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This report is the result of - experi^ntal and analytical study^of 

reinforced concrete ^J^^^1^^!^!'Oklahoma, from January 
ducted by the Oklahoma State University. bfl'^.73:c.0066, with the 
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SECTION 1 

INTRODUCTION 

The developn.nt of analytical^t^ 
plex structures has been enhanced by the ^^^"J^ermination of struc 
weapon placement was uncertain. ^ "^^^^^"tified when one consid- 
tural survivability to a single ^P^35^ Jphisticated weaponry, not 
ered possible weapon placement j|^

e^' ^ment may be accurately speci- 
only the size of the weapon but a so tsJ^^^by the weapon will be 
fled. Furthermore, it is ^^^.^LlTcrLSSt Spical of chelnical explo- 
due to high pressure over a small time increment, typi" 

si on. 
the response of 

characteristic 
ng as compared 

the nuclear 
on the other 
a single criti- 

chemical explo- 
structural 

This study is 
damage to rein- 

In recent years considerable data has been developed on 
c^pll^rrtu es to nuclear blast lea   n9        significant^ 

forced concrete beams. 
t   .k^nfw nf A structure subjected to chemical ex- 

To evaluate the survivabi    ty 0J %s^c
v^iiity of the structural 

XZZ^'XZvt rJT^Xo"^ detected „ear a „rder or 
column in the structure. 

To develop data of the P^non   the "a^ead Effectiveness Banch^ 

re^U^a^nSrt Ä^t^^ - develop 
survivability data for reinforced concrete beams. 

1.1    OBJECTIVES 
c^iar tn those found in conventional office 

- — — ■——'■ --—■ iliilliiiiili^lfiii'tiaiil'iMiiriiiiiiiiii 1   i 
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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 3S-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 Eglin 
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 througti 
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
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.    »   i ► „  iMPur rHpfpr»»nce 2). a prourdin devoted to the non- 

loading. 

1.3    PROGRAM RLSULTS 

„, gwer... the d.t. aeve^oped by these tests were ^/°^h the 

evaluation of computer program 1MPBC and the J«''""1"" VT ,    „.„„(red in this 

ence 1). 

Laboratory static tests JoUowins the impulse tests provtd«! "f™^ 
estimate danage.    The method for «'»"»f.f ""!*"* the Impulse to produce 
üftrrrÄ ?; B

t^
ssti:?cfer^csetir:rkii

cphacrt5 rthe ^5r. 

'" '^/T^f- "e^h^t-Is^ ^?S*Ä.,no? tlX^iestTu a 
complete analysis for each test is not 9^"°^.     thi    work<    The test data 

rr^ai^re zt ^r-XM-ThÄ.^. P-P.«- b, the 
Eglin AFB Computer Sciences Laboratory. 

Of the beams tested, the one fabricated w^<f ^-^sÄ tu" 
tained the least damaqe and the ?"•«'" the greawwi ^^^^ 
beam with increased tensile steel .suffered the grejtestd™ 9 ,     ,„ 

?ü5Thd5tr5; ^b-r^aJTJs^rbtgn^n^coifrete J «dest guantities 
of ductile steel  reinforcement. 

■ - —  ■*- 
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SECTION  II 

PREVIOUS STUDIES OF  IMPULSE LOADED 
REINFORCED CONCRETE BEAMS 

The response of impulse loaded reinforced concrete beams is a function 
of several  variables, among which are the strain rate, the material  proper- 
?ies    and the cross action geometry.    Under impulse loading, portions of a 
^mber exoertence high rates of change of curvature, which produce h gh 
^rain rates fn the steel  and concrete.    The net effect of high strain rates 

to increase the strength and toughness of steel and the strength and 
crushing sfrain of concrete. These properties lead to mcreased member 
strength and ductility. 

A number of studies of rapidly-loaded reinforced concrete beams with 
both fu   ' and Ldel-sUed specimens have been sported     Alt ougoaswer-. 
annlied mechanically, more recent studies have used explosives.    The ntera 
tSfHit^ herein provides some information on both material and member be- 
havior under rapid loading. 

2.1    EFFECTS OF STRAIN RATE ON THE PROPERTIES OF STEEL 

The strain rates discussed in the literature are based on average rates. 
Manjolne   Reference 4) investigated the effect of large strain fjtes on m Id 
steel  at temperatures varying from room temperature to 600.C'    ™® sJr*" 
strain curvs from room temperature exoeriments are given in Figure 1  for 
stra n rates which vary from 9.5 x 10"* to 300 per second.    It was cone uded 
ntMs study t at Increased strain rates cause the lower yield point, the 

vield strain    the strain at which strain hardening began, and the ultimate 
s rengt    ti increa e     The influence of strain rate on significant parameters 
are summarized  in Figure 2 as a function of strain rate.    The steel  used in 
that study was a low-carbon, open-hearth, mild steel, not a reinforcing 

steel. 

The dynamic yield stress ratio,  fDy/fy,  is presented in two studies 
(References 5 and 6).    These ratios areysh6wn in Figure 3 as a function of 
Jrai^rate.    A so shown in Figure 3 is a mathematical model of the re at ion 

between strain rate and dynamic yield stress ratio given by Perrone (Refer- 

ence 7): 

Vfy -  1  +  (c/D) 
1/n (1) 

where n and D are material dependent constants and e is the strain rate. 
For mild steel these values are D = 40.4 per second and n = 5. 
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AVERAGE RATE OF STRAIN PER SEC

Figure 2. Influence of Strain Rate on Mild Steel Tensile 
Properties (From Reference 4)
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Figure 3. Influence of Strain Rate on Stress
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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. Watstem (Reference 8) 
tested 3-inch by 6-inch cylinders of 2000 and 6b00 psi concrete at strain 
rates which varied from 10-6 to 10 per second. In Figure 4 the ulUmate 
dynamic strength of the specimens, ffc«-, is compared with the static strength, 
f'  The area under the dynamic stress-strain curves was integrated to yield 
wSrk performed on the specimen per unit volume. These data are P^sented in 
Figure 5 as the ratio of the work under dynamic loading, WD' ^ *orkTu-r

r 

static loading, Wc, as a function of dynamic stress ratio. fDc/fr- 'his 
work function migSf be used to develop dynamic concrete stress-strain curves 
from static test data. 

Allgood and Swihart (Reference 6) presented results of tests performer! 
at the Naval Civil Engineering Laboratory. The test specimens were noted as 
beinq 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 Watstem are shown 
in Figure 6 as a function of stress rate. 

Atchley and Furr (Reference 9) tested 6-inch by 12-inch cylinders which 
we^e 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 
Figure 6. However, this may be due to the difference in the ages of the con- 
crete specimens and the curing histories. Watstein reported an increase for 
the modulus of elasticity with strain rate; however. Atchley and Furr found 
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 transient 
loads on the modulus of rupture. They reported increases in the modulus of 
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. 

2.3 RESEARCH ON REINFORCED CONCRETE BEAMS 
SUBJECTED TO HIGH LOAD RATES 

Over the years a number of studies (e.g.. References 10 and 13 through 
29) have been performed to determine the performance of reinforced concrete 
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Figure 5. Relation Between Strain Energy Capacity 
and Concrete Strength Ratio (From Reference 8) 
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eloments under rapid loading.    Although the tests often inv»lv^in9e^o^ 
,     Ital techniques, deficiencies in ^^^Jj   ^t^th?    D ojr m de" 

tails  limit the value of the results from these efforts to this program. 

2.4    DISCUSSION 

From 
havior of 
presented 
strain ra 
crushinq 
creases i 
tress. F 
conscquen 
relative 
tural gra 
verified 

the available literature, a number of factors relative to the be- 
roinfo   ed   onirete members subjected to Impulse loading have been 

.Both concrete and reinforcing steel are influenced by   arge 
tes      For concrete, the effect is for the stress and strain at 
to    ncrease with strain rate.    This would cause corresponding In- 
n the curvatures at which a beam segment experiences concrete dis- 
Sr steelTarge strain rates cause the yield stress to   ncrease and 
t v    the yield moment, Mv.    The increase In dynamic y eld stress 
to the static vie d stress is larger for the intermediate and struc- 
do      eels thar/for the high strength steels.    These properties were 
by tests of the materials and reinforced concrete beams. 

Material  properties are presented as a function of average strain rates. 
There w     no'd?scSssion of possible effects of variable strain   ates    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. 

only minimal damage would occur, data wou d be ^.^"^Xr ha!d    if the 
specimen would not be useful for further tests.    On the J^'EfJ* J/ ™e 

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 ^re fabricated to be as iden- 
fi.,.1  as Dossible; these specimens were to permit several tests to be per 
™d"n5eSr Incre.s'Tn   4u1so.    Sever.! other W«;s were f. rlc.tedj   h 

nrtAin nrooerties significantly different than the typical beams, nowever, 
^"«peXs o? .11 In» «e« chosen to be within the scope of .ctu.1 
construction practice. 

13 

^V^UL.: ■--•■■         --. ■-.■•■...—r-.r--. —- •. ■ ^iiiiiiiiirr-tfllliMI "—-" ^—- 



■«■■" ■"""•• i fmmmmmm^^ifmmmmmimvwv^m mm wm7**mm^jp 

SECTION III 

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 o^ strain gages 
and accelerometers were installed at qu^rterpoints. 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-incM depression for protection from mechanical damage. Figure 10 shows a 
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TABLE I. BEAM CONFIGURATION SCHEDULE 

Beam Type 

Nominal Desi gn Parameters 

Beam 
Numbers 

f 

(ksi) 

fy 
(ksi) (in2) 

Rein- 
forcing 
Ratio 

Shear 
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 
Numbers 

Bar 
Size 

f 
y 

(ksi) 

fult 
(ksi) 

Percent 
Elongation 

1.2.6-13 No. 6 51.95 82.85 22.15 

5 No. 6 62.50 100.00 
_a 

3.4 No. 9 50.50 81.80 24.00 

aData not obtained. 
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side view of a beatn-quarterpoint station and illustrates the placement of 
the concrete strain gage and its connecting lead wire. The cross section 
shows 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 MATtRIAL DESCRIPTION 

Properties of the steel, fine aggregate, coarse aggregate, cement and 
concrete, are presented in this section. Static tensile test results for 
tte reinforcing bars are given in Table II. The coarse aggregate was 3/4 
nch crushed limestone from the Quapaw Quarry. Drumright. Jk ahoma. T e fine 
aggregate was Cimmaron River sand from the Dolese Quarry Guthne, Oklahoma. 
Type I Portland cement was manufactured by the Dewey Division of Martin- 
Marietta. The aggregate properties are given in Tables III 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 "^ * W^"^ 
strength of 3000 psi. the average strain. cA. from four samples wa 0^. 
while a sample of concrete with a compressive 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 
Casting and curing beams and control cylinders 
Application of the strain gages to the surface of the beams. si 

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 lifts; each nn was 
from a separate batch. A portion of each batch was cast into control cylin- 
ders- four 6xl2-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 ^om the forms and 
set aside to moist cure under wet burlap and plastic for an additional 6 days. 

20 ir 
m 
Min 

■^;.;.... "-^Z^~^^^^^^ 



STAGE

A)

/
^6 OR DEFORMED BAR
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Figure 11. Typical Strain Gage Installation on Reinforcing Steel
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TABLE III. GRADATION OF FINE AGGREGATE 

Sieve 
Size 

Numbers 
Percent 

Retained 

Cumulative 
Percent 

Retained 

4 1 1 
8 4 4 

16 12 16 
30 30 46 
50 40 86 

100 12 98 

Fineness modulus = 2.51. 

Specific gravity (bulk-SSD) = 2.61. 

Absorption capacity ■ 0.46 percent. 
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TABLE IV. GRADATION OF COARSE AGGREGATE 

Sieve 
Size 

(inches) 

i 

3 
5 

Percent 
Retained 

0 

5 

40 

35 

Cumulative 
Percent 
Retained 

0 

5 

45 

80 

3 
8 

n 91 

4 5 95 

Fineness modulus ■ 7.31. 

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 ZB 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 Oklahoma 
State University. Stillwater, Oklahoma, and were designed ^ check instru- 
ment performance. The second phase was conducted at Eglin AFB, Florida, 
from May through September 1974. where the impulse tests f'%P^™ed 
Finally, the beams were returned to Stillwater. 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. Synmetrical static loads were applied to produce constant 
moment in the center 48.inch span of the beam. Steel and concrete straps, 
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 vipulse loads so 
its stiffness would be similar to that of a beam with a prior service load 

hiSt0(2) To deternine flexural stiffness of the beam in the constant moment 

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

The beams were cyclically loaded, from one to three cycles, w^h pro- 
gressively larger maximum loads, as shown in Figure 13. In ea5h cycle .ne 
load was increased to a peak value and then gradually decreased to zero. 
e^mi: load'was equSl to or slightly larger than half the t eoretica 

ultimate load. Following the preliminary load cycling, a load which was 40 
percent of the theoretical ultimate was applied. The data ^om this ast 
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. 
*c. at the maximum load of each loading cycle. These were compared with the 
Ksured curvature. ^ as shown in Figure 14  J^^i^^ntf 
from strains tended to be less than those found by displacements. 
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Figure 12. Beam Installed in Laboratory Test Fixture for 
Preliminary Static Load Tests
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Figure 13.    Typical Moment-Curvature Plot 
From Preliminary Static Load Tests 
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TABLE VI. MEASURED FLEXURAL STIFFNESS 

Beam 
Numbers 

Measured Stiffness 
(lb-in2) 

1 1.32 x 109 

2 1.34 x 109 

3 2.06 x 109 

4 1.91 x 109 

5 1.50 x 109 

6 1.38 x 109 

7 1.36 x 109 

8 1.40 x 109 

9 1.53 x 109 

10 1.36 x 109 

11 1.17 x 109 

12 1.44 x 109 

13 1.44 x 109 
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4,2 IMPULSE TESTS 

The test be.™ and the support equipment «ere shipped t° E^t" A™. 
F1„rida following the P^minery St. 1c load tests. TH^tes ^^ 

irS^nd^'lAMW.^D.« oebSt"ned in these tests were documented 

by Reichstetter (Reference 29). 

4.2.1 Test Facilities 

stretched between a paTr f 30"^ S^ure  The charge standoff distance 
charge above the center of the test J^ture. ^^ c^ntation lead.wires 
was adjusted by a winch attached to one pole. ^Jr^;;^ntation bunker 
were buried in a shallow trench leading to an ^ J^^ uipment for the 
about 200 feet away  This bunker ho!i!"daJ^ /^eler an3 pJe ?ure transducer 

^nÄ8^ ^ ?he —1 bUnker- 
.?1.2   Test Fixture.    The test bea.s were jnf ailed in a ^ssive in- 

strutted test fixture ^ichrefed;na3-o -thick concrete^sl ^ ^ 

test fixture was designed s° ^^ °n^x^e
t0Phown in Figure 16. was con- 

loaded by the shock wave.    The ^J.^^^^^Jbeam. the instrumentation, 
structed for the purpose °f P™^"^*^ fbaU slab with key-ways 
and the beam support ^s^:      ^0 S I ^s    portmechanism was positioned 

^v^r IS-roSdteils^asTh^nT^ ^-ere   The 
?irredbirckrwebrrefart^e5\rCe1a0cheotthheerbrn3 ^t^bfs^lab by horizontal 
and vertical tic rods. 

Steel  plates were placed on top of the figure flush with the top^ur- 
face of the beam as shown in/ 9"/e 18.    J small gap was let ^ mo_ 
niate and the beam to prevent the plate trom inte;T^'"y " 
tion     This gap was sekled with a light gage steel  sheet. 

The top plate incorporated machined receptacles to J0^ the pressure^^ 

transducer mounts    as shown Jj/^J^J^^^p? te'   The transducer 
sure transducers flush with the top surface or tne p. ^ one 
lead wires passed through conduits in the sideraiis 
key-way to shield them from blast effects. 
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bunker. 

SlrJnt1». «^»"'TMIII™ ?s des1gn.ted T. In the reduced d,t. shown 
in Appendix A. 

A 9 i A   n-ita AcQulsitlon.    During a test, data were obtained from six 

4.2.2   Test Procedures 
Each ^uue test w.s conducted in three Steges:   (1)_be»n Ijjtell.t^ 

and instniment calibration; (2) ^"J".*«^- 'Jf „iifed to the beam to pro- 

^rs-tnr,^^^^^«^^^ ^^y^^c^pnr.nd recording 
SqSl^nTnt and the calibration repeated and data recorded. 

The charge «as positioned et ^XT^ÄJÄt^lJlft 
over the center of the test be». Jhe charge was secu        s the      ,„. 
with lines connecting Its harness to the tesc nxcur«. I-I-J»'.^ photo- 

slon the test speclnjen J" «»S1"^^!   S»'1""'' ™«"rS«nts of 

fa^Äi iivnr -.?Ärr.Ä5*rÄrph;d m 
greater detail. 

State University for analysis. 
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acconmodate these peak accelerations caused the much smaller, free vibration 
Sections 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 
redi?e this Noblem, on the fifth test a thin gasket was placed underneath a 
quarterpo nt accele^ometer and the calibration on that channel was changed 
from lo!ooO g's to 1000 g's.    The calibration level  change improved the 
sional-to-noise characteristics of data.    However, the magnUude of peak 

e'ee er tiöns was still sufficient to produce zero ^ifts In the ou put o 
transducer which could not be eliminated ^/he accelerometer ^a     After 
fhn fi^t tP?t axle oins were found to be bent and a second set or axies web 
fabrlMtedusi;? higher strength steel.    By the time of the third test mod!- 
m5 axles, with acceleromete'rs attached to monitor the motion of the support 
mechanism, were in use. 

After the first four tests a different style of P^ssure transducer was 
utilized in an effort to obtain more reliable pressure-time data.    The test 
cJnf gSralion was further modified by burying the ^st fixture so that     e 
tSp surface of the beam, the test frame, and the ground leve   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   mpacted with the test frame during the test, even though the 
Jteel Dlates had been initially placed at least 0.2 inch away from the beam 
t was felt that high   ateral  soil pressure might be causing displacements of 

[he ^derails during the blast.    For this reason a pair of J-inch by 6-inch 
pSsts were placed at the bottom of the cavity to brace the two si derails 
against such motion. 

Prior to Te-t No.  7 one load cell was found to be inoperable.    A re- 
place^nt coSld not S; 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 numbers, 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 FlgureJ'- 

e e cracks we're clean, straight tensile ^ctures on the top   u face and 
anoeared to have resulted from beam rebound.    Longitudinal hairline cracks 
we?e 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 crack 
appeared to be the beginning of spalling of the top layer     I"   ffnc 

ests' 
with smaller charge standoff distances, the top layer {1/2 to 3/4 inch 
thickl exhibited crushing damage 6 to 8 inches on either side ot the center- 
line     !n Figure 22 the extent of damage indicates a massive spalling was 
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eminent. For still smaller standoff distances the concrete was crushed n a 
wedSe-shaped zone about 2 inches long and 1/2 to 3/4 inch deep as shown in 
FiaSe 23 For the smallest standoff distances, the crushed zone was about 
5 inches long and 1 to Us inches deep. This crushing behavior did not occur 
tn beams with high strength concrete, as can be seen, for example, in igure 
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 ™re 
damage than'other test specimens.    Figure 25 shows this beam immediate y   fter 
testing and prior to removal  from the test fixture.    Figure 26 shows the same 
heam after removal  from the test fixture.    Furthermore, the beams with a 
Mgher reinfo^Ing 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   he beams were removed from the fixture.   .Figure 27 i^strat" typ cal 
rrackina in the center section.    The crack spacing was on the order of 6 to 8 
incSe   9 The maximum crack widths occurred in the center section     The sma 1- 
est durable 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 
«littino cracks at the level of the reinforcing steel, as shown in Figure 28. 

Po   be mS these cracks extended 12 to 18 inches on either side of the center- 
?ne     Splitting of this type is frequently associated with bond fai  ure 

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

4.3    DAMAGE ASSESSMENT TESTS 

Although the impulse loadings caused significant crushing «^ Permanent 
disolacements in some beams, visual inspections could not define the extent 
of theTmage-    To quantify the damage and to relate it to deivered impulse. 
?he beams wire returned to Oklahoma State University for further testing. 

The test configuration for the final  load tests was ^entical to the 
nreliminarv static tests.    Loads were applied as shown in Figure 12 and both 
loailnS displacements were recorded on an X-Y recorder.    The test Procedure 
was to load a beam progressively to failure.    Yielding was considered to have 
occurredTn the relnfcTrcement when load-displacement plots ceased   o be line- 
ar.    The ultimate moment. M(,. was the largest measured moment,    failure was 
defined as a sudden, large Yoss of capacity due to the crush ng of a s gnifi- 
cant zone of concrete on the top surface of the beam.    Additional d .place 
Lnts were imposed and progressive failure continued until  the resistance of 
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the bea. was reduced to about 50 percent of the ^^ J°«d. ^ji^ed 

undaiwged beams are attributed to the Impulse loading. 

dur ng these tests.    Sma 1, ^[^.f^Vm the manual recording of. data 
^rrcci'onänrcoIncISeS'wfthlSi^latlurel In the compression zone of the 
beam. 

Parameters used to «v«^. the effects of «^^^«"^rrnd'Mst 
Ä 1'ri ^r^TntllZr^tfuu o? the im/ulse load on the 
damaged sustained by the beams. 

T« ."-titles which -y^e rented to ^V-^^^il^h^Utli 
fe^n;:tAV^:ur>riipd£ he ??ams to undergo plast^^ 

deflection curve between 6y and 6max. 
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SECTION V 

PRESSURE MEASUREMENTS 

The pressure to which the test specimens were subjected was ^ured by 
oressure transducers attached to the test frame at three points. These oatc 
SereTtegrStld to determine the impulse of the blast wave and both presure 
and impulse were compared with predicted values from Goodman (Reference 1). 
Although measures were taken to isolate the transducers from the frame vibra- 
t on the in tia stjle of transducer was not well suited to the blast envi- 
Änt and was replaced after Test No. 5. Results from the final seven 
test! indicate greater reliability for the pressure measurement. 

5.1 DISCUSSION OF PRESSURE DATA 

The oressure data were processed by standard data reduction techniques 
of the fglin AFB Computer Sciences Laboratory Jhepostlve portion of the 
nrp^ure was integrated to determine the blast impulse and these results are 
suSized n Table X  Pressure-time signals from the fourth test are shown 
inTiaire 30  The signals contain a significant high frequency component 
n addition after the passage of the pressure wave.the output of the pres- 

Aithouah this zero shift was negative for Test No. 4, for otner tests pob« 
iJe 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 h?3hf45uency 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 nit penetrated on Test No. 4. it was on other tests 
^3 9peak internal pressures on the order of 80 to 120 psi were recorded. 

5.2 CALCULATED IMPULSE 

The pressure-time data 
reduction to calculate the 
for each pressure transduce 
data plots of Appendix A. 
pressures over the total ti 
signal corresponding to pos 
the transducer or noise was 
ficant errors in the calcul 
Table X. 

To calculate a more accurate estimate of impulse, a review of P^ssure- 
time curves indicated an average duration of the positive pressure to be 

were numerically integrated at the time of data 
impulse of the explosion. The calculated impulse 
r is recorded along with the peak pressure on the 
The numerical method integrated only positive 
me span (15 ms) of the plot. Consequently, any 
itive pressure arising from either zero shift of 
integrated and caused, in several tests, sigm- 

ated impulse. This impulse is recorded as I in 

S 
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Figure 30.    Plots of Typical Pressure Data From Test No. 4 
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impulse at 1.25 ms is ^corded »si in Table x. 
will refer to the value related to 1.Z5 ms. 

5 3    CORRELATION WITH PREDICTED VALUES 

Pea. pressures and calculated impulse are shown as a funaio^of^tand. 
off distance in Figures 31 and 32     Also shown °n ^     ^ i      lse at L25 
predicted by Goodman (Reference 1).    Jote that the «»cui ^ accepted 

ms is always less than the P^edl^Jal"e:r '""e and impulse.    In later 
as qualitative, and not P^se values °J.P^r^d

ur;7accurately. will be 

^rroVrreArA^^^ *< ^ chemical eXPl0- 
sion. 
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SECTION VI 

ACCELERATION MEASUREMENTS 

Thi> VPrtical motion of the beams was measured by accelerometers.    How- 

actual beam acce.eration.   .F"r^«"Jor^,^2e?o baseline of the instrument. 

"»SIS SS Sä-ääS äHC'- 
uleS 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-displaclment characte'risties by double integration   te lack 
of success encountered in this program is not atypical.    The acceleration 
Lalure^ntfare included in Appendix A to provide the reader a means to 
evaluate the data. 

6.1    DISCUSSION OF DATA 

The resoonse of a typical digitized accelerometer signal  is shown in 
FWI 33     While ?he magnitude of the measured high frequency acceleration 
wlf sianifleant y reduced by inserting damping material between the beam and 
was signiTn-diiLiy 'cuuu "."J.   .f.a1  ^rrplpration was an order of magnitude 

o? the dat       T     sMfl of th   instrument zero baselfne «as the order of mag- 
SltSde o? the acceleration experienced by the beam in free vibration, 

6.2    DATA ANALYSIS 

Q«Uora1 methods were employed to integrate digitized accelerometer re- 
cords for time Mstories of Selocity and d?splacement.    Although none of the 
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n 

; 

methods studied gave reasonable values of velocity and displacement for all 
tests, a method which assumed a constant shift of the zero baseline gave 
values of velocity and deflection which were the order of magnitude of the 
anticipated beam response for several tests. Shown in Figures 35 and 36 are 
integrated velocities and displacements for the accelerometer record shown 
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- 
tained by further study. First, the large magnitude, high frequency signals 
produced a baseline shift which may be variable with time. While this pheno- 
menon might be approximated by acceptable data reduction techniques, the 
digitizing rate may limit the accuracy of the data. A digitizing rate of 
12.5 microseconds which was used in the program may be too large Jor.^/ecu- 
rate representation of the acceleration signal. It should be emphasized that 
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, 

i 
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SECTION VII 

REACTION MEASUREMENTS 

ostentation was provided for -^0" --^ ^sup- 
ply more complete documentation of the phenomenog v wpQC^ 
specimens.    Based on ^actions predicted by compute   P   a   ^ a   each 

of three load cells ^^"^r^^e.e placed between the reinforced 
end of the specimen.    These load "11* »^ P^J e centroid of th    load 

raU^r^redtnrathlSe ^^100 of the beam with the reacnon 
device. 

An objective of this P-J-^ 
verification of computer program 1MPBC. and the r ^ flex1b1 ^ of the 
tion of time, are calculated by ^ P^9^lled by IMPBC and contributed to a beam end support structure could not ^modeled by       ^ ^^ mot on of 

difference between ^«"^^^'^jl^es which were sensed by the load the support structure produced inertja forces w ^ ^ determ ne the 

7 1    DISCUSSION OF DATA 

The load «U «.SU«»«« d^^^toSSlI^tÄ^ndTorrer 
surwent of the beam end f"""'    I" *   " bratlon of the load reaction 
^ÄlUÄtn ?CoC4lrwM?hr:ereV;buperposed on bea. end forces. 

AUhoogh the ™X,Z end «action w.Sest1S.t.dto_beF^^^^^^^ 

pounds, measured «"t'0"^^'^^ cell exhibited permanent strains whnch 
\Z%& Uwl? t^^iei'to l^ds^hlc'h exceeded 15.000 pounds. 

To Illustrate reaction "»«"r?»"^ "'ffliau«^8 ?ht «mblSed'out- 
The response of »typical loa   ce     is shown   n F   urej?.^ ^ ^   The 

SiÄfttcr^hliit'edt ?i9
fure sfU typical for all tests. 

Additional analysis «as perfo^ed In order to «»Ine ^or^f^he^ 

^"uleiT^SnT^JlAnSTy^^ail^n; the support structure 
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as simple bars, beams, and plates. While some of the "Iculated frequencies 
compared favorably with measured frequencies, it was not P;»1^«^™* 
values of flexibility used in the model or represent the ^ry high frequency 
response noted in the measured data. A Physical test ^^^P^?6/^^ 
of the load reaction system was performed by striking the beam with a sledge 
S n^r ITr a support/ The output of the three load eels was £«" f s 

0
own 

a^pss the transmissibility of the system. The result of this test is snown 
in figure 39 TheSeriod of vibration noted in this figure is also shown in 

Figure 37. 

7.2 CALCULATED REACTIONS--IMPBC 

In this section the results from digital computer Pr°9™ ^^f- 
pnee 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 P^dicted by IMPBC 
for the material properties presented and discussed in Appendix B. Studies 
were perfor^d fo? bbth typical beams and high strength concrete becjms. These 
resultrire shown in Figures 40 and 41 as functions of applied impulse. Note 
Sat for an impulsl of "/OO psi-ms. failure was indicated or the typ ca be J. 
The response of the high strength concrete beam, S5W" l"/i2"^J\J

nl!c!le 
ar 

to that of the typical beam. Furthermore, the "Iculated results indicate 
small changes in response for large changes in the applied tnpulse. A 50 per 
ceJt inerte in ^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 belms to monitor strains of the concrete and reinforcing stee dur- 
?nq the impulse test. Strain data from the third test are shown to llus- 
rate typical characteristics of the data. The method ^r the calculation 

of curvatures from measured strains is presented along wUh data from Test 
No 11 to illustrate the curvature characteristics, ^neral agreement was 
found be?ween curvatures from Tests No. 10. No. 11. and No 12 and with those 
calculated from the IMPBC simulations. A variety of experimental problems 
associated bj 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 P^56"160 .in^^^es 
42 andVto Illustrate typical test data. These figures Reproductions of 

comouter plots produced by the Computer Sciences Laboratory of Eglin AFB. 
iSf da  The identification of data channels is ^^^[l^^nnu 

ADoendix A  The steel gage data channels were calibrated to 7500 w In/in, 
s'verattes the expected yield strain while the concrete ^e data c annels 
were calibrated to 3000 u  In/In. the order of the J^nltude of the static 
crushinq strain. Since the concrete gages were located between the elastic 
nputrll axis and the top surface, the measured concrete strains were approxi- 
mate^ 50 percent o? the top  surface strain, provided simple beam theory is 
applicable. 

Throughout the test series, continuous data records were J^allable from 
the auarterooint strain gages; the center gages, on the other hand, performed 
as shown ?nPF Su4 43  Inspection following the tests showed the center con- 
crete gage" tX broken in tension, presumably the ^sult of beam rebound 
from the'maximum displacement, or ^P^led off as the resul of compress^ 
failure. The broken circuits were evident from the very high f^J"6"^. 
arge amplitude signals which covered the latter part of the plots, «shown 
in Figure 43. Post-test continuity checks of stee gages ind cated open cir- 
cuits! although visual confinnation 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 im?ulse load. However, to determine the flexural response it 
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Figure 42.    Typical Qudrter Station Strain Data. Test No.  3 

74 

1 
■■«.ami.;.^..., ffi,,', ■lil)linii1 tM-ntiihlM 



p|l|ppip|||p^pp^n<^i'fu«>>i«|
li<Mii|ia><mKpmi^^pminLJi Jl!- I ,   uii»jiiriw»iwpp|^«www>ijipiii,iiiii",jii..iiiii,ii HIHHBI.JII'l.ll'l. ill,l»li1li;llJIHllI.,.Ji|»uiriJin..i JJli 

3720 

3000 

1500 

COMPRESSION 
0 

-1500 

O 
a: 
o 

-3000 

-3720 
3750 

0 
TENSION 

-3750 

-7500 

-9300 0.00    937     18.75    28.l'2    37.49   46B7   56.24 65.61    74.99 

MILLISECONDS   FROM  T9 

Figure 43.    Typical Center Station Strain Data, Test No.  3 

75 

:-■■-• -        '  iiffliimiifthiiiii»!!!^^^^^ 

1 
i 



^^^mmmmmmmmm lll^llUlliUiWJIVWMpPIPPfRI* -r-^" mm wr '.»"■""■Wf."»" 

were calculated by: 

(. S) (7) 

where 

X« = 

curvature, rad/in.; 
concrete strain, in/in. compressive strains positive; 

steel strain, in/in; and 

vertical distance between steel gage and concrete gage, 
where X. - 9.8 in. for No. 6 bars, and X. = 9.6 for No. 

in., 
9 bars 

The cal- 
XG     '""  "     ' G 

raimlatpd curvatures are shown for Test No.  11  in Figure 44 
cuUted^lrtfrpo^rcürvature. ♦,, w« the average of the two ?"-te po 

calculations. 

The curvature-time history shown in Figure 44 is typical of the observed 
fipxural resoonse     Curvatures are indicated prior to shock wave arrival. 
obi tleZln o/t^electrical interference caused by f tonation T e 

averaae rate of change of the center curvature for the first 3 ms after snocK 
wave arrifa? was greater than that of the quarterpoint curvatures     The qur- 

concrete beam by the IMPBC simulations, as shown in F^ure 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 bear, 
of ?e t No.  1    are    Sown in Figure 46.    The computer simulations were run 
with three impulse loads. 400, 500 and 600 psi-ms, to encompass the estimated 
tilt imoulses     Although values predicted by Goodman (Reference 1) were 648 
aSd 6 0PDsi-ms for Tests No.  10 and No. 12, respectively (Figure 32). mea- 
sured Sal ues were lower!    It is probable that the actual impulse is between 

Iwrlalue""curvatures whicK correspond to selected points on     e ideal- 
i7Pri material   stress-strain curves are identified in the figures,     inese 
Curvatures designate transition points on the curve of moment variation with 
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Figure 45. Comparison of Impulse Test With IMPBC 
Calculated Curvature, Typical Beams
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curvature, as shown in Figure B-4. Appendix B.    These points are:  (1) *f0y, 
curvature, transition of the member 

frrS   c't "p      t h v"r    WIZ corresponding to the ..^u. con- 
c^Tt. Itre s. . discontinuity in the ideelized concrete »tress-str.in c r e 
^ere the maii™™ concrete stress remains constant; and (3) tCBQ, correspond 
ing to the estimated failure strain of the concrete. 

8.4    SUMMARY 

record throughout the test. 

Generai agreenent was "»"''^^•'JCr'lhmc^rrlttl« «re'noJid'i'n'lhe culated by computer program M^C- ^^r characterutKs ^e 

typical beams would occur at an impulse between 600 and 700 psi 
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SECTION IX 

BEAM DAMAGE ASSESSMENT 

The visual inspection which followed the blast tests provided a quali- 
tative assess^nt of blast damage. For several tests, the damage appeared 
sliiht to nonexistent. Therefore, it was necessary to develop a more pre- 
cse evaluation of the damage caused by the impulse loading  The beams were 
returned to Se S lahoma State University, Stillwater. fo^VfSftlese 
and tests  The beams were loaded statically to failure and resu ts of these 
tests were presented in Section IV. In this section a method, similar to 

VesenteS by Biggs (Reference 3). is proposed f^? ^^^/^JJ il 
ina damaae caused by impulse oads. Although the study is limited to ^yP]"« 
beams it is proposed that the method may be extended to the other beams of 
SMS Jrogram «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 theTropert es of the danaged beams are presented as a function 
of charSe standoff distance and include residual plastic work capacity and 
the raJlo 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 n Figure 47, several trends are apparent, ^r-st. the beams with In- 
creased re nf ore ing steel, the high strength beams, exhibit little residual 
work caoactv  Second Is the relation between charge standoff distance and 
r^ldSal work'caDacity- as the charge standoff distance decreases, residual 
Dlas?i?wo?k is decreased  Finally, the high strength concrete beams exhi- 
PblU5 the largest resldwl work capacity, although they had been subjected 
to the greatest Impulses. 

Measured and theoretical moments are compared in Figure 48  J* can be 
noted that the change In the maximum moment with Impulse is le^ significant 
!han the change noted n residual plastic work. Furthermore, the measured 

SuLTe mS "the undamaged topical beam ^-^'^^^^rh ' iperi- 
omiAl tn the theoretical ultimate moment. The difference oetween ine e*Me" 
St 1 an 'throreJicll strength may have resulted ^ht^lnvo ^ n'Ä 
by test apparatus; if so. similar influences are probably involved in other 

strengths shown. 
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Fiaur-s 47 and 48 show effects of impulse loads on the reinforced con- 
crete beams. The standoff distance of the pentolite charge was assumed to 
5e a quantitative measure of the level of impulse delivered to the beam 
The reduction of residual plastic work may be interpreted «a measure o 
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 members. 

The static response of damaged and undamaged typical beams is compared 
in Figure 29. Except for the reduced ductility of the damaged beams, the 
lwoc9urves exhibit similar characteristics. Little difference Is noted n 
eUher the ultimate moment or the initial slope of the curves  In this sec- 
t on the damage due to the blast loading will be studied. Differences 
between the static tests will be related to damage produced by 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 ror Test No. b, 
excelled agreement is noted between standoff distance and the plastic wor 
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 pffect of the high intensity impulse loading is to transfer energy 
from the blast pressure wüve 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 velocty which Is 
consistent with the support constraints. The kinetic energy related to the 
inital velocity must be dissipated by plastic deformation of the beam or 
tored in the beam as elastic strain energy. The static plastic wor 

toughness, will be used to determine the capacity of the beam to dissipate 
k°netic energy. However, the moment due to static loading should approxi- 
mltetSe shape of the dynamic bending moment. In the laboratory this was 
accomplished by a trapezoidal moment distribution where the center 48 nches 
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 laborator? resistance-displacement curves, shown in Figure 29. However, 
these data may 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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Figure 50.  Idealized Resistance-Displacement Curves 
for Damaged and Undamaged Beams 
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ThQ voinfnrced concrete member has a pre- 
analysis is shown by this figure.    The relnforctd con ^ 

dictable capacity for P «^^„^^e^JnJd by a static test.   The reduction 
M ^cn^-rrhrn^e^reratedrMnet/c energy which had been 

dissipated. 
nf +hic tPchniaue is that the kinetic ^nergy 

Thus, the primary assumption ^.^^^^ t^sformed partially intV 
imparted to the beam by the impulse ^^Jl^i^^ted by plastic de- 
elastic strain energy J^^J"^ JtSSed that the beam initial velocity dis- 

^rirn-is^nÄnn^ zi^r^i ^ vma, 
(8) 

max 
Ik 

m 

where 

1 = impulse, psi-ms; 

b = beam width, inches; and      ^ 

m  = beam mass per length, lb-sec /in . 

The total kinetic energy of the beam is given by 

KE = 
I2b2L 
4m 

(9) 

where L is the length of the member. 

It )s assu^d that the "«^ •"t^lTortl.^^.n'lÄ^ 
be greater than or equal to «ft?"1'*^1 work capacity W is taken as the 
^•.n^rr ^e IZ^Ji:^^^^ ^  Jioad capacity occurs: 

(10) 
11 - Rra «y b 1) 

Ä is .ctility.the W*Jp?ZW\fZ M ^Ä 
 4*« nf in .mdamaaed beam, w„tUD): 
deflection öy.     me ""'•-•"''•"     ■yiin\. 
capacity of an undamaged beam, lyUD). 

W = Wp{UD) ^T^f 
(11) 

rr     ^on (Q\-[ to the total work capacity [Equation 
^r^e^M» i^eCÄ Ä failure in an undated hea. 
is. 
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,  Wn(UD)(, - 1/2) 
1/2 

(12) 

is dlso the value of impulse predicted by Biggs (Reference 3) This 

If a resistance-deflection curve is available for an undamaged member, 
it wi  be possible to estimate the impulse to which a beam was subjected. 
The residua plastic work, Wn(D), as shown in Figure 50. This represents 
the ^or ca a it/which w^s Rit 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 stat.u 
work capacity of the beam. This may be represented mathematical 1y .r, 

(13) 
KE + W (D) 

P 
W 

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

Substituting for U 

1/2 rW„(UD)(> - 1/2) 
1 (?)   [ TT-TT 

wp(D) r (14) 

where I 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 minimum 
imoulse to which the typical beams were subjected by Equation (14)  ihe 
result! are shown in Table XI. along with the predicted impulse of Goodman 
Reference 1   From undamaged beam data, it is estimated t at an impulse of 

at east 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 osses in 
ptastic 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 XI.  ESTIMATE OF TEST IMPULSE FROM 
RESIDUAL PLASTIC UORK AND 
REFERENCE 1 

Minimun Kinetic 
Energy Imparted 

to Beam (kip-in) 
Equation (13) 

Impulse I ( psi-ms) 

Test 
No. Equation (14) Goodman3 

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 44.6b 708 
_c 

aFröni Figure 32. 

bMaximuni work available for kinetic energy. 

Static test beam. 
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1 
SECTION X 

SUMf^ARY AND RECOMMENDATIONS 

These tests provided both qualitative and quantitative data of the 
blast-respone phenomenon for reinforced concrete beams  The '^J^ results 
arJ suwmaHzed 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. 

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

10.1 TEST EVALUATION 

The 

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 f eld 
tetfixturl performed well during the blast tests. It sustained itle 
damage and would be available for future test programs. A spherical pento- 
me 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- 
al tests are performed. In this program sufficient accelerations were 
Imparted to the test to result in measurements which were a comb ma ion of 
bo?h reaction and inertial forces. It was also noted that in some tests 
lonoitudinal forces were being resisted by the support devices in spite of 
0re   Tins taken to eliminate such forces  From this J^udy it seems pro - 
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 Jork is required to investigate the response of transducer to 
the very short duration, high pressure loading produced in these tests,  me 
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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 (Z), 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 ^pulse 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: 

91 

^ i.  •■....■. ...  ..^.y  litMlilMlifciMllifclMtf ■ li     i     -^-■—-^^-^-r 11 n llf ItiMmiM^MliliÜfc^llirrilhähi 'fni l ( r tm        '-■---■^■--^- - ■— - — - - 



""I ' 11 ■■' ■■     ' ' ^m*^*mmmm* ,1   HW,Mil,»pillfllBWyilfl»B   Jl ,   ll|l|)nU4-l '""'.•■ 

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 an^ 
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 beams. 
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APPENDIX A 

IMPULSE TEST DATA 

A,, record test d.ure ^^^[^cj^l^s 

utilised for the analysis of the beam response. 

, n  rhannels of pressure, load, strain, and accelerometer data As many as 23 channtls «" pressur recorded as analog 
were recorded during the ^pulse tests. . f' ^^J.^^ data are available 
signals and later converted to ^.^^^^V  .Vn ■ f?)'computer-c)enerated plots; 
in three forms:  1 computer P^"^"^ l^i^^hiSJelTtatioSs of the vari- 
and (3) computer data tapes  T^ location J"J "aJ^  The f1 re ls a top 
ous instruments are shown schematically in Figure « '• '" loCations of: 
Jiew of the beam and its two support mechanisms. It f 0f ^f/?^ lcm and 
m the load cells; (2) «^ e^ J"  s 

h 4 
0«^^f«       and 

T,T^rl  Tr nSsduie^aetelhSr locftfon  " the top surface of the test 
fixture and at one location within the test frame cavity. 

?le tapes are nine track. 1600 bpi In IBM 360 format. Computer router, 
files, respectively. 

C0P,rÄsÄ^^^^ 
Laboratory. 
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Figure A-2. Date From Impulse Test No. 1. Beam IS, 17 May 1974
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Figure A-2. Data From Impulse Test No. 1. Beam 15, 17 May 1974 (Continued)

1
100

L+--V.



—. j. ii,7T. . .

X

SHIS PAOl IS BEST QUAllTT PRACTICABLE
raom con i-uKuisaja) ig wjc

> I • «- >« <M «Mi*

... f...

****J^9^ *ii *i* **(■• ’■%* • iJ * "»i •* * •• •' «
. 1^- ••

Figure A-2. Data From Impulse Test No. 1, Beam 15, 17 May 1974 (Concluded)
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Figure A-3. Data From Impulse Test No. 3, Beam 12, 19 June 1974
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Figure A-3. Data From Impulse Test No. 3, Beam 12, 19 June 1974 (Continued)
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Figure A-3. Data From Impulse Test No. 3, Beam 12, 19 June 1974 (Continued)
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Figure A-3. Data From Impulse Test No. 3, Beam 12, 19 June 1974 (Concluded)
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Figure A-4. Data From Impulse Test No. 4, Beam 4, ?1 June 1974 (Continued)
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Figure A-4. Data From Impulse Test No. 4, Beam 4, 21 June 1974 (Continued)
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Figure A-5. Data From Impulse Test No. 5, Beam 10, 21 August 1974 (Continued)
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Figure A-5. Data From Impulse Test No. 5, Beam 10, 21 August 1974 (Continued)
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Figure A-5. Data Fro. lo^ulse Test No. 5, Bea. 10. 21 August 1974 (Concluded) 
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Figure A-6. Data From Impulse Test No. 6, Beam 8, 23 August 1974 (Continued)
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Figure A-6. Data From Impulse Test No. 6, Beam 8, 23 August 1974 (Continued)
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Figure A-6.    Data From Impulse Test No.  6, Beam 8, 23 August 1974    (Concluded) 
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Figure A-7.    Data From Impulse Test No.  7, Beam 3,  10 September 1974 
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Figure A-8. Data From Impulse Test No. 8, Beam 2, 12 September 1974
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Figure A-8. Data From Impulse Test No. 8, Beam 2, 12 September 1974 (Continued)
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Figure A-9. Data From Impulse Test No. 9, Beam 5. 13 September 1974 (Continued)
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Figure A-9. Data From Impulse Test No. 9. Beam 5, 13 September 1974 (Concluded)
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Figure A-10. Data From Impulse Test No. 10, Beam 9, 16 September 1974
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Figure A-10.    Data From Impulse Test No.   10, Beam 9,  16 September 1974    (Continued) 
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Figure A-ll. Data From Impulse Test No. 11. Beam 3, 18 September 1974
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Figure A-11. Data From Impulse Test No. 11. Beam 3, 18 September 1974 (Continued;
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Figure A-ll. Data From Impulse Test No. 11. Beam 3. 18 September 1974 (Continued)
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Figure A-12. Data From Impulse Test No. 12, Beam 11, 19 September 1974
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Figure A-12. Data From Impulse Test No. 12, Beam 11, 19 September 1974 (Continue
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Figure A-12. Data From Impulse Test No. 12. Beam 11. 19 September 1974 (Continued)
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APPENDIX B j 

ASCRIPTION OF DYNAMIC MATERIAL PROPERTIES 
FOR IMPBC ANALYSIS 

ther details of the numerical method and the computer pruy 

in Reference 2. 

B 1 STEEL DYNAMIC STRESS-STRAIN CURVE 

The dynamic stress-strain curve for the reinforcing steel -developed 
utilizing data from Manjoine (Reference 4). The V™™c/     n 3 an/ 
was estimated utilizing te ^-c  e d  t   t^^r^ J^ 

the strain rate ^^'The dynamic stress-strain curves for 40- and 60- 
gradfste^'u^ed In'the compute? simulation are shown in F.gure B-l. 

B.2 CONCRETE DYNAMIC STRESS-STRAIN CURVE 

The concrete stress-strain curve *« J^ 
characteristics and a method PJ^f ^.^.^^ 'illustrated in Figure B-2. 
rent of the concrete dynamic stress-strain curve s 11       d b 
Both the ultimate strength and correspond ng strain are increase  y ^ .n_ 

strain rate dependent quantity. The ^f^^f^.nexural effects, the 
Cc^edfDrirr:d^e

0dUS ^^ro yfeld ^^The^^amic flexural stress-strain 

curve for concrete. 

Also shown in Figure B-2 Is the sha^ of ^ 
used for computer simulation of fJ ^J^^6^? boti; typical and high 
B-3 the dynamic concrete stress-strain curves     cons^ucted from averaged 
strength concrete are presented. Tee cu e^ere^ ^^ ^ 4 

ultimate stress data of Table v ana a   v ^ was observed at 
For a strain rate of 0.43/sec, a   •*D'  '"»' i? 
the center of the test specimen during test No. 12. 

B.3 MOMENT-CURVATURE CHARACTERISTICS 

..- u«..m in FimirP B-4. These curves Beam dynamic flexural Properties are s^ Jn Figure B-4  ^hese curve, 
were developed from stress-strain data of Figures b 1 anu D 

on the curves define 
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n 

f     = the curvature related to onset of steel yield; 
Dy 

.f-    - the curvature producing ultimate concrete stress in the top 
Dc     fiber; and 

^ - the curvature which produced failure strain in the concrete. 

Several  important features ot'these curves have been discus^ 
tions VII and VIII.    "^t. the calculated flexural ^^^lex^al ^iff. 

very favorably with measured va^s'.T
a?
bJe

t4nqth concrete, and high strength ness for typical beams, beams with high strength   onc^ ^^        n ^ u 

steel  varies from 1.32 x 103 to  I.SJ x  iu    iu Figure B-4 
with an average flexural stiffness fj^ ^r J.^f^e^ of thlse members, 
little difference is noted between the flexural st T was antici. 
which have an average El of    .55 x J ^-in        ms ties t0 reflect 

pated and is due to the ^f^^^^calculated ultimate moment capacity 
increased strain rate,  furthermore, the calculate ^.^ ^^ 
of the typical beam is 625 kip-In- compared wnn a calculated over- 

^a^reSTtreng^rw^liciprted^ur^iSc^ased strength of the concrete 

and stee1. for strain rate effects. 
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Fiqure D-1. Steel Stress-Strain Curves 'Isecl in IMPBC Sinulations
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igure B-2. Adjustments of Concrete Cylinder Stress-Strain 
Curve to Account for Dynamic and Bending Effects 
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