is shown in Figure 5.46. Notice that part of a slab

panel is still holding on and that the original buams did not fail.

Closeup pictures of various portions of the structure are shown in Fig-

ures 5.47-5.49. The reinforcing bars are shown pulled out of the con-

crete in several places. The slab panels appear to have failed by ex-

ceeding flexure and bond strengths. The upgrading beams were buckled

and some bolts were bent and broken. Most of the measurements indicate

that the structure withstood the load for several milliseconds.

The overpressure histories all had a spike at about 85 ms

when the structure failed. The pressure gages underneath the floor sec-

tion started measuring pressure leakage at about 40 ms and continued to

measure a rise in the pressure up to a peak measurement of about 15 psi

at 79 ms.

All of the strain gages in the slab panels measured very large

peak strains exceeding the yielding strain of the reinforcing steel.

The strain gages on tensile steel started measuring large strains as
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soon as the overpressure peaked, then hesitated at around 20 ms, and

then continued to measure even larger strains. Most of the strain gages

on the compressive steel only measured moderate strains for the first

25 ms or so, and then they started measuring larger strains and peaked

out at anywhere from 30 to 55 ms. All of the strain gages in the center

beam, except BS2, measured very small strains for the first 40 ms or

more and then started measuring very large strains in quick, jumpy

spikes. The extremely large spikes that were followed by nothing are

due to the wires being hit and crushed by falling concrete.

The outside beams and girders did not deflect any more than

0.25 inch and remained undamaged. The deflection gages under the cen-

ter beam were BD1 and BD2. They measured peak deflections of the gages

at 1.1 inch and 0.8 inch, respectively. The deflection histories of

all the beams and girders peaked at about 20 ms and held at that value

for over 80 ms.

The deflection history of gage NUD indicated that the center

of one of the upgrading beams started deflecting at about 4 ms, reached

a peak deflection of 0.94 inch after 60 ms, and then fell at about

86 ms. The beam over SUD started deflecting at about 4 ms, reached a

peak deflection of 0.3 inch at 35 ms, and then something happened to

the beam to make the deflection gage read a negative deflection.

All of the deflection gages under the slab panels started

measuring deflections at 4 ms. The deflections increased until they

peaked at 72 ms, and then the slab panels broke at around 85 to 95 ms.

The deflection histories show a slight hesitation around 30 ms and then

proceed to increase at a more rapid rate. The peak deflections were the

limits to the stroke on the deflection gages.

LOAD 2 measured a peak load of roughly 60,000 lbf. This value

exceeds the design shear capacity and critical buckling load of the

flange and web of the upgrading beams. The acceleration histories indi-

cated large accelerations to start with, then they died down until about

30 ms, and then they increased again.
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Figure 5.5 Closeup view of Test Structure I after shot SLAB lB.
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Figure 5.11 Cracks in underside of the east slab panel at
the north end.

Figure 5.12 Cracks in the underside of the east slab panel

at the center.
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Figure 1. 1 3 Cracks in the undurside, of til. is s;Ii i pane1 .

at t lie -eitith (e11,

FigUre 5. 14 Cracks in the inders ide of the oast slab panel
and center beam.
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Figure 5.15 Cracks in the underside of the west slab panel
at the north end.

N.N

Figure 5.16 Cracks in the underside of the west slab panel
at the center.
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Fi gurc 5. 17 Cracks iii the undersde of the x .est slab panel

at the southi end.

Figure 5.18 Cracks in the underside of the center beam at

its center.
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Figure 5.21 Picture of the wooden~ post over loaid cell Li
punching through the east slab panel.

A

Figure 5.22 The concrete lifting up over the wooden column
on load cell LI.
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Figure 3.23 A picture of the wooden post, on Lop of load cell 1.2,
punching through the east slab panel.

t -.- -

Figure 5.24 The concrete lifting up as the wooden post, on topl of

load cell L2, starts to punch through.
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Fivgure 5. 30 Cracks in the underside o.f the east slab pane L
at theL south end.

Figure 5.31 Cracks in the underside of the east slab panel
at the center, after shot SLAB 2E.
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Figure 5.31 Cracks in the unders ide of the(' west slab panel
at the center section after shot SLAB 21-.
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Figkure 5.34 Cracks in the underside of the west slab panel ait the
south end, after shot SLAB 2F.

Figure 5.35 A few wedges crushed under posts in columns upgrading
;I sl~ab panel, after shot SLAB 2E.

97



Figure 5.36 Undamraged columns upgrad ing an outside beam.

Figure 5.37 The permanent deflection of Test Structure 3 between the

column rows upgrading the slaib panels, after shot SLAB 2E.
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Figure 5.38 Weapon fit of shot SLAB 2E.

Figure 5.39 Cracks in the top of Test Structure 3
after shot SLAB 3A.
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Figure 5.40 W'eapon fit of shot SLAB 3d3.

Figure 5.41 The crack pattern in the top of Test Structure 3
after shot STAB 3B.
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Figure 5.42 The permanent deflection in thle floor sect ion between

the two rows of steel upgrading beams

Figure 5.43 A column under the center beam after shot SLAB 3B.
(Notice that it was compressed.)
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Figure 5.44 Crack pattern in the underside of the east slab panel
between the center beam and an upgrading beam.

V

Figure 5.45 Cracks in the underside of the east slab panel, between

the outside beam and the upgrading beam.
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Figure 5.47 A close-up of the west slab panel after shot SLAB 3C.
(Notice portions of the slab are still hanging on.)
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1i ure 5.48 Cl)Se-up )of the e dge o f the slab panel.

F igure 5.49 A picture of abuckled upgrading beam and
broken and bent bolts.
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CHAPTER 6

DATA EVALUATION

6.1 TEST SERIES 1

The results of the test SLAB IA indicate that it would not

have taken a much higher overpressure to fail the slab panels in flex-

ure. This test is further proof that most floor sections are much

stronger than predicted by conventional analysis procedures. However,

the load capacity of 16 psi predicted by the SRI analysis appears to be

jast slightly uider the actual load capacity.

Unfortunately, test SLAB IB did not opply the proper load to

the floor section. The fact that the structure failed so quickly indi-

cates that the load was much greater than the load capacity. The test

did demonstrate how severe the failure of a floor system would be if it

received an overpressure much larger than its load capacity. The floor

collapsed on almost the entire living space beneath it.

6.2 TEST SERIES 2

Test SLAB 2A put an average peak overpressure of 16.3 psi on

Structure 2 upgraded with wooden posts. This overpressure is near the

predicted load capacity of the floor system without any upgrading, but

it caused no damage to this upgraded structure. The strains and deflec-

tions in test SLAB IA were several times greater than those in test

SLAB 2A. The deflection histories indicate that the floor section de-

flected the least around the edges, while the center beam deflected the

most. The floor section was bent in such a manner that the slab panels

were under positive moments at the face of the center beam, as strain

gage pairs SS3 and SS6 show. Strain gage pairs SS1, SS4, and SS7 indi-

cate that the wooden columns compressed enough to cause the slab to be

under extremely small positive moments over them. The wooden posts on

top of the wooden wedges were very compressible upgrading supports. The

compressible supports caused the load on the floor section to be
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distributed proportionally to the stronger members and also acted

as shock absorbers under the dynamic load.

In test SLAB 2B, the floor section started bending a little

more between the upgrading supports. The floor section still deflected

the least around the edges, and the center beam deflected the most

again, but this time the slab panels deflected more. The wooden supports

seemed to have stiffened somewhat after being compressed and to have

caused the slab panels to bend in a complex mode between the supports.

The cracks in the slab were not very serious damage. The small strains

and deflections indicated that the floor section could withstand a

larger overpressure.

Test SLAB 2C applied an overpressure similar to the one that

collapsed Structure 1. Although the floor section suffered a few more

minor cracks, the floor section suffered no serious damage.

Test SLAB 2D applied an overpressure large enough to cause

the floor section to suffer some moderate damage. Most of the crack

patterns were in the proximity of the expected yield-line cracks. The

floor section bent more like the predicted behavior in design than that

in test SLAB 2A. The cracks in the topside of the floor section (except

for the "E" shaped pattern) all formed near supports in predicted high

negative moment areas. The cracks in the underside of the floor section

formed between the supports in regions of predicted high positive moments.

Although the floor section was cracked in many places, it was still a

sound structure.

Test SLAB 2E applied just the right amount of overpressure on

the floor section to start failing it. As described, the two wooden

posts on top of the load cells started punching through, and the up-

grading columns under the center beam failed. The two wooden posts on

top of the load cells were not as compressible as the other wooden posts.

The other wooden posts were longer and on top of wooden wedges. Since

wood is weakest perpendicular to the grain, the wedges compressed the

greatest percentage of the two pieces of wood. Had the load cells not

been present, those two particular wooden posts probably would not have

tried to punch through. The wooden posts probably would have all acted
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as a composite column like those under the other slab panel. The outer

beams and girders were upgraded as if they were in a continuous floor

but only received half of the load of actual members. Therefore, they

did not respond as they would in a continuous floor. However, the por-

tion of the floor section between the midspans of the two slab panels

did receive loads similar to those in a continuous floor. The wooden

posts under the center beam were loaded above their compressive

strengths and started splitting, while the wooden posts under the slab

panels had not started splitting. Some extra posts under the center

beam would have made the strength of the upgrading system more uniform.

The actual load of 112.8 psi was much greater than the design

load capacity of 54.4 psi. This illustrates how conservative some of

the assumptions and analysis procedures were. The punching shear was

calculated as the critical strength of the floor section at 54.4 psi.

However, the formulas for punching strength are based upon work with

concrete columns or steel members cast in concrete columns. These col-

umns are much stiffer and are usually cast monolithically with the

slabs, along with the proper reinforcing steel. Also, the assumptions

of the shear strengths of the concrete are very conservative. The pre-

dicted flexural resistance of the slab also seems to be too high.

This wooden post upgrading method increased the load capacity

of the given floor section 7.05 times. The upgrading system could be

modified so the composite columns under the slab panels were not as big

but would still increase the load capacity of the floor section above

50 psi. This indicates that a similar upgrading system can increase

the load capacity of most one-way floor systems above 50 psi.

6-3 TEST SERIES 3.

Test SLAB 3A cracked the slab panels directly over the up-

grading steel beams. This was no surprise since there was no reinforc-

ing steel in this region of the slab to resist a negative moment. The

slab panels did not crack over the wooden columns under a similar over-

pressure in test SLAB 2B. The difference was the fact that the wooden

posts compressed and allowed the slab to deflect and release the
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negative moment, whereas the steel beams on top of the steel columns

were much more rigid. The wooden posts allowed the center beam to de-

flect while the steel beams did not deflect very much at all. This

caused the floor section to sag between the two rows of steel beams

and diverted more load to the steel beams than the center beam. The

cracks changed the slab panels into two propped cantilevers tied togeth-

er end-to-end. Essentially, this load caused no structural damage.

Under the overpressure of test SLAB 3B, the floor section

started cracking near the expected yield lines. Two additional cracks

were found in the middle of the slab panels perpendicular to the up-

grading beams. These were caused by the presence of the rigid steel

columns under the center of the slab panels. The slab was stiffest at

that point. Wooden posts under the center beam allowed it to deflect

even more, which caused the floor section to sag more between the steel

beams and thus divert more of the load to the steel beams.

Test SLAB 3C failed the upgraded floor section, but the slow

failure indicated that the overpressure did not exceed the load capac-

ity by much. The data did not clearly indicate what caused the struc-

tures to fail. The loads on the beams and bolts were well above what

they were designed for. The flexural and shear strengths of the slab

panels were predicted to be about 84.2 psi and 50 psi, respectively.

Either the buckled steel beams, the broken bolts, the flexural and shear

strengths of the slab panels, or a combination of the three could have

caused the failure. The steel beams and bolts could have been damaged

during collapse instead of being the cause of it.

Thus, the steel beam upgrading method increased the load ca-

pacity of the given floor section to somewhere between 63.0 and 92.2

psi. It is believed that the load capacity is about 80 to 88 psi since

92.2 psi slowly failed the slab panels. Thus, the load capacity of the

slab section was increased by about five times the original strength.

This exceeds the design strength of 50 psi significantly, which illus-

trates that some of the assumptions and analysis procedures were con-

servative. The predicted flexural strength of the slab panels may not

be too far off, but the shear strength analyses are low. The steel
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beams and bolts can be redesigned to withstand larger loads to prevent

them from being the cause of failure.

6.4 COMPARISONS

The wooden post upgrading method withstood a larger overpressure

than the steel beam upgrading method, but this does not necessarily

mean it is superior. The span lengths in the wooden post upgrading

method were shorter than those in the steel beam upgrading method, so

naturally the flexural strength was greater. Also, the concrete strength

of Structure 2 was stronger than that of Structure 3. The design of the

wooden post upgrading method was much more conservative than that of the

steel beam upgrading method, because the physical properties of wood are

* not uniform and conservatively low values were assumed. Once the

strengths of the upgraded floor systems can be analyzed better, the up-

grading system can be designed to compliment these strengths better.

An advantage of the steel beam upgrading method is that it takes up less

floor space in the shelter than the wooden post upgrading method. Advan-

tages of the wooden post upgrading method are that it is more flexible

and distributes the load well and that the negative moments above the

upgrading posts (usually where there is no negative reinforcing) are

relieved when the posts deflect. Either method will work well on actual

one-way R/C slab floor systems.

11
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CHAPTER 7

CONCLUSIONS AND RECOMMENDATIONS

7.1 CONCLUSIONS

These conclusions are based on the results of dynamic tests on

sections out of a sample one-way R/C floor system. One section was not

upgraded for a baseline comparison, a second section was upgraded with

wooden posts, and a third section was upgraded with steel beams and

pipes. Each section was tested with increasingly larger overpressures

until it collapsed or appreciable damage occurred.

7.1.1 Increased Load Capacity Verified

These tests verified that a properly designed upgrading sys-

tem can increase the load capacity of a one-way R/C floor system. The

load capacity of the sample section from a one-way R/C floor system was

increased by about 5.0 to 7.0 times with the steel beam and wooden post

upgrading methods, respectively. The load capacities of approximately

80 to 90 psi and 113 psi achieved by the steel beam and wooden post up-

grading methods, respectively, were much greater than the desired mini-

mum of 50 psi.

7.1.2 Readily Available Materials and
Simple Construction

These tests also illustrate that sound upgrading systems can

be made of readily available materials with only simple construction

skills. There are several other types of material that could be used

that would work just as well as those used in this study. However, the

4- by 4-inch timbers, small steel beams, and steel pipes are some of the

more readily available and easy to handle materials. The wooden post

upgrading system was the easier of the two to assemble.

7.1.3 Design Procedure

The design procedures described in the text can be used to

safely design an upgrading system for a one-way R/C floor system.
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However, there were many conservative assumptions and analyses used in

the design procedures, so the upgraded systems will be much stronger

than predicted. If plans of a given one-way R/C floor system are not

available, reasonable values can be determined by using the proposed

method for estimating the characteristics of the floor system.

7.1.4 Modes of Failure

The floor section upgraded by the wooden post method failed

by punching shear in the slab panels and crushing of the wooden posts

under the center beam. However, it is believed that the two wooden

posts on top of the load cells were stiffer than the rest of the wooden

posts on top of wooden wedges, and this caused an excessive amount of

shear stress around these two posts.

It was concluded that the mode of failure for the floor sec-

tion supported by steel beams could have been caused by buckling of the

steel beams, failure of the steel bolts, or flexural failure of the

slabs. Whatever Lhe cause, the failure was catastrophic.

7.1.5 Comparison of Upgrading Systems

The wooden post upgrading system was not necessarily better

than the steel beam system, even though the former withstood a larger

overpressure. The span lengths of the slab panels, concrete strengths,

and strengths of upgrading material above design strengths were differ-

ent in the two structures. The steel beam upgrading method did not

take up as much floor space as the wooden post method. The wooden post

upgrading system was easier to install and formed a flexible support

system that distributed the load to the stiffer members. Both methods

represent viable upgrading techniques.

7.2 RECOMMENDATIONS

7.2.1 Application

The two methods used to upgrade the floor sections in this

study are recommended for use on any one-way R/C floor system. Although
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the upgrading techniques were tested only on a beam-girder type floor

system, the other types of one-way R/C floor systems can be safely up-

graded using the same design procedures. The wooden post upgrading

system is recommended as the easier one to construct, but the steel

beam system is recommended if more floor space is needed.

7.2.2 Improvements

A method for estimating the characteristics of a prospective

shelter was given in Chapter 2 for use when a set of construction plans

is not available. These characteristics include strength of materials,

reinforcing steel ratios, bar detailing, etc. A method was also given

for estimating the physical properties of the upgrading supports when

they are not known. In most cases, construction plans and physical

properties of upgrading materials probably will not be available. It

is recommended that such methods as these be refined and improved for

quick and easy use in designing an upgraded shelter. Methods using

flowcharts might be the best.

If more floor space is desired in the wooden post upgraded

shelter, the design could most likely be modified to provide the space

and still increase the load capacity above 50 psi.

The failure of the steel beam upgraded system was catastro-

phic. It is not clear whether buckling of the steel beams or bending of

the bolts was the cause of failure, but it is recommended that the steel
beams and bolts be slightly overdesigned to ensure that they are not

the cause of failure.

Another recommended improvement in both upgrading designs, if

optimum strength is desired, is to double the size of the upgrading col-

umns under the existing columns. The upgrading columns under the center

beams were compressed more than the upgrading supports under the slab

panels in both tests series and split in the test of the wooden post

upgraded system.
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7.2.3 Needed Studies.

The results of this study illustrate that some of the assump-

tions and analyses that were used were very conservative. The upgrading

designs were safe but were much stronger than predicted. It is recom-

mended that studies be conducted on the subjects of dynamic punching

shear, punching shear of concrete over wooden columns, dynamic shear

strength of concrete, dynamic properties of wood, flexible supports,

and flexural strength of short-spanned, one-way slabs.

The other main category of floor system besides a one-way

floor system is a two-way floor system. There are unique characteris-

tics of two-way floor systems that should be considered when upgrading

them. A study Lo develop and verify upgrading systems for two-way floor

systems is also recommended.
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P.1

APPENDIX A

STRUCTURE 1 TEST DATA

Data from the tests on the one-way reinforced concrete floor sys-

tem (Structure 1) are presented in this appendix. Labels on the plots

indicate the following:

Line 1: Test name

Line 2: Gage symbol and location (see Figure 4.1)

Line 3: Digitizing rate and calibration of gage

Line 4: Filter (if any)

Line 5: Bookkeeping data
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APPENDIX B

STRUCTURE 2 TEST DATA

Data from the tests on the wooden post upgrading system (Structure

2) are presented in this appendix. Labels on the plots indicate the

following:

Line 1: Test name

Line 2: Gage symbol and location (see Figure 4.2)

Line 3: Digitizing rate and calibration curve

Line 4: Filter (if any)

Line 5: Bookkeeping data
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APPENDIX C

STRUCTURE 3 TEST DATA

Data from the tests on the steel beam upgrading system (Structure

3) are presented in this appendix. Labels on the plots indicate the

following:

Line 1: Test name

Line 2: Gage symbol and location (see Figure 4.3)

Line 3: Digitizing rate and calibration of gage

Line 4: Filter (if any)

Line 5: Bookkeeping data
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SUMMARY

The problem of upgrading one-way reinforced concrete (R/C) slab

floor systems for keyworker shelters was studied in this program. The

objective was to develop competent designs for upgrading such systems

that would use readily available materials, be easy to construct, and

increase the load-carrying capacities of such systems to 50 psi or

greater. Two upgrading methods were developed and evaluated: a wooden

post method and a steel beam method.

For the wooden post method, several 4- by 4-inch timbers were

placed in groups under the midspan of the slabs. These groups acted as

units to form columns large enough to accept large loads and provide

sufficient bearing area. For the steel beam method, the floor slab

panels were supported at midspan with a series of small steel beams held

up by steel pipe columns. The components were kept small enough so two

or three people could handle them. The existing beams of the floor sys-

tems were upgraded with additional posts in both methods.

The increased load capacities resulting from these upgrading meth-

ods were verified by conducting dynamic load tests on three identical

full-scale sections of a typical one-way R/C slab floor system. In order

to have a realistic baseline for comparison purposes, a typical slab sec-

tion without any upgrading was first tested. It was predicted that the

nonupgraded slab section would fail when subjected to a peak overpressure

of 16 psi. It was tested with average peak overpressures of about 15 and

33 psi. The first test caused cracks to form in the top of the slab

along the beams. The second test greatly exceeded the calculated load-

carrying capacity of the slab and caused complete collapse. Next, a test

series was done on an identical slab section upgraded using the wooden

post method. The upgrading system was designed to increase the load

capacity of the slab section to about 55 psi, at which pressure it was

predicted to fail in punching shear. However, this analysis for punch-

ing shear was for concrete columns and static loads. This upgraded slab

section was tested five times and resisted average peak overpressures of

16, 24, 38, 73, and 113 psi. During the second, third, and fourth tests,



some hairline cracks formed, but no serious damage occurred. During the

fifth test, two timbers started punching through the slab and several

timbers under the center beam starting splitting. The third test series

was on the typical slab section upgraded using the steel beam method.

This upgrading system was designed to withstand 50 to 60 psi, at which

pressure it was predicted to fail in shear. It was loaded with average

peak overpessures of 35, 63, and 92 psi. The slab cracked where support-

ed by the steel beams (no negative reinforcement in slabs in this loca-

tion) as a result of the loading for the first test, remained undamaged

for the second test, and collapsed under the loading for the third test.

Complete data records for the tests are presented in Appendices A, B,

and C.

It was concluded that sound upgrading systems can be made of read-

ily available materials that only require simple construction skills.

The tests illustrate that the load capacity of a one-way R/C floor sys-

tem can be increased five to seven times using a proper upgrading sys-

tem. The design procedures proved to be conservative, resulting in

structures much stronger than predicted. Both upgrading methods are ex-

cellent techniques for increasing the load capacities of a keyworker

shelter above 50 psi.

-jam




