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mpulse loading was obtained from the detonation of 214-pound spherical
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|~ taice of the charge to the upper surface of the beam, it was possible to
vary the impulse and peak pressure. The test specimens were enclosed by a .
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b | of the test member. Only the upper surface of the beam was subjected to the

| pressure developed by the chemical explosion.
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PREFACE

This report is the result of an experimental and analytical study of
reinforced concrete beams subjected to blast loading. The work was con-
ducted by the Oklahoma State University, Stillwater, Oklahoma, from January
1973 through May 1976, under Contract No. FO8635-73-C-0066, with the
Air Force Armament Laboratory, Armament Development and Test Center (ADTC),
Eglin Air Force Base, Florida. The project required the fabrication of test
items at Oklahoma State University, with the blast tests performed by Eclin
AFB. In addition to the performance of the impulse tests and supervision,
Eglin AFB provided data reduction support for this work. The program was
managed by Mr. Marvis Adams (DLYW) for the Armament Laboratory.

Included in this report are experimental data from the blast tests as
well as correlation with an existing computer program and a proposed criteria
for the evaluation of blast damage. The program managers at Oklahoma State

University were Drs. Allen E. Kelly and John P. Lloyd. Mr. J. Nelson Ingram
served as research project engineer, both in Stillwater, Oklahoma, and at

Eglin AFB, Florida.
This technical report has been r
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SECTION 1

INTRODUCTION

The development of analytical methods to predict survivability of com-

plex structures has been enhanced by the digital computer. when accuracy of
weapon placement was uncertain, the need for accurate determination of struc-
tural survivability to a single weapon was hardly justified when one consid-
ered possible weapon placement. However, with sophisticated weaponry, not
only the size of the weapon but also its placement may be accurately speci-
fied. Furthermore, it is likely the impulse produced by the weapon will be
due to high pressure over a small time increment, typical of chemical explo-

sion.

In recent years considerable data has been developed on the responseé of
complex structures to nuclear blast loading. A significant characteristic
of the loading is the relatively large duration of the loading as compared
with fundamental frequencies of the structure. Furthermore, the nuclear
blast can engulf the total structure. A chemical explosion, on the other
hand, has a limited zone of influence and may be directed at a single criti-
cal structural member. Although the damage produced by the chemical explo-
sion is very localized, by causing the failure of a critical structural
member, the subsequent total structural damage may be severe. This study is
focused on chemical explosions and the resulting structural damage to rein-

forced concrete beams.

To evaluate the survivability of a structure subjected to chemical ex-
plosions, it is necessary to study the survivability of the structural
elements and the nature and location of the blast. Although a structure may
survive the detonation of a weapon at the center of a wall or floor slab, the
stracture might collapse if the same weapon were detonated near a girder or

column in the structure.

the phenomenon, the warhead Effectiveness Branch

(DLYW) of the Air Force Armament Laboratory, Eglin Air Force Base, Florida,
entered into a contract in 1973 with Oklahoma State University to develop

survivability data for reinforced concrete beams.

To develop data of

1.1 OBJECTIVES

similar to those found in conventional office
ere subjected to high intensity impulse loads and
asured by accelerometers, load cells, and strain
ided by spherical pentolite

Reinforced concrete beams,
buildings or warehouses, W

the structural response me
gages. The high intensity impulse was prov




suspended over the beams. Five different beams were studied and included a
typical beam, a typical beam without shear reinforcement, a beam with high
strength concrete, a beam with high strength steel, and a beam with a large
reinforcement ratio.

The first objective of these tests was to determine the impulse neces-
sary to fail a given beam. By adjusting the distance from the charge to the
test item, it was possible to vary the impulse. Data from Goodman (Refer-
ence 1) were utilized to select the charge size for the desired range of im-
pulse.

The second objective of the program was to generate test data for the
evaluation of a numerical method (IMPBC) (Reference 2) which was developed
for the nonlinear analysis of impulse-loaded reinforced concrete beams.

1.2 PROGRAM DEVELOPMENT

The work summarized in this report was conducted over a 3%-year period
at Oklahoma State University, Stillwater, Oklahoma, and Eglin AFB, Florida,
from January 1973 until May 1976. The design and construction of the test
beams and a supporting frame were performed at Stillwater, Oklahoma, and
shipped to Eglin AFB, Florida. The impulse test program conducted by Egiin
AFB began in May and was completed in September 1974. The explosive charges
which generated the impulse were spherical pentolite provided by the Naval
Weapons Station, Yorktown, Virginia. Following the blast tests, the beams
were returned to the Oklahoma State University, Stillwater, Oklahoma, for
final damage inspection and static tests.

The analysis of test data began in February 1974 and continued through
January 1976. Three tapes, containing 304 data files, were assembled by the
Eglin AFB Computer Sciences Laboratory and forwarded to Oklahoma State
University for processing and analysis. The Oklahoma State University Field
Office, Eglin AFB, Florida, provided valuable assistance in the modification
of the data tapes for compatibility with the OSU (Stillwater) IBM 360/65
computer system.

Data analysis was divided into five stages, conducted simultaneously
whenever possible. First, pressure data were reviewed for reliability and
accuracy. This was performed by the review of pressure-time curves and
digitized data listings provided by Eglin AFB. Second, methods for the inte-
gration of accelerometer data were studied to provide a suitable integration
technique to obtain beam velocity and displacement. Third, the strain data
were processed and studied: load cell data to determine beam reactions and
strain gage data to calculate curvature. Fourth, data from a final static
test program were used to evaluate the level of damage sustained during im-
pulse tests. Finally, a correlation study was performed to compare test data




with results predicted by IMPBC (Reference 2), a program devoted to the non-
linear structural response of reinforced concrete beams subjected to impulse
loading.

1.3 PROGRAM RESULTS

In general, the data developed by these tests were suitable for both the
evaluation of computer program IMPBC and the definition of member damage.
The acceleration data did not prove reliable for the analysis required in this
work. Pressure data, from which the measured impulse was determined, indi-
cated]?oth pressures and impulses less than those predicted by Goodman (Refer-
ence 1).

Laboratory static tests following the impulse tests provided a means to
estimate damage. The method for damage assessment is based on an extension of
a design procedure of Biggs (Reference 3) in which the impulse to produce
failure is related to the static plastic work capacity of the member.

In this report, each type of data is presented and discussed. However, a
complete analysis for each test is not given because of similaritics in data
between tests and the quantity of data generated by this work. The test data
are available for review in Appendix A. These curves were prepared by the
Eglin AFB Computer Sciences Laboratory.

Of the beams tested, the one fabricated with high strength concrete sus-
tained the least damage and the one with the greatest flexural strength, the
beam with increased tensile steel, suffered the greatest damage. As a result
of these tests, it was found that a member subjected to high intensity impulse
loads should be fabricated using high strength concrete and modest quantities
of ductile steel reinforcement.
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S

4 PREVIOUS STUDIES OF IMPULSE LOADED
J REINFORCED CONCRETE BEAMS

PRGSO

1 The response of impulse loaded reinforced concrete beams is a function
j of several variables, among which are the strain rate, the material proper-
f ties, and the cross section geometry. Under impulse loading, portions of a
i member experience high rates of change of curvature, which produce high
strain rates in the steel and concrete. The net effect of high strain rates
is to increase the strength and toughness of steel and the strength and
crushing strain of concrete. These properties lead to increased member

strength and ductility.

A number of studies of rapidly-loaded reinforced concrete beams with :
both full- and model-sized specimens have been reported. Although loads were |
applied mechanically, more recent studies have used explosives. The litera-
ture cited herein provides some information on both material and member be- k

havior under rapid loading.

2.1 EFFECTS OF STRAIN RATE ON THE PROPERTIES OF STEEL

1 The strain rates discussed in the literature are based on average rates.
E | Manjoine (Reference 4) investigated the effect of large strain rates on mild
4 steel at temperatures varying from room temperature to 600°C. The stress-

9 strain curves from room temperature exgeriments are given in Figure 1 for

1 strain rates which vary from 9.5 x 107/ to 300 per second. It was concluded )
] in this study that increased strain rates cause the lower yield point, the 1
yield strain, the strain at which strain hardening began, and the ultimate
strength to increase. The influence of strain rate on significant parameters

1 are summarized in Figure 2 as a function of strain rate. The steel used in g
3 that study was a low-carbon, open-hearth, mild steel, not a reinforcing b
1 steel. 1

The dynamic yield stress ratio, fpy/fy, is presented in two studies
(References 5 and 6). These ratios are shown in Figure 3 as a function of
strain rate. Also shown in Figure 3 is a mathematical model of the relation L
between strain rate and dynamic yield stress ratio given by Perrone (Refer- {g

1 ence 7): ﬁ
- LA : . l

ny/f_V 1 + (L/D) (|) |

where n and D are material dependent constants and ¢ is the strain rate. ) ;

For mild steel these values are D = 40.4 per second and n = 5. §

4 :,
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2.2 EFFECTS OF STRAIN RATE ON THE PROPERTIES OF CONCRETE

A large compressive strain rate increases the ultimate strength, the
strain at ultimate strength, and the strain energy. Watstein (Reference 8)
tested 3-inch by 6-inch cylinders of 2000 and 6500 psi concrete at strain
rates which varied from 10-6 to 10 per second. In Figure 4 the ultimate
dynamic strength of the specimens, foc» 1S compared with the static strenglh, i
£ . The area under the dynamic stress-strain curves was integrated to yield
4 work performed on the specimen per unit volume. These data are presented in
| Figure 5 as the ratio of the work under dynamic loading, Wp, to work under
| static loading, W¢, as a function of dynamic stress ratio, fpc/fc. This
o work function migﬁt be used to develop dynamic concrete stress-s rain curves
“ from static test data.

- Al1good and Swihart (Reference 6) presented results of tests performed
at the Naval Civil Engineering Laboratory. ‘The test specimens were noted as
being low and high strength and were tested at two ages: 28 days and 49 ]
days. The 28-day specimens were tested wet and the 49-day specimens were |
tested dry. Results of these tests as well as those of Watstein are shown i
in Figure 6 as a function of stress rate. 4

were left in their molds for 1 day after casting, moist cured for 7 days, and
air dried for 1 day prior to testing. The resulting strength ratios, pre-
sented as a function of stress rate, appeared to approach a limiting value
with increasing stress rate, a trend which contradicts the results shown in

|
;‘ Atchley and Furr (Reference 9) tested 6-inch by 12-inch cylinders which
|

Figure 6. However, this may be due to the difference in the ages of the con- 3
crete specimens and the curing histories. Watstein reported an increase for |
the modulus of elasticity with strain rate; however, Atchley and Furr found by

no such tendency.

The influence of strain rate effects on tensile strength of concrete was |
given by Keenan (Reference 10) who tested 4-inch by 8-inch split cylinders
statically and dynamically at stress rates to 210,000 psi per second. The
results of these tests are shown in Figure 7.

Fox (Reference 11) and Galloway and Rathby (Reference 12) performed
rapid load tests on plain concrete beams to assess the effects of transiert
2 loads on the modulus of rupture. They reported increases in the modulus of
E ! rupture as large as 66 percent. There is some indication that their results,
which are dependent on measured reactions, have not been corrected for iner-

tial forces of the specimens and supports.
3 2.3 RESEARCH ON REINFORCED CONCRETE BEAMS ~
E | SUBJECTED TO HIGH LOAD RATES :
b Over the years a number of studies (e.g., References 10 and 13 through . §
'ﬂ 29) have been performed to determine the performance of reinforced concrete /
1
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eloments under rapid loading. Athough the tests often involve ingenious
experimental techniques, deficiencies in instrumentation and other test de-
tails limit the value of the results from these efforts to this program.

2.4 DISCUSSION

From the available literature, a number of factors relative to the be-
havior of reinforced concrete members subjected to impulse loading have been
presented. Both concrete and reinforcing steel are influenced by large
strain rates. For concrete, the effect is for the stress and strain at
crushing to increase with strain rate. This would cause corresponding in-
creases in the curvatures at which a beam segment experiences concrete dis-
tress. For steel, large strain rates cause the yield stress to increase and
consequently, the yield moment, My. The increase in dynamic yield stress
relative to the static yield stress is larger for the intcrmediate and struc-
tural grade steels than for the high strength steels. These properties were

verified by tests of the materials and reinforced concrete beams.

Material properties are presented as a function of average strain rates.
There was no discussion of possible effects of variable strain rates; how-
ever, this phenomenon may be of significance. The strain rate varies from a
maximum value, following the application of the impulse loading, to zero at
the maximum deflection.

During the planning stages of the program, it was recognized that the
experiments which would be conducted with explosives would entail many uncer-
tainties. If a test was conducted with the charge too far from the specimen,
only minimal damage would occur, data would be of little value, and the
specimen would not be useful for iurther tests. On the other hand, if the
charge was placed too close, the impulse would not only fail the beam but
possibly the test frame and instrumentation.

For these reasons, a number of specimens were fabricated to be as iden-
tical as possible; these specimens were to permit several tests to be per-
formed under increasing impulse. several other beams were fabricated with
certain properties significantly different than the typical beams; however,
the properties of all beams were chosen to be within the scope of actual
construction practice.
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SECTION 111

TEST SPECIMENS

The objective of this investigation was to subject reinforced concrete
beams to very short duration pressure loads, to study the blast-structure
interaction, and to assess the resulting damage. Test specimens were fabri-
cated to be representative of full-sized beams used in typical building con-

struction.

The test specimen was selected so that it was large enough to preclude
similitude problems, yet small enough to minimize cost and procurement of
test fixture and explosives. A member 8 inches by 12 inches appeared to
satisfy these requirements.

3.1 BEAM GEOMETRY

The overall geometry proposed above was found acceptable and was used
to plan beams in five different configurations, Table I. At the time of
fabrication, the number of explosive charges available to the project was
unknown. For these reasons, more beams were originally fabricated than sub-
sequent budget restrictions permitted to be included in the test program.
This report considers only beams subjected to impulse loading on detailed
static tests. Figure 8 shows the general beam dimensions as well as the de-
tails of reinforcing steel and the end support connection.

A steel end angle (L 6x6x3/8) was cast in the beam to provide a connec-
tion and bearing seat for the end support mechanism. The end angle also
provided anchorage for the reinforcing bars to insure development of steel
strength near the end of the beam.

3.2 BEAM INSTRUMENTATION

Accelerometers, strain gages, and load cells were used to measure the
response of the beam. Three accelerometers and four pairs of strain gages

were installed in each beam. Two pairs of strain gages and one accelerometer

were installed at the midspan of the beam. The other pairs of strain gages
and accelerometers were installed at quarterpoints. The strain gage instal-
lation is shown in Figure 9. The quarter station instrumentation provided a
check of symmetry and greater reliability for quarter station data.

The concrete gages were applied to the beam sides approximately 1.6
inches below the top surface. The gages were placed in a shallow 2-inch by
8-incih depression for protection from mechanical damage. Figure 10 shows a
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TABLE 1. BEAM CONFIGURATION SCHEDULE
Nominal Design Parameters
£ £ Rein-
Beam c y So forcing Shear
Numbers Beam Type (ksi) (ksi) (in%) Ratio Stirrups
1,2 High strength concrete 6 40 0.88 0.0104 Yes
3,4 Increased steel area 3 40 2.00 0.0239 Yes
5 Increased steel strength 3 60 0.88 0.0104 Yes
6,7 Shear stirrups removed 3 40 0.88 0.0104 No
8-13 Typical 3 40 0.88 0.0104 Yes
TABLE II. PROPERTIES OF REINFORCING STEEL
Beam Bar fy fult Percent
Numbers Size (ksi) (ksi) Elongation
1,2,6-13 No. 6 51.95 82.85 22.15
5 No. 6 62.50 100.00 -2
3,4 No. 9 50.50 81.80 24.00

aDat.a not obtained.




side view of a beam-quarterpoint station and illustrates the placement of
the concrete strain gage and its connecting lead wire. The cross section
chows the steel gage installation with its lead wire passing up to a harness
near the center of the beam. Also illustrated in this figure is the accel-
erometer housing with an accelerometer and lead wire in place. The steel
strain gage installation is illustrated in Figure 11.

3.3 MATERIAL DESCRIPTION

Properties of the steel, fine aggregate, coarse aggregate, cement and
concrete, are presented in this section. Static tensile test results for
the reinforcing bars are given in Table II. The coarse aggregate was 3/4
inch crushed limestone from the Quapaw Quarry, Drumright, Oklahoma. The fine
aggregate was Cimmaron River sand from the Dolese Quarry, Guthrie, Oklahoma.
Type 1 portland cement was manufactured by the Dewey Division of Martin-
Marietta. The aggregate properties are given in Tables IIl and IV.

The properties of the concrete for each beam are given in Table V. In
addition to these data, the strain at ultimate load was recorded for a
limited number of compression cylinders. For concrete with a compressive
strength of 3000 psi, the average strain, e., from four samples was 0.0022,
while a sample of concrete with a compressﬁve strength of 6000 psi gave a
value of 0.0021. These data are required for the construction of the con-
crete stress-strain curves for dynamic loading.

3.4 TEST SPECIMEN FABRICATION

Beam fabrication and instrumentation was performed in three stages:

(1) Application of strain gages to the reinforcing bars
ﬁZ; Casting and curing beams and control cylinders
3) Application of the strain gages to the surface of the beams.

The beams were cast in a steel form. The beams were 8.2 inches wide and
12.2 inches deep. Each beam was cast in three 4-inch 1ifts; each 1ift was
from a separate batch. A portion of cach batch was cast into control cylin-
ders: four 6x12-inch cylinders and four 6x6-inch cylinders. The 12-inch
cylinders were compressive strength specimens while the 6-inch cylinders were
used for the Brazil indirect tensile strength test. Half of these cylinders
were moist cured and were tested for ultimate strength at the age of 28 days.
The other half were cured with the beam and were tested as soon after the
beam field test as was practical.

After casting,the beam and control cylinders were covered with wet bur-
lap and a layer of plastic for about 16 hours. At this time the beam and
half of the control cylinders for each batch were removed from the forms and
set aside to moist cure under wet burlap and plastic for an additional 6 days,
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TABLE 111. GRADATION OF FINE AGGREGATE

Sieve Cumulative
Size Percent Percent

Numbers Retained Retained

4 1 1

8 4 4
” 16 12 16
_3 30 30 46
50 40 86
1 100 12 98

A

' Fineness modulus = 2.51.

y Specific gravity (bulk-SSD) = 2.61. ]
g Absorption capacity = 0.46 percent. ]
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TABLE IV. GRADATION OF COARSE AGGREGATE

Sieve Cumulative

Size Percent Percent
(inches) Retained Retained

13 0 0
‘ 1 5 5

40 45

- 1%

35 80

N 9N

> [o o J¥ N —

St e

Fineness modulus = 7.31.
1

PO NIy

Specific gravity (bulk-SSD) = 2.79.

Absorption capacity = 0.90 percent. '
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followed by air drying. The remaining cylinders were placed in a moist cure
room and were strength tested at <8 days.
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SECTION IV
TEST PROGRAM

The test program extended from October 1973 through November 1974 and
was conducted in three phases. The initial tests were conducted at Okiahoma
State University, Stillwater, Oklahoma, and were designed to check instru-
ment performance. The second phase was conducted at Eglin AFB, Florida,
from May through September 1974, where the impulse tests were performed.
Finally, the beams were returned to Stilliwater, Oklahoma for final tests.

4.1 PRELIMINARY STATIC LOAD TESTS

Tests were conducted with the beams mounted in a test fixture as shown
in Figure 12. Symmetrical static loads were applied to produce constant
moment in the center 48-inch span of the beam. Steel and concrete strains,
along with the curvature of the constant moment region were recorded. The
purposes of these tests were:

(1) To precrack the beam prior to application of the 1npulse loads so
its stiffness would be similar to that of a beam with a prior service load
history,

(2) To deternine flexural stiffness of the beam in the constant moment
span, and

(3) To compare curvature calculated from steel and concrete strains
with measured curvature.

The beams were cyclically loaded, from one to three cycles, with pro-
gressively larger maximum loads, as shown in Figure 13. In each cycle *tne
load was increased to a peak value and then gradually decreased to zero.
The maximum load was equal to or slightly larger than half the theoretical
ultimate load. Following the preliminary Joad cycling, a load which was 40
percent of the theoretical ultimate was applied. The data from this last
cycle were used to estimate the flexural stiffness and are presented in
Table VI.

Strains measured at the midpoint were used to calculate the curvature,
¢5s at the maximum load of each loading cycle. These were compared with the
measured curvature, ¢p, as_shown in Figure 14. The curvatures cAlculated
from strains tended to be less than those found by displacements.
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TABLE VI.

MEASURED FLEXURAL STIFFNESS

ot coih it i S L i AR e L S
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Beam
Numbers

Measured Stiffness
(1b-1n2)

o b w N

o w 0 -

12
13

1.32 x 10
1.
2.

34
06

.91
.50
.38
.36
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.53
.36
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X

X

X
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9
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4,2 IMPULSE TESTS

The test beams and the support equipment were shipped to Eglin AFB,
Florida, following the preliminary static load tests. The test fixture was
installed in Test Site C-80A and 12 tests were conducted there between
17 May and 19 September 1974. Data obtained in these tests were documented

by Reichstetter (Reference 29).

4.2.1 Test Facilities

4.2.1.1 Test Site. A plan view of the test site, Figure 15, shows a
test arena located a quarter mile from a control bunker. The elevation view
in Figure 15 shows the arrangement of the major test components. Cables
stretched between a pair of 30-foot quyed poles supported the explosive
charge above the center of the test fixture. The charge standoff distance
was adjusted by a winch attached to one pole. Instrumentation lead-wires
were buried in a shallow trench leading to an arena instrumentation bunker
about 200 feet away. This bunker housed data acquisition equipment for the
strain gage and load cell signals. The accelerometer and pressure transducer
signals were transmitted to data acquisition equipment in the control bunker.

4.2.1.2 Test Fixture. The test beams were installed in a massive in-
strumented test fixture which rested on a 3-foot-thick concrete slab. The
test fixture was designed so that only the top surface of the test beam was
loaded by the shock wave. The test fixture, shown in Figure 16, was con-
structed for the purpose of protecting the test beam, the instrumentation,
and the beam support assembly. It consisted of a base slab with key-ways
cast into each end. In each key-way a beam support mechanism was positioned
over three load cells as shown in Figure 17. Four concrete blocks were
placed on the base slab to enclose the beam and its support assemblies. The
four blocks were fastened to each other and to the base slab by horizontal

and vertical tic rods.

Steel plates were placed on top of the fixture flush with theé top sur-
face of the beam as shown in Figure 18. A small gap was left between the
plate and the beam to prevent the plate from interfering with the beam mo-
tion. This gap was sealed with a 1ight gage steel sheet.

The top plate incorporated machined receptacles to hold the pressure
transducer mounts, as shown in Figure 19. These mounts positioned the pres-
sure transducers flush with the top surface of the plate. The transagucer
lead wires passed through conduits in the siderails and base slab to one
key-way to shield them from blast effects.

4.2.1.3 Explosive Charges. Twelve charges were procured by Eglin AFB,
Florida for the test program. They were 18.75-inch-diameter spheres of

pentolite weighing 214 pounds. Each charge was suspended from the overhead
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cable with a nylon harness, as shown in Figure 20. An M-6 detonator was
placed into the center of each charge through a drilled hole. The charge
was encircled by a break-wire to produce a time of detonation mark for tele-
metry time reference. This time is designated TP in the reduced data shown

in Appendix A.

4.2.1.4 Data Acquisition. During a test, data were obtained from six
load cells, eignht strain gages, five accelerometers, and four pressure trans-
ducers. Table VII lists the manufacturer, model and specifications for these
devices. The data were taken on the two sets of data acquisition equipment
mentioned above. The pressure and accelerometer data were recorded on mag-
netic tape by the VALTS Signal Conditioning and Recording system in the C-80A
control bunker (Reference 30). The strain gage and load cell signals were
recorded with similar equipment temporarily installed in the instrument

bunker.

4.2.2 Test Procedures

Each impulse test was conducted in three stages: (1) beam installation
and instrument calibration; (2) impulse test; and (3) post-test examination
of the beam. In stage one, two static loads were applied to the beam to pro-
duce constant moment of 15 kip-feet in the center 48-inch span of the member.
Strains in steel, concrete and load cells were manually recorded. The strain
gages and load cells were connected to the signal conditioning and recording
equipment and the caiibration repeated and data recorded.

The charge was positioned at the required standoff distance directly
over the center of the test beam. The charge was secured against wind drift
with 1ines connecting its harness to the test fixture. Following the explo-
sion the test specimen was examined for the effects of the blast and photo-
fixture. Qualitative measurements of
the beam center displacement were made to estimate the amount of permanent
deformation. The specimen was then removed from the test fixture and the
damaged area in the center of the beam was examined and photographed in

greater detail.

The analog signals on magnetic tape were digitized by the Eglin AFB
Computer Sciences Laboratory. Pressure data were integrated with respect
to time to obtain the impulse per unit area. Digitized strain, load and
acceleration data were copied on magnetic tape and transmitted to Oklahoma

State University for analysis.

The tests conducted early in the program revealed important features
which required modification of some aspects of the test procedure on equip-
ment. Following the first test, calibration levels were adjusted upward in
anticipation of larger strains, pressures, and loads. The peak accelerations
were many times those estimated and the high calibration levels required to
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Figure 20. Charge in Place Over the Text Fixture Prior to Test
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accommodate these peak- accelerations caused the much smaller, free vibration
accelerations of the beam to be the same order of magnitude as the instrumen-
tation line noise errors. This reduced accuracy of test data severely. To
reduce this problem, on the fifth test a thin gasket was placed underneath a
quarterpoint accelerometer and the calibration on that channel was changed
from 10,000 g's to 1000 g's. The calibration level change improved the
signal-to-noise characteristics of data. However, the magnitude of peak
accelerations was still sufficient to produce zero shifts in tie output of
transducer which could not be eliminated from the accelerometer data. After
the first test,axle pins were found to be bent and a second set of axles was
fabricated using higher strength steel. By the time of the third test modi -
fied axles, with accelerometers attached to monitor the motion of the support
mechanism, were in use.

. After the first four tests a different style of pressure transducer was
utilized in an effort to obtain more reliable pressure-time data. The test
configuration was further modified by burying the test fixture so that the
top surface of the beam, the test frame, and the ground level were at the
same level. This was done to eliminate pressure relief which may have been
present due to the vertical faces of the long narrow test fixture.

The beams of the fifth and sixth tests exhibited signs that the sides
of the beam had impacted with the test frame during the test, even though the
steel plates had been initially placed at least 0.2 inch away from the beam.
It was felt that high lateral soil pressure might be causing displacements of
the siderails during the blast. For this reason a pair of 4-inch by 6-inch
posts were placed at the bottom of the cavity to brace the two siderails
against such motion.

Prior to Tect No. 7 one load cell was found to be inoperable. A re-
placement could not be obtained and the damaged load cell was left in place.

A log of all tests is given in Table VIII. Included are the test dates,
the beam numbhers, and post-test measurements.

4.2.3 Post-Test Observations

The beams suffered little damage in the first two tests. A vertical
crack ran through the beams to their top surface as shown in Figure 21.
These cracks were clean, straight tensile fractures on the top surface and
appeared to have resulted from beam rebound. Longitudinal hairline cracks
were noted on the sides of these two beams about 1/2 inch below the top sur-
face for 3 to 4 inches on either side of the centerline. These cracks
appeared to be the beginning of spalling of the top layer. In later tests,
with smaller charge standoff distances, the top layer (1/2 to 3/4 inch
thick) exhibited crushing damage 6 to 8 inches on either side of the center-
line. In Figure 22 the extent of damage jndicates a massive spalling was
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Center Section of Beam 12 After Test No. 1

Figure 21.
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eminent. For still smaller standoff distances the concrete was crushed in a
wedge-shaped zone about 2 inches long and 1/2 to 3/4 inch deep as shown in
Figure 23. For the smallest standoff distances, the crushed zone was about

4 inches long and 1 to 1% inches deep. This crushing behavior did not occur
in beams with high strength concrete, as can be seen, for example, in Figure
24. In contrast with the typical strength beams tested with the same stand-
off distance, the high strength concrete appeared to be more damage resistant.

Beam 5, which was reinforced with high strength steel, sustained more
damage than other test specimens. Figure 25 shows this beam immediately after
testing and prior to removal from the test fixture. Figure 26 shows the same
beam after removal from the test fixture. Furthermore, the beams with a
higher reinforcing ratio experienced greater top surface crushing than typical
beams with similar charge standoff distances.

The crack widths at the level of the reinforcing steel were measured
after the beams were removed from the fixture. Figure 27 illustrates typical
cracking in the center section. The crack spacing was on the order of 6 to 8
inches. The maximum crack widths occurred in the center section. The small-
est measurable cracks were between 12 and 18 inches from the center. Beams
6 and 7, in which the shear stirrups had been omitted, did not exhibit dia-
gonal tension cracks.

Beams 3 and 4 with a high reinforcing ratio had prominent longitudinal
splitting cracks at the level of the reinforcing steel, as shown in Figure 28.
For beam 3 these cracks extended 12 to 18 inches on either side of the center-
line. Splitting of this type is frequently associated with bond failure.

Also shown in Figure 28 is some significant surface crazing which was high-
lighted by test personnel; these random cracks were not a result of impulse
testing.

4.3 DAMAGE ASSESSMENT TESTS

Although the impulse loadings caused significant crushing and permanent
displacements in some beams, visual inspections could not define the extent
of the damage. To quantify the damage and to relate it to delivered impulse,
the beams were returned to Oklahoma State University for further testing.

The test configuration for the final load tests was identical to the
preliminary static tests. Loads were applied as shown in Figure 12 and both
loads and displacements were recorded on an X-Y recorder. The test procedure
was to load a beam progressively to failure. Yielding was considered to have
occurred in the reinforcement when load-displacement plots ceased to be line-
ar. The ultimate moment, M), was the largest measured moment. Failure was
defined as a sudden, large *oss of capacity due to the crushing of a signifi-
cant zone of concrete on the top surface of the beam. Additional displace-

ments were imposed and progressive failure continued until the resistance of
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the beam was reduced to about 50 percent of the maximum load. Typical data
from final static tests are shown in Figure 29. The response of an undamaged
typical beam (beam 11) and a similar impulse-damaged beam (beam 9) are shown
for comparison. Variations between the static behavior of the damaged and
undamaged beams are attributed to the impulse loading.

Load, strain, and deflection data were recorded at regular intervals
during these tests. Small, sharp reductions of load noted in the load-
deflection curves of Figure 29 occurred during the manual recording of, data
and occasionally coincided with small failures in the compression zone of the
beam.

parameters used to evaluate the effects of impulse load are shown in
Figure 29. These parameters which are recorded in Table IX by beam and test
number are used in Section IX to assess the effect of the impulse load on the
damaged sustained by the beams.

Two quantities which may be related to damage are the ductility ratio v,
Smax/Sy» and Wp, the work dissipated during plastic displacement. The static
ductil¥ty ratig relates the ability of the beams to undergo plastic deforma-
tion. Note that the undamaged beam (beam 11; has a static ductility ratio of
6.30 whereas typical beams subjected to impulse loading exhibited much smaller
values. The work, Wp, was obtained by integrating the area under the load-
deflection curve between &, and Spax.




m,..wn
&
-Jaquaw 3533 J1IBIS, .
= £°9 €€°2 L€°0 8°0v 5°8¢ L o
! 0°2 0" L 25°0 5 €l v ge 6 L
_ 9°¢ 6L 20 y°52 G 6¢ 2 L
6t £€0°1 5670 pel 8°€g L o1
i Lt 85°0 5°0 vl S 45 v 6
v°2 2e° 1 50 68l 8°G¢ I 8
8"l 80" 09°0 gzl R S [ >
L1 £6°0 95°0 2°62 8°c¢ 9 9
272 0g° 1 09°0 L9l 0°0€ 8 g
3 L1 ¥9°0 85°0 R°2 £°0L £ 1/
, 0°2 2Lt (5°0 2Lt VLTS ol £
p 9y 06°L Ly°0 6°L2 2°8¢ £l 2
1 8°¢ £5°1 0v°0 8°62 L°GE 21 L .
W. K , ew d -d !
. Yt SN U8 R (ug) % (u-dpn) h (3-dpp)  daqunn SR .,
: juawade|dstg  ‘dun|ied 3e ‘pLata 3e abuey J13seld W g 1
3 PL3tA JUL04 pPeO] O 3uLOod peol 30 ‘weag uo JUBOY
0} 3JnjtLed juawade|dstg juawadedsiqg pAULOJ4dd NAOM ajewL} LN
3 30 o13ey 1
Al j
E SWy38 039vWY0 30 ;
3 S1S3L HISN3YLS JILYLS 40 SLINSIY 40 AYVWWNS “XI 378VL : :
3§ !
M E
..Mw




e |

weag pabewepun pue weag pabeueq

as|ndw] j0 S3A4N) juawase|dsLg-peo] O uosidedwo) 62 aunbL4

S3HON| ‘LNIOd GVO1 40 IN3W3OVId4SIO '8

00t 062 0072 0GS’| (00]] (0,5} oo
T L T 9" T T
S
io_
21 1s3L
6 Wv38
{s!
Q39VWVANN
‘11 we38
402
{2

100y
x(h&

'$871'¢0! X ‘d ‘v07 Q317ddv

53




At R L s o R e pre
" Ut bt i LT

SECTION V |‘;
PRESSURE MEASUREMENTS

The pressure to which the test specimens were subjected was measured by
pressure transducers attached to the test frame at three points. These data
were integrated to determine the impulse of the blast wave and both pressure
2 and impulse were compared with predicted values from Goodman (Reference 1).
- | Although measures were taken to isolate the transducers from the frame vibra
tion, the initial style of transducer was not well suited to the blast envi-
ronment and was replaced after Test No. 5. Results from the final seven
tests indicate greater reliability for the pressure measurement.

5.1 DISCUSSION OF PRESSURE DATA

The pressure data were processed by standard data reduction techniques
of the Eglin AFB Computer Sciences Laboratory. The positive portion of the
pressure was integrated to determine the blast impulse and these results are
summarized in Table X. Pressure-time signals from the fourth test are shown
] in Figure 30. The signals contain a significant high frequency component.
4 In addition, after the passage of the pressure wave, the output of the pres-
A sure transducers was equivalent to several atmospheres of negative pressure. L
}' Although this zero shift was negative for Test No. 4, for other tests posi- 3
- tive shifts were measured. One of the Kistler transducers was replaced by a
PCB transducer for Test No. 5. The signal from the PCB transducer exhibited
less high frequency noise and less baseline shift and for subsequent tests
PCB transducers were used exclusively.

The cavity pressure (Figure 30) generally did not exceed 20 psi. Al-
though the top seal was not penetrated on Test No. 4, it was on other tests
and peak internal pressures on the order of 80 to 120 psi were recorded.

3 5.2 CALCULATED IMPULSE ;

The pressure-time data were numerically integrated at the time of data 4
. reduction to calculate the impulse of the explosion. The calculated impulse A
o for each pressure transducer is recorded along with the peak pressure on the i
- data plots of Appendix A. The numerical method integrated only positive i
pressures over the total time span (15 ms) of the plot. Consequently, any 4
signal corresponding to positive pressure arising from either zero shift of
3 the transducer or noise was integrated and caused, in several tests, signi-
[ ! ficant errors in the calculated impulse. This impulse is recorded as I' in

Table X.

To calculate a more accurate estimate of impulse, a review of pressure-
time curves indicated an average duration of the positive pressure to be . |
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approximately 1.25 ms. The construction shown on PF3 of Figure 30 illus-
trates the evaluation of the positive pressure duration, tq. The value of
impulse at 1.25 ms is recorded as I in Table X. Future re?erence to impulse
will refer to the value related to 1.25 ms.

5.3 CORRELATION WITH PREDICTED VALUES

Peak pressures and calculated impulse are shown as a function of stand-
off distance in Figures 31 and 32. Also shown on these figures are values
predicted by Goodman (Reference 1). Note that the calculated impulse at 1.25
ms is always less than the predicted value. These data should be accepted
as qualitative, and not precise values of pressure and impulse. In later
sections the charge standoff distance, which was measured accurately, will be
used to represent pressure and impulse characteristics of the chemical explo-
sion.
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SECTION VI
ACCELERATION MEASUREMENTS

The vertical motion of the beams was measured by accelerometers. How-
ever, the shock loading produced high frequency acceleration signals which
were approximately an order of magnitude greater than those corresponding to
actual beam acceieration. Furthermore, the very short rise time experienced
by the transducers produced a shift in the zero baseline of the jnstrument.

A preliminary data analysis which followed Test No. 3 indicated calculated
velocities and displacements to be in error. It was presumed that the initial
high frequency acceleration was responsible for the error and a damping
material was installed between the accelerometer base and the beam. At the
same time accelerometers were installed on the beam end support members to
provide a time history of the end motion of the member. Because of an accel-
erated test schedule and the absence of timely data reduction, the qualita-
tive nature of the acceleration data could not be established until impulse
tests were completed. Following the impulse tests, a variety of methods were
used to calculate the time-velocity and time-displacement characteristics of
the beam with no success.

Because of the high accuracy required of acceleration data to correctly
establish time-displacement characteristics by double integration, the lack
of success encountered in this program is not atypical. The acceleration
measurements are included in Appendix A to provide the reader a means to
evaluate the data.

6.1 DISCUSSION OF DATA

The response of a typical digitized accelerometer signal is shown in
Figure 33. While the magnitude of the measured high frequency acceleration
was significantly reduced by inserting damping material between the beam and
the accelerometer base, the initial acceleration was an order of magni tude
greater than the beam acceleration. Therefore, very accurate measurements
were required to provide data which would be suitable for velocity and deflec-
tion calculations. However, accelerometer signals were influenced by the
very high initial acceleration signals which significantly reduced the quality
of the data. The shift of the instrument zero baseline was the order of mag-
nitude of the acceleration experienced by the beam in free vibration.

6.2 DATA ANALYSIS

Several methods were employed to integrate digitized accelerometer re-
cords for time histories of velocity and displacement. Although none of the
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methods studied gave reasonable values of velocity and displacement for all 5
tests, a method which assumed a constant shift of the zero baseline gave 1
- values of velocity and deflection which were the order of magnitude of the ;
1 anticipated beam response for several tests. Shown in Figures 35 and 36 are
K integrated velocities and displacements for the accelerometer record shown

b in Figure 34. It must be emphasized that these results are not typical for

calculated beam response.

While time and funds were not available for more extensive data analy-
sis, it is doubtful that more reasonable or accurate results could be ob- .
3 tained by further study. First, the large magnitude, high frequency signals
a5 produced a baseline shift which may be variable with time. While this pheno-
1 menon might be approximated by acceptable data reduction techniques, the ) .
b | digitizing rate may limit the accuracy of the data. A digitizing rate of {
1 12.5 microseconds which was used in the program may be too large for an accu-
: | rate representation of the acceleration signal. It should be emphasized that 5
there was no precedence for this type of impulse test, and the accelerometers :
did not provide a reliable means for the measurement of beam motion. For
future studies of the response of structures to high intensity impulse load-
ing, other methods for deflection measurements should be considered. Without
significant advances in the design of accelerometers, the use of either
optical or direct measuring devices, such as the LVDT, should be investigated.

VTN R i

8
P
b
s

62 ;

i - ooy

Sl i ottt 8 e L Bt B p a9 s




RN ot 3.5 pinE -

AR

o

¢ | -9y--4333W043 | 3IDY jutoduajaen) pg dunbig

Ll "ON 3s3l

14

0,

{"‘?w" Lo

e Sl i

IR

YRR DRI TR T

0002 -

(-]
5.9 NOLLVND I

¢

008




e il
vonmeais B2 i el s b s

L "ON 3531 ‘Z-Oy w044 A3LD0|ap 433u3) pajeindle) GE dunbiy

- e
- - - - - - - - - - - o L] " []




LL -ON 353 ‘2-0V Wo.4 judwade|dsiq 423ud) pareLnaLe) "9t 3nb1 4

v
i

N ANBNDIVISI0

e daas o3t
v\

e

ety

AR LRI S PR




SECTION VII
REACTION MEASUREMENTS

Instrumentation was provided for reaction measurement, primarily to sup-
ply more complete documentation of the phenomenologica] performance of test
specimens. Based on reactions predicted by computer program IMPBC, a group
of three load cells with a combined capacity of 30,000 1bs was placed at each
end of the specimen. These load cells were placed between the reinforced
concrete test frame and the beam support devices. The centroid of the load
gattern was centered beneath the connection of the beam with the reaction

evice.

An objective of this program was to provide experimental data for the
verification of computer program IMPBC, and the reaction forces, as a func-
tion of time, are calculated by the program. However, the flexibility of the
beam end support structure could not be modeled by IMPBC and contributed to 2
difference between measured and experimental values. The resulting motion of
the support structure produced jnertia forces which were sensed by the load
cells. It was noted in Section VI that it was nct possible to determine the
acceleration of the beam end support; consequently, it was not possible to
separate support inertia forces from beam end reactions.

7.1 DISCUSSION OF DATA

The load cell measurements did not provide a reliable means for the mea-
surement of the beam end forces. In addition to sensing the beam end forces,
the load cells acted as accelerometers. vibration of the load reaction
device produced inertia forces which were superposed on beam end forces.

Although the maximum end reaction was estimated to be less than 25,000
pounds, measured reactions often exceeded 40,000 pounds. Furthermore, follow-
ing tests No. 10 and No. 11 a load cell exhibited permanent strains which
jndicated it was subjected to loads which exceeded 15,000 pounds.

To illustrate reaction measurements, Figures 37 and 38 are included.
The response of a typical load cell is shown in Figure 37. The combined out-
“put from load cells 1, 2 and 3, for test No. 10, is shown in Ficure 38. The

characteristics exhibited in Figure 38 are typical for all tests.

»

Additional analysis was performed in order to examine behavior of the
neasured reaction. The oscillation noted in Figure 37 was assumed to be re-
lated to flexibility of the support mechanism. To examine this assumption,
ceveral lumped parameter models were formulated. Stiffness and mass proper-
ties used in the models were determined by idealizing the support structure
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as simple bars, beams, and plates. While some of the calculated frequencies
compared favorably with measured frequencies, it was not possible to verify
values of flexibility used in the model or represent the very high frequency
response noted in the measured data. A physical test of the impulse response
of the load reaction system was performed by striking the beam with a sledge
hammer over a support. The output of the three load cells was measured to
assess the transmissibility of the system. The result of this test is shown
;q Figugs 39. The period of vibration noted in this figure is also shown in
igure 37.

7.2 CALCULATED REACTIONS--IMPBC

In this section the results from digital computer program IMPBC (Refer-
ence 2) will be presented. Since details of the program do not permit the
description of flexible supports, the oscillation noted in the experimental
data cannot be reproduced.

The nonlinear response of the impulse loaded beam was predicted by IMPBC
for the material properties presented and discussed in Appendix B. Studies
were performed for both typical beams and high strength concrete beams. These
results are shown in Figures 40 and 41 as functions of applied impulse. HNote
that for an impulse of 700 psi-ms, failure was indicated for the typical beam.
The response of the high strength concrete beam, shown in Figure 41, is similar
1 to that of the typical beam. Furthermore, the calculated results indicate
small changes in response for large changes in the applied impulse. A 50 per-
cent increase in the applied impulse produces a 10 percent increase in the ‘
measured reaction. |
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SECTION VIII
BEAM STRAIN MEASUREMENT

Strain gages were placed at the midpoint and the two quarterpoints
along the beams to monitor strains of the concrete and reinforcing steel dur-
ing the impulse test. Strain data from the third test are shown to illus-
trate typical characteristics of the data. The method for the calculation
of curvatures from measured strains is presented along with data from Test
No. 11 to illustrate the curvature characteristics. General agreement was
found between curvatures from Tests No. 10, No. 11, and No. 12 and with those
calculated from the IMPBC simulations. A variety of experimental problems
associated by testing, data requisition, and data reduction make similar com-

parisons with other tests pointless.
8.1 STRAIN DATA CHARACTERISTICS

One pair of quarterpoint and center strain gages are presented in Figures
42 and 43 to illustrate typical test data. These figures are reproductions of
computer plots produced by the Computer Sciences Laboratory of Eglin AFB,
Florida. The identification of data channels is presented in Figure A-2,
Appendix A. The steel gage data channels were calibrated to 7500 v in/in,
several times the expected yield strain, while the concrete gage data channels
were calibrated to 3000 u in/in, the order of the magnitude of the static
crushing strain. Since the concrete gages were Jocated between the elastic
neutral axis and the top surface, the measured concrete strains were approxi-
mately 50 percent of the top surface strain, provided simple beam theory is

applicable.

Throughout the test series, continuous data records were available from
the quarterpoint strain gages; the center gages, on the other hand, performed
as shown in Figure 43. Inspection following the tests showed the center con-
crete gages to be broken in tension, presumably the result of beam rebound
from the maximum displacement, or spalled off as the result of compression
failure. The broken circuits were evident from the very high frequency,
large amplitude signals which covered the latter part of the plots, as shown
in Figure 43. Post-test continuity checks of steel gages indicated open cir-
cuits, although visual confirmation was not possible. The failure may have
been due to gage distress or broken lead wires.

8.2 MEASURED BEAM CURVATURE

The strain gage data provided a measure of both the steel and concrete
response to the impulse load. However, to determine the flexural response it
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was necessary to estimate beam curvature at the mid- and quarterpoints by
assuming planes remain plane. From the measured strain values the curvatures

were calculated by:

(v - e.)
G
where
¢ = curvature, rad/in.;
€ = concrete strain, in/in, compressive strains positive;
. = steel strain, in/in; and

vertical distance between steel gage and concrete gage, in.,
where XG = 9.8 in. for No. 6 bars, and XG = 9,6 for No. 9 bars.

Calculated curvatures are shown for Test No. 11 in Figure 44, The cal-

culated quarterpoint curvature, ¢,, Was the average of the two quarterpoint

curvatures. Likewise, the center curvature, ¢o, js calculated from the aver-
age steel and concrete strains at the center station. However, strain gage
signals which were missing or appeared to malfunction were omitted from the

calculations.

The curvature-time history shown in Figure 44 is typical of the observed
flexural response. Curvatures are indicated prior to shock wave arrival,
probably the result of the electrical interference caused by detonation. The
average rate of change of the center curvature for the first 3 ms after shock
wave arrival was greater than that of the quarterpoint curvatures. The quar-
ter curvature reached and oscillated about a constant value with small ampli-
tude for about 12 ms. Finally, a discontinuity is noted in the center
curvature at 500 u/in., after which the curvature rate increased substantial-
ly. This is approximately the yield curvature predicted for the high strength
concrete beam by the IMPBC simulations, as shown in Figure B-4, Appendix B.

8.3 CORRELATION WITH CALCULATED IMPBC CURVATURE

Curvatures for a typical beam from Tests No. 10 and No. 12 are compared
with IMPBC results in Figure 45. Results for the high strength concrete beam
of Test No. 11 are shown in Figure 46. The computer simulations were run
with three impulse loads, 400, 500 and 600 psi-ms, to encompass the estimated
test impulses. Although values predicted by Goodman (Reference 1) were 648
and 610 psi-ms for Tests No. 10 and No. 12, respectively (Figure 32), mea-
sured values were lower. It is probable that the actual impulse is between
the two values. Curvatures which correspond to selected points on the ideal-
jzed material stress-strain curves are identified in the figures. These
curvatures designate transition points on the curve of moment variation with
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curvature, as shown in Figure B-4, Appendix B. These points are: (1) vfpy
corresponding to the steel strain at yield and the transition of the member
from elastic to plastic behavior; (2) ¢fpes corresponding to the maximum con-
crete stress, a discontinuity in the idealized concrete stress-strain curve
where the maximum concrete stress remains constant; and (3) ¢epce correspond-
ing to the estimated failure strain of the concrete.

Qualitative agreement is noted between test and simulation curvatures.
Although the test initial curvature rate of change, or slope, appeared to be
greater than the simulated curvature, both test and calculated center curva-
ture values indicate a change in slope near the estimated value for yield,
ofpy. The similarity of the curves shown in Figures 45 and 46 tends to sub-
stantiate the yield phenomenon assumed for the construction of the moment-
curvature variation, as well as adds confidence to measured strain values.

8.4 SUMMARY

Although gages mounted at the center of the beam were generally destroy-
ed very soon after shock wave arrival, the gages were reliable and gave rca-
sonable data until failure. The quarterpoint gages provided a continuous

record throughout the test.

General agreement was noted between measured curvature and results cal-
culated by computer program IMPBC. Similar characteristics were noted in the
simulated and measured curvature response as a function of time. Measured
data substantiated the simulated response. Although obvious failure was not
observed for any of the test members, IMPBC indicated the failure of the
typical beams would occur at an impulse between 600 and 700 psi-ms.
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SECTION IX
BEAM DAMAGE ASSESSMENT

The visual inspection which followed the blast tests provided a quali-
tative assessment of blast damage. For several tests, the damage appeared
slight to nonexistent. Therefore, it was necessary to develop a more pre-
cise evaluation of the damage caused by the impulse loading. The beams were
returned to the Oklahoma State University, Stillwater, for final inspection
and tests. The beams were loaded statically to failure and results of these
tests were presented in Section IV. In this section a method, similar to
one presented by Biggs (Reference 3), is proposed and evaluated for predict-
ing damage caused by impulse loads. Although the study is limited to typical
beams, it is proposed that the method may be extended to the other beams of
this program as well as other members, such as plate and slab structures.

9.1 FINAL STATIC TEST RESULTS

The data from the final static tests are summarized in Table IX. In
this chapter the properties of the danaged beams are presented as a function
of charge standoff distance and include residual plastic work capacity and
the ratio of measured to theoretical ultimate moment. These data are shown
in Figures 47 and 48. Also shown in the figures are the results obtained
from beam 13, which was not subjected to impulse loading prior to the static
test.

Although scatter is apparent in the data for residual plastic work,
shown in Figure 47, several trends are apparent. First, the beams with in-
creased reinforcing steel, the high strength beams, exhibit 1little residual
work capacity. Second is the relation between charge standoff distance and
residual work capacity: as the charge standoff distance decreases, residual
plastic work is decreased. Finally, the high strength concrete beams exhi-
bited the largest residual work capacity, although they had been subjected
to the greatest impulses.

Measured and theoretical moments are compared in Figure 48, It can be
noted that the change in the maximum moment with impulse is le.s significant
than the change noted in residual plastic work. Furthermore, the measured
ultimate moment of the undamaged typical beam, beam 11, is approximately
equal to the theoretical ultimate moment. The difference between the experi-
mental and theoretical strength may have resulted from end restraint produced
by test apparatus; if so, similar influences are probably involved in other
strengths shown.
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Figures 47 and 48 show effects of impulse loads on the reinforced con-
crete beams. The standoff distance of the pentolite charge was assumed to
be a quantitative measure of the level of impulse delivered to the beam.
The reduction of residual plastic work may be interpreted as a measure of
damaged caused by the blast loading. Although only limited data are avail-
able for high strength concrete and high steel ratio beams,a trend is
apparent for these memberc.

The static response of damaged and undamaged typical beams is compared
in Figure 29. Except for the reduced ductility of the damaged beams, the
two curves exhibit similar characteristics. Little difference is noted in
cither the ultimate moment or the initial slope of the curves. In this sec-
tion the damage due to the blast loading will be studied. Differences
between the static tests will be related to damage produced hy the kinetic

energy imparted to the beam during the impulse loading.

In Figure 49 the residual plastic work of damaged beams is compared with
the total work capacity of an undamaged member. Except for Test No. 6,
excellent agreement is noted between standoff distance and the plastic work
ratio. These data, along with the characteristics noted in Figure 29, will
be the basis for the damage criterion developed in the next section.

9.2 IMPULSE DAMAGE PHENOMENON

The effect of the high intensity impulse loading is to transfer energy
from the blast pressure wive to kinetic energy in the beam. Since the dura-
tion of the positive pressure is less than 2 ms, it may be assumed that the
transfer is instantaneous, imparting to the beam a lateral velocity which is
consistent with the support constraints. The kinetic energy related to the
initial velocity must be dissipated by plastic deformation of the beam or
stored in the beam as elastic strain energy. The static plastic work, or
toughness, will be used to determine the capacity of the beam to dissipate
kinetic energy. However, the moment due to static loading should approxi-
mate the shape of the dynamic bending moment. In the laboratory this was
accomplished by a trapezoidal moment distribution where the center 48 inches
of the beam was subjected to constant moment. The work related to this load-
ing was recorded and will be used to estimate beam impulse capacity.

9.3 PREDICTION OF IMPULSE DAMAGE

A correlation between residual plastic work and charge standoff distance
shown in Figure 49 for typical beams. As the charge standoff distance is
decreased, the residual plastic work decreases. The work was determined from
the laboratory resistance-displacement curves, shown in Figure 29. However,
these data inay be arranged as shown in Figure 50. Instead of a common ini-

tial point. failure is selected as the point common to both damaged and undam-
aged beam resistance-deflection curves. The proposed method for damage
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analysis is shown by this figure. The reinforced concrete member has a pre-

dictable capacity for plastic work. If a portion of this capacity is expend-
ed, the remaining capacity can be determined by a static test. The reduction
in work capacity may then be related to kinetic energy which had been

dissipated.

Thus, the primary assumption of this technique is that the kinetic gnergy
imparted to the beam by the impulse loading 1is transformed partially int
elastic strain energy stored in the beam and energy dissipated by plastic de-
formation. For these tests it was assumed that the beam initial velocity dis-
tribution is sinusoidal with a maximum center velocity Vmax'

_Ib '
Vmax = m (8)
where

I = impulse, psi-ms;

b = beam width, inches; and

m = beam mass per length, 1b-sec2/in2.

The total kinetic energy of the beam is given by

2,2

1%L
KE =~ (9)

where L is the length of the member.

It is assumed that the kinetic energy required to produce failure must
be greater than or equal to the total static work capacity of an undamaged
beam. For the beam of Figure 50 the total work capacity W is taken as the
area under the curve to 6, where a substantial drop in load capacity occurs:

1

W=R (v - 3) (10)

&
moy
where v is ductility, the ratio of the maximum deflection &y to the elastic

deflection 8y. The total work may also be related to the total plastic work
capacity of an undamaged beam, wp(un):

- 1/2
y = 1

W= wp(uo) (11)

Equating kinetic energy [Equation (9)] to the total work capacity [Equation
(11)], the minimum impulse required to produce failure in an undamaged beam
is,
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This is also the value of impulse predicted by Biggs (Reference 3).

If a resistance-deflection curve is available for an undamaged member,
it will be possible to estimate the impulse to which a beam was subjected.
The residual plastic work, W (D), as shown in Figure 50. This represents
the work capacity which was Rot expended by the blast loading. However, the
sum of the residual plastic work and the work requried to dissipate the

kinetic energy of the blast must be equal to or greater than the total static

work capacity of the beam. This may be represented mathematically as

KE + wp(n) S W (13)

where KE is the kinetic energy of the impulse loading. Substituting for ¥
and KE [Equations (9) and (11)],

1/2 ~W_(UD)(y - 1/2)
R b uy(0]'/? (1)

-1 " p

where | is an estimate of the minimum impulse to which the beam was subject-
ed.

For the test data of Table IX, it is possible to predict the mininum
impulse to which the typical beams were subjected by Equation (14). The
results are shown in Table XI, along with the predicted impulse of Goodman
(Reference 1). From undamaged beam data, it is estimated that an impulse of
at least 708 psi-ms would be required to produce failure. It should be
noted that there is agreement between this estimate and the calculated re-
sults of digital computer program IMPBC.

9.4 SUMMARY

Post-test visual inspection of the beams indicated moderate to slight
damage. However, the final static tests indicated significant losses in
plastic work capacity which were related to the dissipation of kinetic
energy.

A method for predicting damage based on work of Biggs (Reference 3) was
proposed. Although reliable measured values of impulse were unavailable,
excellent agreement was noted between impulse predicted by Goodman and
Equation (14). It is reasonable to assume that the method presented in this
report may be extended to other concrete members.
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TABLE X1. ESTIMATE OF TEST IMPULSE FROM

RESICUAL PLASTIC UORK AND
REFERENCE 1

Minimun Kinetic
Energy Imparted

Impulse 1 (psi-ms)

Test to Beam (kip-in)
No. Equation (13) Equation (14) Goodman®
1 18.9 460 375
2 16.8 434 410
3 27.5 555 520
5 28.0 560 560
6 19.5 468 560
10 32.3 602 650
12 31.2 595 620
Beam 13 44.6° 708

3 ron Figure 32.

bMaximum work available for kinetic energy.

Cstatic test beanm.
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SECTION X
3 SUMMARY AND RECOMMENDATIONS

These tests provided both qualitative and quantitative data of the
blast-respone phenomenon for reinforced concrete beams. The major results
are summarized and recommendations are proposed for additional studies.

Three general conclusions of this study are:

1. Although the threshold impulse for beam failure was not defined,
the impulse tests provided valuable information concerning the coupling of
the blast pressure wave with the beam.

2. The technique of statically testing the impulse-damaged beams was a
valuable method for obtaining quantitative assessment of beam damage.

q 3. Beams with high strength concrete exhibited the greatest resistance
| to damage due to impulse loading. On the other hand, the beams with a large
: steel ratio were the least resistant to impulse loading.

1 10.1 TEST EVALUATION

10.1.1 Test Equipment

The test beams were suitable for the test program. The beams were
neither model sized nor too large to handle in the laboratory or field. The
test fixture performed well during the blast tests. It sustained little
damage and would be available for future test prograns. A spherical pento-
lite charge suspended above the test specimen was effective in providing the
required impulse loads.

; The manner in which beams were supported should be improved if addition-

b al tests are performed. In this program sufficient accelerations were
imparted to the test to result in measurements which were a combination of
both reaction and inertial forces. It was also noted that in some tests,
longitudinal forces were being resisted by the support devices in spite of
precautions taken to eliminate such forces. From this study it seems prob-
able that an ideal support condition is not achievable in a blast environ-
ment and it suggests that in future work, simpler but well-instrumented end
conditions be provided.

Although pressure data were improved by changing pressure transducers,
additional work is required to investigate the response of transducers to
the very short duration, high pressure loading produced in these tests. The
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PCB transducers appeared to give consistent results, but because the mea-
sured imoulses found by integrating the pressure-time data were generally
less than those predicted by Goodman (Reference 1), the accuracy of these
measurements should be studied.

The accelerometer installation utilized for these tests did not prove
to be suitable. A zero shift, which was of the order of magnitude of the
data, was produced by large shock transients.

Data from strain gages attached to the test specimens were normally of
acceptable quality but of limited usefulness because of gage failure during
the early portion of response. It is recommended that in future work,
efforts be made to develop reliable transducers which can directly monitor
the deflection of beams.

10.1.3 Damage Assessment

An important development of this work was the assessment of damage from
a comparison of static resistance-deflection characteristics of damaged and
undamaged beams. The variations noted in these curves were attributed to
the impulse loading. It was found that: (1) for the range of standoff dis-
tances studied, there was not a large reduction in the ultimate moment
capacity of the damaged beams; (2) there appeared to be substantial reduc-
tions in the ductility of the damaged beams; and (3) of the parameters
studied, the residual plastic work, which includes items (1) and (2), exhi-
bited the greatest change with the standoff distance.

The beam damage assessment method was used to predict test impulse.
The impulse predicted by the damage criterion for the typical beams compared
favorably with Goodman (Reference 1). Similar evaluations could have been
made if undamaged samples of the other beam types had been available.

10.1.4 Comparison of Test Data With IMPBC Analysis

Results of program IMPBC were compared with experimental reactions and
curvatures. Excellent agreement was noted between calculated and measured
curvatures. Comparison of reactions must be qualified because of the vibra-
tion of the support mechanism. Measured reactions are a combination of beam
end forces and support mechanism inertial forces. However, the IMPBC results
are similar to the measured data when the effect of the change of impulse on
the change in reaction is considered. Finally, the agreement between IMPBC
and Biggs (Reference 3) for failure impulse should be noted.

It is concluded that the program becomes a versatile and valuable
analytical tool for investigating the impulse-response characteristics of
reinforced concrete beams. However, it is also recommended that the digital
computer program be extended to include:




1. A criterion to represent loss of material from the top layers of
concrete in the highest moment region, and account for the changed cross sec-
tion by revising the moment-curvature curves at the affected nodes.

2. Automatic evaluation of strain rate effects within the program.

3. Damage assessment criterion developed in this work.

10.1.5 Beam Performance

Beam damage was evaluated on the basis of visual observations and static
load tests to failure. On the basis of visual observations, the high
strength steel beam appeared to sustain the most damage; however, the static
tests showed the large steel area beams to have the least residual energy
capacity. The high strength concrete beams appeared to have the greatest
blast resistance on the basis of both visual observation and residual static
capacity.

10.2 RECOMMENDATIONS FOR ADDITIONAL STUDIES

Limited studies should be performed to evaluate the damage criterion
presented in this report for other structural members. The program should
include static testing of undamaged members, to predict failure impulse,
followed by blast tests. It is further recommended that the existing test
fixture be utilized for these tests.

The members which should be investigated are:

1. Tee and double-tee beams, with attention to web shear failure and
shear transfer from flange to web in high moment regions;

2. Composite beams, with attention to shear transfer from the concrete
to the steel portion of the member;

3. Prismatic beams with compression reinforcement; and

4. Prestressed concrete bheams.
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APPENDLIX A
IMPULSE TEST DATA

A1l recorded test data are presented in this appendix. The following
data are copies of plotted data provided by the Eglin AFB Computer Sciences
Laboratory. The data are presented as recorded, and although it is recog-
nized that much of the data shown in this section did not prove to be suit-
able for the analysis of the phenomenon under investigation, it was all
utilized for the analysis of the beam response.

As many as 23 channels of pressure, load, strain, and accelerometer data
were recorded during the impulse tests. These data were recorded as analog
signals and later converted to discrete digital data. The data are available
in three forms: (1) computer printout listings; (2) computer-generated plots;
and (3) computer data tapes. The location and channel notations of the vari-
ous instruments are shown schematically in Figure A-1. The figure is a top
view of the beam and its two support mechanisms. It shows locations of:

(1) the load cells; (2) accelerometers on the bottom surfaces of the beam and
beam support axles; (3) steel strain gages; (4) concrete strain gages: and
(5) pressure transducers at three locations on the top surface of the test
fixture and at one location within the test frame cavity.

The data are stored on three tapes with the Oklahoma State University
Computer Center, Serial Nos. T6528, T9090, and 16530 with 114, 180, and 10
files, respectively. The tapes are nine track, 1600 bpi in IBM 360 format.

The plotted data ave presented in Figures A-2 through A-12. These ave
copies of figures which were produced by the Eglin AFB Computer Sciences
Laboratory.
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APPENDIX B

DESCRIPTION OF DYNAMIC MATERIAL PROPERTIES .
FOR IMPBC ANALYSIS |

The discussion in this appendix pertains to the descriptions of material
properties required as data for the computer simulation of impulse loaded
beams. The digital computer program IMPBC was used for the analysis. Fur-
ther details of the numerical method and the computer program are available
in Reference 2.

B.1 STEEL DYNAMIC STRESS-STRAIN CURVE

The dynamic stress-strain curve for the reinforcing steel was developed
utilizing data from Manjoine (Reference 4). The dynamic yield stress, fDy
was estimated utilizing the dynamic yield ratio, fpy/fy from Figure 3 and
the strain rate of 2.01/sec. This value was observed during test No. 12,
and gave fp,/fy = 1.55. The dynamic stress-strain curves for 40- and 60-
grade stee?g uzed in the computer simulation are shown in Figure B-1.

R.2 CONCRETE DYNAMIC STRESS-STRAIN CURVE

The concrete stress-strain curve was developed from static strength
characteristics and a method proposed by Gupchup (Reference 31). The develop-
ment of the concrete dynamic stress-strain curve is illustrated in Figure B-2.
Both the ultimate strength and corresponding strain are increased by o, a
strain rate dependent quantity. The ctatic stress-strain curve, fc, is in-
creased to pass through fhc and (pc. To account for flexural effects, the
curve fpc is reduced by 0.85 to yield frpe» the dynamic flexural stress-strain
curve for concrete.

Also shown in Figure B-2 is the shape of the stress-strain idealization
used for computer simulation of the impulse-response phenomenon. In Figure
B-3 the dynamic concrete stress-strain curves for both typical and high
strength concrete are presented. These curves were constructed from averaged
ultimate stress data of Table V, and an amplification factor «, from Figure 4.
For a strain rate of 0.43/sec, o = 1.46. This strain rate was observed at
the center of the test specimen during test No. 12.

B.3 MOMENT-CURVATURE CHARACTERISTICS
Beam dynamic flexural properties are shown in Figure B-4. These curves

were developed from stress-strain data of Figures B-1 and B-3. The symbols
on the curves define
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sf . = the curvature related to onset of steel yield;

Dy

;ch the curvature producing ultimate concrete stress in the top
fiber; and

the curvature which produced failure strain in the concrete.

*epe

Several important features of these curves have been discussed in Sec-
tions VII and VIII. First, the calculated flexural stiffness, EI, compares
very favorably with measured values, Table VI. The measured flexural stiff-
ness for typical beams, beams with high strength concrete, and high strength
steel varies from 1.32 X 109 to 1.53 x 109 1b-in . An exception is beam 13
with an average flexural stiffness of 1.17 x 109 1b-in . In Figure B-4
little difference is noted between the flexural stiffness of these members,
which have an average EI of 1.55 x 109 1b-in . This difference was antici-
pated and is due to the adjustment of concrete material properties to reflect
increased strain rate. Furthermore, the calculated ultimate moment capacity
of the typical beam is 625 kip-in. compared with a measured ultimate moment
of 462 kip-in. for beam 13. The 35 percent increase in the calculated over-
measured strength was anticipated due to increased strength of the concrete
and stee! for strain rate effects.
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